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Abstract

The technique of laser induced fluorescence was used to measure

82 number densitlies in a laboratory environment. A rate equation
analysis was performed to model transitions within the BBZ; - XJZ;
system, The v' =2, v" = 3 +transition in 82 at 3290.7 % was selected
for nonresonance fluorescence studles, which included broad spectrum
identification, fluorescence intensity versus temperature and laser i
power measurements, effective lifetime measurements, and total number
density calculations. Data was taken near 600°C to ensure that a

large percentage of the sulfur vapor was S2 (= 98%). A pulsed nitrogen
laser operating at 3371 § served as the excitation source for this
experiment. Pumping in S, occured over the v' =2, v" =4 transition

at 3369 % due to its near overlap with the N, laser line. Experimentally

2

determined number densities were too large in the low pressure region,

bu@ generally within one order of magnitude over the 0.3 to 12.6 torr
range examined. In concept, laser induced fluorescence proved to be a
feasible means of measuring 32 concentrations. Differences between the
known and calculated number densities are attributed to the complexity
of SZ’ quenching and radiation trapping, difficulties in me;;uring the

effective lifetime, and inadequacies in the rate equation model.
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INVESTIGATION OF LASER INDUCED FLUORESCENCE

FOR

CONCENTRATION MEASUREMENTS OF DIATOMIC SULFUR
I. Introduction

Background

Over the past several decades, diatomic sulfur (SZ) gas has been
the subject of intense theoretical and experimental investigations. As
a result, researchers have acquired greater knowledge of the electronic
energy levels and transitions within the sulfur molecule., By applying
this knowledge, several scientists recently produced stable discharges
and lasing using S, (Refs 18, 21, and 28). The placement of energy
levels suggests that a very efficient and- high-power 82 laser could be
developed, having an output beam tunable from visible through ultra-
violet wavelengths (Refs 1, 18, 21 and 28).

For laser applications, a rate equation analysls must be performed
to determine sulfur's suitability as a lasing medium and to estimate the
efficiency with which it would operate. In a molecule such as SZ' this
analysis is complicated by the large number of energy levels and tran-
sitions between these levels. Prominent transitions must be selected
and studied individually in order to provide useful information.

Once a specific transition is identified, the rate equations can
be used to describe interactions between various energy levels. The
strength or lasing response of a transition depends directly on the
population difference between the upper and lower energy levels respon-
sible for it (Ref 25:181). By knowing the total number density, the

rate equations can be used to calculate individual level populatlons,




allowing further determination of sulfur's lasing potential. Thus, the
task is to measure tntal S2 number densities through experimental means,
then compare these results to known values.

There are a variety of optical diagnostic techniques currently
belng used to measure species concentrations in gases. Four of the
most common techniques include:

1. absorption spectroscopy;

2. spontaneous Raman scattering;

3. coherent anti-Stokes Raman scattering (CARS);
L, 1laser induced fluorescence.

Each of these methods will be discussed in greater detail in Section II.

Problem
The problem for this thesis is to investigate the feasibility of

using laser induced fluorescence to measure total S, number densities

2
in a laboratory enviromment. The theoretical model describing these

transitions is developed and compared to the experimental results.,

General Approach

Equipment was acquired and set up as described in Section IV,
Broad spectra were first taken to find the 82 lines and activity
identified in earlier works. Strong emission lines were selected for
further study and scanned in detail with improved resolution., Data

from these lines was analysed and compared to theoretical prédictions.

Presentation
Section II examines the four diagnostic techniques, briefly de-
scribing thelr advantages and disadvantages. In Section III, the

theory of laser induced fluorescence is developed and used to model




selected S, transitlonms. Section IV describes the equipment and

experimental set-up, while Section V outlines the procedure followed.

Section VI presents the results of this experiment and discusses them j
in light of theory. A brief summary, main conclusions, and recommenda-

tions for future research are contained in Section VII.




II. Diagnostic Techniques

The advent of the laser has enabled optical diagnostic techniques
to assume an ever-increasing role in the broad spectrum of physical
investigations. In the past, gas parameters such as temperature and
apecies concentration were determined using material probes, but not
without great difficulty. Material probes, although simple and
inexpensive, suffered because their temporal response was poor; their
size limited the spatlal resolution obtainable; they disturbed the
medium; and they were susceptible to damage when placed in a hostile
environment (Ref 24:1). Optical probes, on the other hand, provide
enhanced non-disturbing, remote, and point probing capabilities.

Though some laser diagnostic systems may be large and expensive,
they are ideally suited to laboratory use. Four of the most common
optical diagnostic techniques are discussed in this section. These are:
(1) absorption spectroscopy, (2) spontaneous Raman scattering, (3) co-
herent anti-Stokes Raman scattering (CARS), and (4) laser induced
fluorescence., The basic principles of each technique will be examined,

along with thelr advantages and disadvantages. The reasons for choosing

laser induced fluorescence will also be discussed.

Absorption Spectroscopy

In absorption spectroscopy, the gas sample is irradiated with a
beam of laser light at frequency V. The frequency is tuned so that it
corresponds to a transition having an upper and lower energy state
difference AE, where AE = hv . This condition causes the molgcule

to absorb energy from the beam and jump from the lower energy level to

the higher energy level (Ref 2:6). A detector collecting the radiation




after 1t passes through the sample will register a decrease in beam
intensity. In order to calculate desired parameters, this decrease
can be compared to a known value or reference beam that by-passes the
sample. If a broad band illumination source containing a wide range
of frequencles 1s used instead of the laser, intensity decreases will
result for all frequencies that correspond to characteristic energy
differences and transitions within the molecule. An absorption spectrum
is produced that can be recorded on chart paper or photographic film.
The main advantage of absorption spectroscopy is the lack of
complicated equipment required to obtain absorption spectra. The
major disadvantage lies in the fact that measurements are averaged over
certaln path lengths, and therefore do not yleld spatially resolved

results (Ref 12:9).

Spontaneous Raman Scattering

' Spontaneous Raman scattering results from the inelastic scattering
of radiation from atoms or molecules, During an inelastic collision,
energy 1s exchanged according to the molecule's energy quantization
laws, The change in energy, AE, must equal the difference in energy
between two of its allowed states, representing a change in-vibrational
or rotatipnal energy.

To describe the Raman process, consider the molecule;s interaction
with a photon of energy hv . If the molecule gains energy AE, the
photon will be scattered with decreased energy hv - AE at a lower
frequency v' = v - &8/h . This phenomena is known as Raman Stokes
scattering (Ref 12:54). On the other hand, if the molecule loses energy
AE, the photon will be scattered with increased energy hv + AE at a

higher corresponding frequency V' = v + AE/h . This last event




occurs when the molecule 1s in an excited state prior to the collision
and 1is called Ramﬁn anti-Stokes scattering. Stokes radiation is
usually more intense than anti-Stokes radlation since most molecules
exist naturally in ground or lower energy states (Ref 2:122).

Spontaneous Raman techniques possess several advantages over other
diagnostic methods. First, only a single laser is required. Thls
laser can operate at any wavelength and does not need to be tuned to
resonance frequencies of the molecule being probed (Ref 12:53). Also,
several species can be monitored simultaneously, the observed intensi-
ties not affected by quenching. Finally, spontaneous Raman scattering
can be used to study rotations and vibrations of molecules which do
not produce infrared or microwave spectra, or which are inaccessible to
infrared and microwave techniques.

The major disadvantage of spontaneous Raman scattering and the one
which limits its use is that Raman signals are very weak (Ref 12:53).
The weakness of Raman spectra result in very low signal to nolse ratios
and poorer resolution capabilities, especially in observing rotational
fine structure. In the majority of cases, spontaneous Raman spectros-
copy 15 used to compliment other techniques 1in areas where they are

limited,

Coherent Anti-Stokes Raman Scattering

Coherent anti-Stokes Raman scattering (CARS) is a nonlinesr optical
process involving two laser sources. The pump frequency vy and the
Stokes frequency v, are selected such that Vi =V, is tuned to the
vibrational frequency of a Raman active resonance., The sample being
examined then emits strong radiation at the anti-Stokes frequency

v3 = 2v1 =V, In contrast to other techniques, CARS radlation




occurs in a well-defined, phase-matched direction, producing a very
coherent beam (Ref 24:11). This beam is also confined to an extremely
small solid angle, making signal collectlon very efficient.

Thus, the main advantage of the CARS technique is that the anti-
Stokes signal is very intense, nearly all of which can be collected.
The CARS signal-to-noise ratio is also several orders of magnitude
stronger than the corresponding spontaneous Raman signal (Ref 13:12).
Discrimination against background radiation and laser induced

fluorescence effects is greatly enhanced because of these propertles.

¥ith the development of tunable dye lasers, the CARS technique is now
recelving greater attention in the areas of high-resolution spectros-
copy, analytical chemistry, and gas diagnostics.

The major disadvantage éf CARS diagnostics is that two lasers are
needed. The resulting experimental set-up is usually complicated and
very sensitive to optical alignment (Ref 29:2). Analysis often

requires complex data reduction and necessitates computer support.

Laser Induced Fluorescence

Laser induced fluorescence is the process of exciting molecules to
higher energy levels with light on an appropriate frequency;_then
observing the radlation emitted in their decay to lower energy levels,
This process is 1lllustrated in Figure 1 on the next page. Resonance
fluorescence occurs when the emitted frequency is equal to that of the
incident frequency. If the molecule decays to energy levels other
than the original one, there is a corresponding frequency shift in the
emitted radlation, known as non-resonance fluorescence., The time
between initial absorption and return to the ground state is usually

10

very small, with fluorescence lifetimes varying between 10~ and 1075
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Figure 1. Laser Induced Fluorescence (Ref 24:3)

seconds (Ref 12:8).

Laser induced fluorescence possesses several advantages over other
diagnostic techniques, First, fluorescence cross sections and result-
ing emission signals are generally many orders of magnitudg‘stronger
than those from the spontaneous Raman method. Sensitivity is also
higher than that obtainable through the CARS method. Secondly, non-
resonance or shifted fluorescence wavelengths can be examined to avoid
interference from laser scattering or competing mechanisms. The

strength of the fluoresence signal is linearly dependent on the excited




state speclies concentration corresponding to that particular wavelength
(Ref 29:4). Finally, equipment needs for laser induced fluorescence
are less and the experimental set-up usually simpler.

The main disadvantage of laser induced fluorescence is that the
enitted signal is often affected by other nonradiative processes.
These processes are collectively called quenching, and include:
dissociation; chemical reactlions; energy transfer to other internal

states within the molecule of interest; and energy transfer to other

molecules through collisions (Ref 12:8). Quenching effects reduce the
intensity of the fluorescence signal and cause the total decay rate to é
increase. In order to correct for these effects, the number densities
and quenching rates of each molecule must be known. To minimize the 4

impact of quenching processes, the technijues of saturated or near-

saturated laser inducedbfluorescence are often used (Refs 3, 4, 7, 8,

and 22).

Selection of Laser Induced Fluorescence

The first step in evaluating sulfur's potential as a laser is to
develqg.a method to measure S2 concentrations, After reviewlng current
literature on SZ’ laboratory équipment available, time constraints, and
the four optical diagnostic techniques discussed in this section, it

was determined that laser induced fluorescence would be investigated

for this thesis, The reasons for selecting this method include:

* 1. The stronger signal produced by laser induced fluorescence
than by spontaneous Raman scattering, and the higher sensitivity
achlevable than with CARS.

2. The simpler experimental set-up and availability of needed
equipment (see Section IV).




3. The multitude of 82 energy levels and transitions available,
providing more flexlibility in selecting wavelengths to
examine (see Ref 21, Tables III-V, pp. 1559-1561).

4, The small amounts of other species at planned operating
temperatures of 600°C and pressures less than 20 torr.
These two factors should combine to minimize quenching
effects that would occur under less favorable conditions.

Overall, laser induced fluorescence appeared to offer more advantages
over other methods. Therefore, this thesis will investigate the
feaslibility of using laser induced fluorescence to measure S2 concen-

tratlions.

10




I1I. Theory

In thils section, the theory behind the experimental method will
be discussed. Laser induced fluorescence is examined in detaill, with
the overall goal to develop a quantitative relationship that gives the
total number of S2 molecules as a function of the observed fluorescence
intensity, The discussion is divided into the following main topics:
(1) rate equations, (2) assumptions and approximations, (3) solution
to the rate equation, (4) observed fluorescence intensity, (5) experi-

mental considerations, and (6) sulfur vapor composition.

Rate Equations

As discussed in the previous section, laser induced fluorescence
is the process of exciting molecules to higher energy levels with light
of an appropriate frequehcy, then observing the radiation emitted in
their decay to lower energy levels. Since the strength of the
fluorescence signal is directly proportional to the number of molecules
in the excited state, a model 1s needed to describe the population
changes and energy transfers that occur. The rate equation model
embodies these concepts, and can vary from the simple two-level to
three-, four-, or even multi-level models, As additional energy levels
and thelr interactions are considered, the complexity of the model
increases and calculations become correspondingly more difficult. To
perform a complete and rigorous quantum-mechanical analysié on a large
céllection of multi-level atoms or molecules, the quantum-mechanical
density-matrix approach is most often used (Ref 25:249), The density-
matrix approach treats the state of each system in a statistlical manner,

providing a more exact analysis (Refs 9, 11, and 28),

11




The theory presented here is developed using the rate equations,
since the density-matrix approach is beyond the scope of this work.

The rate equations also give falrly accurate solutions and agree well
with observed phenomena when the system is initially in thermal equi-
1ibrium (Ref 25:253). In this analysis, only the BBZ; - XBZ; system
in 8, 1s‘mode1ed. The approximate potential energy curves (PEC's) for
thlis system are shown in Figure 2 on the next page. The XBZ; ground
molecular state is formed from two ground state sulfur atoms, while

the 332; excited state originates from one excited 1D sulfur atom and
one ground state sulfur atom. The molecular PEC's are displaced in
thelir relative internuclear position so that the lowest vibrational
levels of the 332; state lie above high vibrational levels of the
X3E; ground state. The V' <9 vibrational levels of the BBZ;
state are also bound and strongly perturbed (Ref 21:1553). Within this
system, the v' = 2, v" = 3 <+transition at 3290.7 £ was selected for
detalled study.

To describe interactions of the v' =2, v' = 3 +transition, a
three-level model 1s developed. Thls model is shown in Figure 3 on
page 14, the energy levels labeled with their actual vibrational quantum
numbers. The rotational sub-structure of each vibrational level will
not be considered in this analysis, due in part to the lack of reso-
lution needed to distinguish rotational fine structure in the fluores-
cence spectra. In reality, rotational effects are importaﬁt, especially
since they exhibit strong temperature dependence.

The thermal distribution of rotational levels 1is governed not only
by a Boltzmann factor, but by a degeneracy factor as well. This

degeneracy 1s equal to (2J + 1) where J is the rotational quantum

12
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Figure 3. Three-level Model

number., The number of molecules NJ v in any particular vibrational-
]

rotational state is then given by (Ref 16:123-125):

&, (27 + 1)
NJ,V = Ne ——exP('Ev/kT) —_EXP('EJ/RT) (1)
Z VA
v J
vibrational rotational
effects effects
where Ne = total number density for a given electronic
state
g, = vibrational degeneracy (gv = 1 for a diatomic

molecule)

14
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Since the degeneracy factor (2J + 1) increases linearly with J, the
number of molecules in the different rotational levels first goes
through a maximum before it begins to decrease. This maximum is given

by the expression (Ref 16:124):

Joax = 0.5896/T/B - + (2)
where T = the temperature (°K)

o)
L}

the molecule's rotational constant
(™)

When considering transitions between two vibrational states, the number
and placement of rotational levels affected depends upon the bandwidth
of the phenomena causing the transition and the gas temperature at
which the transition occurs. This rotational distribution is important
in both the pumping of molecules to excited energy levels and in their
decay to lower energy levels. These considerations are illustrated in
Figure 4 on the following page. To a first approximation,lthe variation

in intensity of vibrational-rotational lines is proportional to

Equation (1). However, due to the transition bandwidth uncertainties

encountered in this experiment and other factors that complicate the

theory, rotational effects will not be quantitatively included. Thelr

15
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possible impact upon the results will be discussed in general terms in
Section VI.

With this introduction, the rate equations for the three-level
model can be developed. In thls analysis, only the equation for the
v' = 2 1level will be considered. Referring to Figure 3, the change

in population with time for this level is given by:

an, (t)

S = O - B0 (VN () - Ay, (¢)

(3)
“Fhaata(t) - B2y ()N () - D VAN, (+)

i3
where th = integrated Einstein B coefficient for
stimulated absorption (m3/joules-secz)

324 = integrated Einstein B coefficient for
stimulated emission (m3/joules—sec2)

A, = Einstein A coefficient for spontaneous
emission from the v' =2 to the

v" = 3 energy level (sec—l)

AZi = Einstein A coefficient for spontaneous
emission from the v' =2 to v" =1

energy levels (sec-i)

N
it

collisional rate constant (m3/sec)
D, = diffusion coefficient (sec-i)

number density of molecules in the
v" = 4 vibrational level (m-j)

=
=
”~~
o+
| —
0

Nz(t) = number density of molecules in the
v' = 2 vibrational level (m )

Nj(t) = colliding molecule number density for

each of the j species (m-B)

17




p(v) = laser energy density (joules/mB-Hz)

Equation (3) can be simplified somewhat by letting

A=Ay wd IZpgi(h) =g (&)

where A2 represents the total spontaneous decay rate from the upper
level to all lower levels except the one of interest, and QZ Tcpre-
sents the total quenching (nonradiative) relaxation rate. With these

simplifications, Equation (3) becomes

an, (1)
dt

= Buzp(v)Nu(t) - Bzap(v)Nz(t)

(5)
- (Agg + Ay + QIN,(L) - DN, (t)

To analyze a system containing M different energy levels, the
rate equations are first developed for each level in the manner
described above. These form a set of M coupled differential equations,
M -1 of which are linearly independent. The additional Mth equation
needed to complete the set is given by the population condition:
fNi(t) = NTotal . The populations for each of the M levels can then
be determined by solving the full set of rate equations. The only
drawback to thls approach lies in the fact that the general solutions
are algebraically involved even for the three-level case, ;nd are
eﬁtremely lengthy for more complicated systems with larger numbers of
energy levels (Ref 25:254). To apply this model without solving the

entire system of equatlions, simplifications must be made to allow use

of each rate equation individually. These simplifications will be

18




discussed in the next few paragraphs.

Assumptions and Approximations

To facilitate greater use of the rate equations in experimental
analyses, several assumptions can be made., The foremost of these
assumes steady state operatlion where all time derivatives are set equal
to zero. The rate equations can then be solved as a system of linear
equations in M unknowns. Even though the steady state condition is
applicable to many laser analyses (Ref 27:3-24), it does not
accurately describe diagnostic situations occuring on very short time
scales. The latter was true in this experiment. The population N2(t)
increased while the laser pulse was on, then rapidly decreased after
the laser pulse ended. Due to the transient nature of Nz(t), the time
dependence in Equation (5) had to be retained.

Another prominent assumption relates to saturation of the absorb-
ing transition through use of pulsed lasers with high spectral intensity.
Saturation is the condition under which stimulated absorption and
emission completely dominate other processes (Ref 12:77). Daily and
Plepmeler have shown that the observed fluorescence intensity is
independent of both quenching and laser power under saturation con-
ditions (Refs 7, 8, 10 and 22), If full saturation cannot be achieved,
partial saturation conditions still allow some simplification.
Baronavskl and McDonald have shown that under near-saturation, flhores—
cence intensity versus laser power measurements will yleld the total
quenching rate and upper level number density (Refs 3 and 4), As with

the steady state assumption, it must be known whether or not experi-

mental phenomena exhibit saturation behavior. To test for saturation

conditions, fluorescence intensity versus laser power must be
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measured, In this experiment, these measurements produced a linear,
straight line relationship (see Section VI), indicating even partial
saturation was not achleved.

Since S, did not exhibit steady state or saturation conditlons,

2
other means of simplifying Equation (5) were needed. Thermal equi-

1librium does apply to this experiment on both the microscopic and
macroscopic levels, thus allowing further approximations. On a micro-
scopic level, before the laser pulse occurs, sulfur molecules are in
thermal equilibrium near 600°C, According to statistical mechanics,
the relative populations Nj and Ni of any two energy levels Eg and Ei

must be related by the Boltzmann equation (Ref 25:18):

= exp[ -(E; - E))/k1] = exp (-0B/kT) (6)

W=

Near 600°C, the thermal energy kT corresponds to an energy gap of
approximately 417 cm-i, while the energy difference AE Dbetween the
XBZ; ground electronic state and the B3Z; excited electronic state
in 8, is roughly 3.2 x 1% ecm! . Under these conditions, AE >> kT
and exp(-AE/KT) ~ 0 , implying that all molecules are in the ground

electronic state. Since the laser energy density is a very small

number and conditions are far from saturation, only a minute fraction
of these molecules will be pumped to the v' = 2 1level compared to Nu(t).

In addition, the stimulated emission term Bzup(v)Nz(t) will be even

smaller because 1t contains both p(v) and Nz(t). Therefore, compared
to the processes of quenching and spontaneous emission, stimulated

emission will be negligible and can be disregarded for this analysils,
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Also on a microscopic scale, molecules of the Vv" =4 level are
in thermal equilibrium with molecules in the other vibrational levels
of the ground electronic state. Compared to this thermal distribution,
the process of stimulated absorption and spontaneous emlission will not
appreclably affect the total population of the v" =4 1level, Nu(t)
can be aﬁproximated as a constant, Nh, and related to the total number

of S, molecules through the Boltzmann factor:

2
exp(-4E, /kT)
N, = N (7)
Een:(—AEn/kT)
where AEn = En - Eo
NT = total number of 82 molecules

number of vibrational levels in

B
0

the ground electronic state

For calibration purposes, NT can be calculated from the amount of solid
sulfur placed in the sample tube and the percentage that exists as 82
at 600°C (discussed more fully at the end of the theory section).

On a macroscopic level, the gas within the sample tube is in
overall thermal equilibrium when the temperature stabilizes near 600°C.
There are no temperature or pressure gradients since the tube is heated
uniformly and completely sealed. The diffusion term DfVZNz(t) will be
approximately zero under these circumstances, and can also be neglected.

From these assumptions based on thermal equilibrium, Equation (5)
can now be simplified. Letting Nu equal a constant and dropping the

Bﬂlp(v)Nz(t) and DfVZNz(t) terms results in:
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aN,(t)
— - ByoP (VN = (Ayg *+ Ay + Qu)N,(t) (8)
or rearranging
sz(t) _
-—;:—— + (A23 A, Y QN () = qup(V)N4 (9)

Equation (9) 1s a first order linear differential eguation that can

readily be solved.

Solution to the Rate Equation

In solving Equation (9) for Nz(t), the physical events must first
be examined to ensure that the mathematical solution accurately de-
scribes real phenomena. Two distinct events occur with time in this
experiment., First, with the laser pulse on, the population Na(t)
increases due to stimulated absorption from the v" =4 level., After
the laser pulse ends, Nz(t) decreases exponentially with an effective
lifetime Teff due to spontaneous emission and quenching. Once the
laser pulse has ended, Buzp(v)Nu vanishes since p(v) =0 . This
situation is shown in Figure 5 on the next page, where to Tepresents
the laser pulse width (10 nsec). Thus, to completely solve Equation (9),
two solutions are required. The first is valid during the laser pulse
while time varies from ¢t =0 to t =+t . By applying appropriate

o
boundary conditions, this solution to Equation (9) becomes

Np(t) = ToeeBuap(VN, [1 - exp(-t/7 40)] (10)
for 0=+ < to
where Tegs = (A23 tA,t Qz)_1
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Figure 5. Variation of Nz(t) with Time

The second solution applies after the laser pulse has stopped and

BMZQ(V)NQ =0 . This solution becones
Nz(t) = TeffBuzp(V)Nq [exp(to/Teff) - 1] eXP(’t/Teff) (11)

for t

v
ot

Since Nu and N, are related by the Boltzmann factor, Nz(t) can be

T

solved for as a function of NT by substituting Equation (7) into

- Equations (10) and (11).

Observed Fluorescence Intensity

The final step in this analysis relates the 82 fluorescence

intensity to N, through the method described above. The functional

T




relationship can then be rearranged to give the desired result, NT
as a functlon of observed fluorescence. Fluorescence intensity is
directly proportional to the upper level number density by the

equation

If(t) = thzBNz(t)VQ/Lm (12)

where If(t) the observed fluorescence intensity

(watts)
v = the observed transition frequency (Hz)
V = the observation volume (m3)
Q) = the collection optics solid angle (sr)

Observed fluorescence can also be related  to the boxcar output in volts

by the formula

Ifb(t) = Kilf(t) = K1[th23N2(t)VQ/’-m] (13)

where K1 is a parameter with units of volts/watt that represents
effects of the spectrometer, PMT, and boxcar. Since If(t) is propor-
tionai-fo Nz(t). the observed fluorescence will exhibit the same time
dependence as Nz(t) does shown in Figure 5. The total fluorescence
signal will also be a combination of two functions, one for each region
in time.

In addition to this consideration, the equations éor If(t) must
be further modified because the boxcar integrates the observed
fluorescence over the aperture time. The boxcar output is then given

by the equation:




Ay Ay

b = fIfb(t)dt Klflf(t)dt (14)

o o}

—
[

where Ifb(t) = Kilf(t) from Equation (13) and A, equals the aperture
time set on the boxcar. The time dependence of Nz(t) necessitates two

integrals, one for each region of time

t, A
I, = Klef(t)dt + Kiflf(t)dt (15)
o t

o)

where the condition 4, > to has been assumed. By substituting the

t
expressions for If(t) and Nz(t) into Equation (15), carrying out the

integration, and combining terms, the intermediate step is obtained
K,hvA,__VQ

_ Kyhva i o
Ity = . TeesBu2P (VIN,Cy (16)

where ct = {to/Teff + exp(-At/Teff) - expl (to - At)/Teff]}

Equation (7) can now be substituted into Equation {16) to write N, in

place of Nu. Upon rearranging terms, the desired result is achieved:

anlexp(—AEn/kT)
n

= I (17)
r KithZBV QTiffBuzp(")C texp(-AEu/kT) o

where Table I on the next page summarizes the nature of each parameter.
Equation (17) is the theoretical relationship that gives the total s,
number density as a function of the observed fluorescence intensity

from the v' =2, v'" = 3 +transition, based on the assumptions made in
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Table I

Summary of Parameters in Equation (17)

Determined Measured
Constants Sulfur Data from Set-up during
and Equipment| Experiment
b A
h 23 Ba v 2 1 Teer  Iep
k K1 AEn AEu T t, Ct
v A, p(v)

this derivation and analysis.

Experimental Considerations
Once the equipment is set up for an experiment, all parameters in
Equation (17) become constants except Tofs? p(v), Cpr and Iow Teee
and Ct vary with the amount of S2 present, while p(v) varies because the
lagser output power changes slightly from run to run. Based on this,
Equation (17) can be reduced to the more basic form
K

N, &= 51

(18)
’ "iffp(")ct

fb

where K is a constant that combines the effects of all other parameters.

Using precalibrated sample cells with a known 52 number density NT'
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Equation (18) can be solved for K by measuring Tore? p(v), C, and I,.
This value of K can then be used to determine NT under other conditions
by measuring the fluorescence intensity Ifb (along with Teff' p(v), and
c t). If precalibrated cells are not avallable, Nj can be calculated
from the amount of solid sulfur placed in the sample tube, and the
percentﬁge of molecules which exist as 32 at the operating conditlions
examined (discussed more fully in the next paragraphs). This cal-
culated NT can then be used to determine K and other number densitles

as outlined above.

Sulfur Vapor Composition

When precalibrated sample cells are not availabile, S2 numbexr
densitlies must be calculated from known chemical data. This task is
complicated by the complex and often not understood behavior of sulfur,
particularly its molecular composition while in the vapor phase. As
a vapor, sulfur is known to exist in various combinations of 58' S7,
S6’ S5, Su, S3, and 82 molecules, the concentration of each depending
on the temperature and pressure. Near temperatures of 160°C, the
vapor consists primarily of S8 chains, formed from 88 molecular rings
that exist in the liquid sulfur (Ref 19:95). As the temperature is
raised to 600°C, the 38 chains thermally dissociate to produce 82
molecules. Since the boiling point of sulfur occurs at 445°C, low
pressures are needed to completely vaporize the solid sulfur. Figure 6
on the following page gives a plot of total sulfur vapor pressure versus
temperature,

To provide the reference mentlioned above, S2 number densities can

be calculated from the amount of solid sulfur placed in the sample

tube, However, 1in converting from grams of sulfur to molecules of SZ'
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there 1s sti1ll some uncertainty as to what percentage of the vapor
actually éxists as S2 near 600°C, Several researchers have used gas-
phase equilibrium constants to calculate that over 98% is S, near this
temperature (Ref 1:822). If this percentage is accepted, other sulfur
species near 600°C can be ignored, and the overall chemical equilibrium

approximated by

s = (.5)s, (19)

Theoretical S2 number densities can then be calculated from Equation
(19) based on the sample's weight in grams.
On the other hand, Braune and his co-workers experimentally

determined that only 78% of the sulfur vapor exists as S, near 600°C,

2

ard have reported spectroscopic evidence for several other molecules

at this temperature (Refs 6:33-37 and 19:149-150). To calculate the

amount of S2 formed with Braune's results, Dalton's partial pressure

law can be used in the following form (Ref 23:130):

4o 2 (20)
Fr iy -
where Pi = partial pressure of each species
PT = total pressure of sample
n, = number of moles of each species

total number of moles in sample

'_;D

The quantity ni/nT gives the proportion of each molecule present in

the overall chemical reaction. Assuming as Braune did that SZ' Sa,
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S¢» and Sg are all present at 600°C, his data can be used to modify

Equation (19). The new equilibrium can be written

s = (.337)82 + (.065)5,‘L + (.o1o)s6 + (,ooou)s8 (21)

based on measurements made at a temperature of 600°C and total pressure
of 92.5 torr (Ref 19:150). Since the molecular proportions in Equation
(21) are pressure-dependent, the theoretical conversion of Equation (19)
was used to calculate total S2 number densities used later in the
report. This was done to provide a standard reference throughout the

results section,




Iv, gguipment

The equipment used in this thesis is discussed under the following
topics: (1) laser, (2) oven, (3) sample tubes, (4) optics through
photomultiplier tube, and (5) electronics., The overall set-up 1s shown

in Figure 7 on the following page.

Laser

The laser used for this experiment was a molectron Model UV1000
pulsed nitrogen (NZ) laser operating at 3371 X. Pulse rates of 5, 10,
15, 20, 25, 30, 40, and 50 Hz are available, with the requirement that
N2 gas flow be adjusted at each setting for optimum power output. For
this reseaxch, pulse rates of 10 or 20 Hz were generally used. The
Molectron laser produces one megawatt peak power with a pulse width of
approximately 10 nsec. Since the laser output at 3371 £ so closely
matched the v' =2, v" =4 +transition in S, at 3369.6 K, a tunable

dye laser was not needed to pump the v' =2 band.

Oven

The oven used in this experiment was locally fabricated in the
laboratory and measures 22 cm wide, 45 cm long, and 28 cm tall., It is
constructed out of sheet metal and lined with fiber-frax insulation.
The oven 1s heated electrically with nichrome wire filaments strung
along the inside walls. Oven temperature is regulated by a Fenwal Model
524 temperature controller, and monitored with an Omega Engineering
Model 199 digital temperature gauge and Type K thermocouple. The oven
has 38 mm diameter circular quartz windows on both ends to allow the
laser beam to pass through, and a 32 mm diameter circular quartz window

on one side to view the fluorescence signal. Quartz windows are
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Experimental Set-up
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necessary for high temperature operation and maximum transmission of
the UV beam. The sample tube is placed into the oven through an

opening in the top, and rests on a "v” shaped cradle inside.

Sample Tubes
The sample tubes are also fabricated in the laboratory and vary in

size from 13 to 38 cm in length and from 2 to 4 cm in diameter. They
are constructed from quartz tubing and windows, and are evacuated to
approximately 10"7 torr. Pressures at desired operating temperatures
are controlled by placing a known amount of solid sulfur inside the
tu?es before "they are sealed off, The sulfur used in this expefiment

was manufactured by Eagle-Picher of Oklahoma with a 98% purity..

Optics Through Photomultiplier Tube

_ The laser output beam first passes through a 12 mm diameter
circular aperture to 1limit its extent and provide a cleaner profile ,
for reflection off the periscope mirrors. A pellicle beam splitter
reflects 15% of the beam toward the PIN diode, allowing the rest to pass
through the oven and sample tube. The beam entering the oven passes
through a 5 mm diameter circular aperture to further limit its extent
and provide an intense cross-section without focusing.

The fluorescence signal is collected at right angles to the laser
beam by a 9 cm diameter lens with a 20 cm focal length. The emitted
signal is focused into the entrance slit of a Jarrell-Ash ﬁodel 82-000

half-meter Ebert scanning spectrometer. This spectrometer contains a

52 mm by 52 mm grating ruled at 1180 groves/mm and blazed for 4000 &

in the first order. The reciprocal linear dispersion at the exit slit

1s 16 &/mm under these conditions.
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The output of the spectrometer passes into an Emitronics (EMI)
Model 9816B photomultiplier tube (PMT) for detection. This tube con-
tains a 14 stage linear diode chain and provides an S-20 response,
covering the approximate range of 3000 to 8000 R. Peak response occurs
at 4000 & with an absolute sensitivity of 70 mA/watt and quantum
efficiency of 23%. The PMT is run at 1900 volts, powered by a

Hewlett-Packard Model 6516A DC power supply.

Electronics

The output from the PMI passes through 150 fi of delay cable for
timing purposes, then is sent to the Princeton Applied Research (PAR)
Model 160 boxcar integrator. Since the S2 fluorescence signals are
usually on the order of the PMT dark current noise in intensity, a
method 1s needed to distinguish these signals from background noise.
The boxcar uses a sampling and averaging technique to average out the
nolse over a large number of repetitlions., The signal-to-noise ratio is
greatly improved, and the output of the boxcar asymptotically approaches
the average value of the fluorescence signal over the time period
examined. The boxcar integrator can also scan across the input signal,
reproducing the entire waveform without noise.

For examining individual S2 transitions, the boxcar i; run in the
sample and hold mode, triggered externally by the PIN diode. Timing
between the boxcar sampling gate (aperture), PMT signal, and trigger
pulse 1s monitored during the experiment on an oscilloscope. The high
and normal resolution time constants are selected to provide a visible
but stable needle deflection on the boxcar output meter. Slnce events
in this experiment occured with nanosecond times, the time base was set

at 2 psec (shortest available), while the aperture was 30 nsec wide.
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To record the 32 spectrum, the boxcar output was sent to a Hewlett-
Packard Model 71324 chart recorder.

~ To monitor the timing mentioned above, a Tektronix Model 7104
oscilloscope was used. The 7104 scope was also employed during the
experiment to troubleshoot, display and record the fluorescence signal,
Tektronix Model 7A29 amplifiers and Models 7B15/7B10 time bases com-
prised the plug-in units for the scope, giving it the respcnse
characteristics needed for this research. A Tektronix Model C-50/C-?0
oscilloscope camera was used to photograph the displayed signal.

Laser output power was checked during the experiment with two
different instruments. To measure average power, a Scientech Model 362
power/energy meter and Model 3600 detector were used. Peak power can
then be calculated from the pulse rate, pulse width, and measured
average power. To calcuiate actual average power per pulse, the
Scientech measured power was first divided by the pulse rate, then
divided by the pulse width,

For sensitive measurements beyond the Scientech's capability, an
Eppley laboratory thermopile and Keithley Instruments Model 148 nano-
voltmeter were used. The nanovoltmeter reading was converted to
average power through a watts per volt conversion factor calculated at
3371 %, Power loss through each optical component was also measured
with these instruments. Laser power within the sample tube could then
be calculated from reference powers measured at the beginning and end

of each data run.
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V. Procedure

In thls section, the experimental procedure is discussed,

organized under the following main topics: (1) broad spectrum,
(2) long-lived states, (3) fluorescence intensity measurements,

(4) fluorescence lifetime measurementis, and (5) problem areas.

Broad Spectrum

The first step in this experiment was to detect the S5, fluores-
cence. Equlpment was set up as shown in Figure 7 in the preceeding
section, the PIN diode used to trigger both the boxcar and oscillo-
scope. The boxcar was run in the sample and hold mode, with & time
base of 2 psec, high resolution time constant of 3 nsec, normal
resolution time constant of .3 msec, aperture time of 30 nsec, and
stretch time of 30 usec. The laser pulse was used to check for proper
triggering and optimum signal retention, while scattered radiation
from the laser was detected to estimate boxcar input sensitivities {

and chart recorder settings.

The spectrometer was initially scanned from 3300 to 5000 R at

125 8/min. The entrance slit was set at 200 y, while the ex!t slit
was opened to 600 . The entrance and exit slits were both 1 cm in
height. ‘Scans during this portion of the experiment were always made
in pairs. The first run took place at room temperature (21°C) in
order to record laser scatter, background signals, and PMT dark
current noise. At this temperature, sulfur is still in solid forﬁ
since its melting point does not occur until 113°C (Ref 19:95). For
the second run, the oven was heated to approximately 600°C., This was

necessary to vaporize the sulfur and thermally dissociate the 58
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chains, predominant at low temperatures, into S2 molecules. Once the
spectrum was obtalned, it was calibrated with N2 laser scatter and
a mercury reference run. Fluorescence peaks were identified by com-
paring the observed values with Tables III-V in Peterson and Schlie's

work (Ref 21:1559-1561).

Long-lived States

With the Sz spectrum identified, scans were made to determine
which transitions were long-lived. Settings were the same as in the
previous section, the spectrometer agaln being run at 125 X/hin. After
each scan, the initial delay on the boxcar was increased by 1% (20 nsec
on time base). This method provided a means of filtering out the short-
1lived states, leaving only those whose fluorescence lifetimes were

considerably longer.

Fluorescence Intensity Measurements

After identifying the 52 spectrum and determining which transitions
were long-lived, prominent lines were further examined to determine
their suitability for fluorescence intensity measurements. The v' = 2,
v" = 5— transition at 3290.7 R was chosen for its high Franck-Condon
factor (.113), strong emission intensity, and relatively long lifetime.
The spectrometer was set to this wavelength, and data collected with
all three sample tubes.

52 fluorescence intensity versus temperature meas;rements Were
made by gradually heating the oven from room temperature to 600°C,

This process took almost two hours, allowing ample time to take inten-
sity readings at selected temperatures. The entrance slit was kept at

200 p, while the exit slit was opened to 1500 p to account for the
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spectrometer's dispersion (the bandwidth of the input fluorescence
signal was approximately 25 X). The boxcar normal resolution time
constant was increased to 3 msec to hold the signal longer and provide
better nolse filtering. With these settings and the length of time
required to heat the oven, the boxcar output became very steady.

Oncé the oven reached equilibrium near 600°C, fluorescence
intensity versus laser power readings were taken., This was accom-
plished by placing neutral density filters in the path of the laser
beam going into the oven and sample tube. The boxcar output was then
recorded as different combinations of filters were used. Each filter
was specifically calibrated at 3371 )3 by measuring its attenuation of

a reference beam with the Scientech power meter.

Fluorescence Lifetime Measurements

S2 fluorescence lifetime measurements at specific temperatures
and pressures were made directly from the oscilloscope display using
the Tektronlx camera. Single sweeps were photographed to examine
individual pulse shape, while several sweeps exposed on the same
photograph provided an average profile. Equipment settings were the

same as those used for fluorescence intensity measurements.

Problem Areas

Several problems occured during the experiment that were severe
enough to cause work stoppage. Most were corrected and ovércome in a
sﬁort time, but some are system-inherent and ones future researchers
should be aware of., These problems are discussed under the topics:

(a) laser, (b) triggering/timing, and (c) boxcar.

Laser. Three major problems were experienced using the Molectron
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laser, The first occured when a large power supply transformer for the
thyratron cathode filament burned out, disabling the thyratron and laser.
Troubleshooting produced a shorted wire near one of the transformer's
terminals. This wire and the nearby windings were repaired by labora-
tory machinists, and the transformer returned to service.

A second problem arose from the large amounts of ozone produced by
the laser, especially at higher repetition rates. Ozone is dangerous
because of its toxic and explosive properties. During the experiment,
ozone rapidly collected in the laboratory since the exhaust system was
unable to keep up with the high formation rate. Concentrations were
high enough to detect by smell, the odor threshold of ozone being
0.1-0.015 ppm by volume of air for the normal person (Ref 5:76). The
recommended threshold limit value for repéated ozone exposures during
an 8-hour working day is'0.1 ppm, while symptoms of acute ozone toxicity

appear at concentrations of about 1 ppm. An extra exhaust pipe had to

be placed near one end of the laser to properly vent the ozone outside.
The final laser problem encountered during this experiment was the
slight decrease in laser output power over long data-gathering sessions.

The operating pressure also tended to increase by several torr. Both

of these phenomena are inherent in lengthy operation of the laser, and
necessitated "before and after" laser power measuremer 3. The decrease
in average power was found to be anywhere from 0.5 to 4,0 mW as measured
on the Scientech power meter (.7 to 6% reduction in actual power).
Slight output power variation from pulse to pulse was also noticed, and

is discussed in the next paragraphs.

Triggering/Timing. Another problem that developed during long data

runs was that of triggering and timing stability. Slight fluctuations
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in laser output power from pulse to pulse and over time caused cor-
responding fluctuations in the PIN dlode output. As a result, PIN
trigger pulses sent to the boxcar were not always identical in shape
and amplitude. This variation in waveform caused boxcar circuitry to
trigger the time base ramp at different points in time relative to the
PMT signal. Figure 8 on the next page illustrates the relationship
between boxcar triggering, input PIN pulses, and the start of the time
base circuitry. Since the sampling gate opens at a fixed interval
after the time base ramp starts, this variation in triggering caused
the sampling gate to sometimes miss the fluorescence signal. The
boxcar output voltage fluctuated greatly under these conditions, de-
pending on whether the sampling gate was averaging over the PMT signal

or dark current noise, The start of the time base ramp varied from

20 to 100 nsec relative to the PMT signal. To minimize this problem,

a PIN diode with a large output (3 V) was used. The boxcar was
triggered off the decay side of the PIN waveform, which lasted for
approximately 60 nsec, This change provided more consistent trigger
polnts and compensated somewhat for the laser output power fluctuations.
The time base ramp starting point varied only slightly (< 10 nsec)
under these conditions,

Boxcar. The boxcar used in this experiment ls a versatile
instrument, but requires a detailed understanding to set it up properly.
Operation is further complicated when using the high reéolution mode,
as needed in this research, A "pitfalls" section included in the
manual helps one choose the right settings, but some of the more subtle
problems are worth discussing. First, there 1s an unavoidable delay of

150 nsec between triggering of the boxcar and start of the time base
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Figure 8. Boxcar Triggering Relationships (Ref 17:I11I-6)

ramp. This delay is due to internal circuitry, and necessitated placing

150 feet of delay cable in the PMT output to delay the fluorescence
signal by an extra 150 nsec. In addition, the initial delay dial
should not be set less than 5%4. This value is the minimum allowed to
ensure proper time base generation. When choosing the time constants
for an experiment, the observed time constant (OTC) must be calculated
using formulas given in the manual. This result is needed since it
takes boxcar capacitors five times the OTC in real time to charge up
their maximum value (Ref 17:III-14). If the event is not examined
long enough according to this criterion, the boxcar output ﬁill show
a lower-than-actual value. Finally, the retention control must be
optimized once all other settings are selected. This control enables
the boxcar to hold the signal better between each triggering and sam-
pling event, and to reduce the signal bleed-off due to capacitor

discharge.
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VI. Results and Discussion

The experimental results are presented in this section, along
with calculations based on the rate equation model. The data and
analysis is discussed under the topics of: (1) broad spectrum,
(2) fluorescence intensity measurements, (3) fluorescence lifetime

measurements, (4) number density calculations, and (5) error analysis.

Broad Spectrum

The broad S2 spectrum obtained in this experiment is shown in
Flgure 9 on the following page. All lines belong to the v' =2 band
since the laser pumped the v' =2, v' =4 transition. Table II on
page 44 summarizes the important data from this spectrum. The
relative intensities of each line closely follow the Franck-Condon
factors for these transitions, related through the equation (Refs 1:

821 and 16:200):

6bn4vu = 2y .
IV'V" = 2 (Re) vqu lvn (22)
3¢
where Iv'v" = the observed fluorescence intensity
ﬁe = the average electronic transition
moment 4

Nv' = the exclted state population

Q1 yn = the Franck-Condon factor for the

v'-v" transition

Equation (22) neglects rotational effects that would have to be

included under a more detalled analysis, To a first order approximation,
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Table II

Data from Broad S2 Spectrum

S i @ | RN | i
(&) (Ref 21) (Ref 21) vt /v
3294 3290.7 113 2/3
H52 H#51.0 077 2/5
3539 3534.3 .020 2/6
3624 3622.0 .005 2/7
3718 3713.9 041 2/8
3812 3810.8 073 2/9
3912 5909.6 .060 2/10
4016 4012.5 .016 2/11
4125 4120.8 .002 2/12 i
4241 4235.8 .022 2/13
4360 14355.0 065 2/14 :
Lugh L478.8 .072 2/15 ﬁ
L615 4610.0 .102 2/16
L5 Lpl7.6 076 2/17 3
4900 4892.4 L046 2/18
Iy




N _, can be replaced by N
v J,

estimate changes produced by the rotational distribution.

, from Equation (1) in the theory section to

Fluorescence Intensity Measurements

Fluorescence intensity versus temperature measurements for the
v' =2, v" = 3 +transition are plotted in Figure 10 on the next page.

The first signs of S, occur between 350-400°C, which agrees well with

2
previous research. In an equilibrium composition of sulfur vapor, 52
starts to form near 240°C, and reaches 1% concentrations around 350°C.
However, as the temperature is increased, the results in Figure 10
show a more rapid increase in 82 formation than expected. Near 475°C,
the observed fluorescence intensity had already reached from 25 to
68% of its maximum value, depending on the pressure. Meyer's data
shows that only 3% of the sulfur vapor is S2 at this temperature

(Ref 19:149). This acceleration in S, formation may result from the

2
low pressurey used in this research. Near 475°C, the partial pressure
of S, in the ple tubes was roughly .1-6 torr.

Quenching \ls evident since the observed fluorescence intensity
reached a 1arge£ percentage of its peak value at lower pressures (for
the same temperature)., At a constant temperature, quenching can be

approximated by the equation (Ref 29:11)

Q ® qP : (23)

T

where q, is the quenching rate constant and P the pressure. Thus,
quenching effects would increase as the pressure lncreases.
The decreases in intensity above 560-570°C shown in Figure 10

were investigated further and found to be real phenomena. To explain

ks
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Figure 10, S2 Fluorescence Intensity versus Temperature

46




this occurrence, four possible mechanisms are considered. First, the

total quenching rate Q2 may be increasing due to the increasing
pressure, as described in Equation (23). This would cause a greater
depopulation of the v' = 2 1level through nonradiative means,

leaving fewer Nz(t) molecules to contribute to the observed fluorescence.
A second possibility results from the fact that the concentration of
each sulfur molecule (58, S?, S6' etc.) depends on the temperature and
pressure of the vapor. Thus, as the temperature and pressure change,
so do the equilibrium proportions and mole fractions calculated for
Equation (21) in the theory section. In this case, since the intensity
is decreasing, 82 molecules may be combining to form other molecules
and lower the 82 concentration., Radiation trapping is a third process
which may contribute to the intensity reduction at higher temperatures.
Radiation trapping occurs when there is a high probability that an
emitted photon will be immediately re-absorbed (Ref 25:386). This
process increases as both the number density of molecules and their
thermal motion increases. In addition, once the radiation is absorbed,
it may be re-emitted at different wavelengths and in different
directions. Therefore, the fluorescence intensity at the observed
wavelength will decrease as radiation trapping increases. Finally, the
thermal distribution of rotational levels may also be a factor under
these conditions. As shown in Figure 4 in the theory section, this
distribution can greatly affect the intensity of a vibrational-
rotatlional line. As the temperature increases, the reduction in
intensity may result from the decrease in population of the 1lnitial
rotational levels,

Fluorescence intensity versus laser power measurements are shown
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in Figure 11 on page 49, and exhibit the linear relationship referred
to in the theory. From this plot, it is clear that even partial
saturation of the v' =2, v' =4 +transition did not occur. This
result formed the basis of the decision not to use saturation approxi-

mations in solving the rate equation for Nz(t).

Fluorescence Lifetime Measurements

After the laser pulse was turned off, effective lifetimes for
the v' =2, v" = 3 +transition were determined by measuring the time
required for the intensity to drop to 1/e of its initial value (e =
the natural logarithm constant). These measurements were performed
on photographs of the fluorescence signal taken from the oscilloscope
display. Since the radiative lifetime Trad for this transition is
equal to the inverse of the A23 coefficient, Equation (10) can be used
to relate the effective lifetime Toff to Trad and quenching. This

relatlonship becomes
= -1
Tegr = (/Traq + 45 % Q) (24)

Assuming that A2 stays relatively constant, when quenching effects are
significant, Qz becomes large and Teff decreases. If quenching is
approximated with a linear function of pressure as in Equation (23),

then Te should decrease as the operating pressure increases.

ff
In thils experiment, exactly the opposite behavior was observed.

As seen on page 50, Tefs increased as the pressure increased. In

addition to quenching effects, thls deviation 1s probably caused by

radiation trapping. Radiation trapping causes the observed lifetime to

be much longer than the true effective lifetime if this process were
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Figure 11, 82 Fluorescence Intensity versus lLaser Power at 590°C




not occuring (Ref 25:386). From photographs of the fluorescence signal,

the following lifetimes were determined:

Pressure at 590°C Effective Lifetime
0.31 torr 8 £ 3 nsec
3.47 torr 14 * 3 nsec

12,58 torr 20 * 2 nsec

Using a bhase shift method, Smith has calculated an average radiative
lifetime of 16.9 * 3.5 nsec for transitions within the v' =2 band
(Ref 26:1194). The boxcar integrator was not used to measure fluores-
cence lifetimes since it introduces large time distortion while
scanning in the high resolution mode. This occurs because the shortest

aperture time available is 5 nsec.

Number Density C: lculations

S2 number densitlies versus pressure at 590°C are plotted in
Figure 12 on the following page. The reference amounts were calculated
assuming 98% S2 near 600°C, Recalling Equation (18) from the theory
section, the number density is related to the observed fluorescence

intensity by the formula

K
(18)

N, =

—_—
) £b
TereP(VICy

where I, 1s the boxcar output voltage. The sample tube with a pressure

fb

of 3.47 torr at 590°C was used to calibrate the system and solve
Equation (18) for K knowing Np. Table IIT on page 52 summarizes this

data.
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Figure 12, S2 Number Density versus Pressure at 590°C




g Table III
n Data from S2 Number Density versus Pressure
h Known Number Calculated
Pressure Density (98% S,) Number Density *
(torr) 3, 2 -3
(™) (n™7)
| 0.31 3.4 * .3 x 102 2.6 + 8,0 x 10%%
i 3.47 3.9 + .4 x 107 -
' 12.58 1.4+ 1 x 1027 1.2 + 2,7 x 1023
!
2 !
*K=1,84%2.5x10° from 3.47 torr pressure as reference

As shown in Figure 12, there is some disagreement between the

theoretical (98%) number densities and those determined from experi-

mental data using Equation (18). The differences are within one order i
; of magnitude, however the low pressure value 1s undesirable since it
is actually larger than the known amount of Sz. If the calculated line i
is extended, these differences will increase and quickly become greater
than two orders of magnitude. Part of this deviation may be caused by
the uncertainty in the effective lifetimes measured from the oécillo— ;
scope. However, even if the lifetimes are increased to 20 nsec at all

pressures, the calculated number densities are still larger than the

theoretical values at low pressures.




Exrror Analysis

Most errors originated from the measurements and data taken during {
the experiment. For data used from other works where no uncertainties
were given, a 10% error was assumed. Errors were propagated using the
method of computing average deviations., With this method, absolute
errors are added for the operations of addition and subtraction, while
relative errors are added for calculations involving multiplication and
division (Ref 15:Sec A2, 8-9).
The results obtained in this experiment suggest that the theory

may not adequately model the observed transition, If this is true, the

PR

theory and derivations must be re-examined. One source of error arises
because stimulated emission from the v' = 2 1level has been neglected.

If included, this process would reduce Nz(t) while the laser pulse was

on. Keeping the stimulated emission term throughout the derivation
would slightly modify Equations (17, and (18). For reasons discussed
earlier, the effective lifetime measurements also introduced large
uncertainties into these calculations, Besides being difficult to
measure from a photograph, the effective lifetimes were affected by the
processes of quenching and radiation trapping. The theoretical number
density N; used to calculate K in Equation (18) represents a third
source of error in this analysis., This error results from the uncertain-
ty in determining what percentage of the sulfur vapor exists as S2 at
the desired temperature. Overall, the results of this section show
th&t laser induced fluorescence can be used to measure 52 number den-
sities, but that a more detailed theoretical treatment 1s needed to

improve the accuracy of the model.
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VII. Summary, Conclusions, and Recommendations

Summary

,This thesls investigated the feasibility of using laser induced
fluorescence to measure 82 number densities in a laboratory environment.
The research was prompted by the growing interest in Sz, especially its

potential as a tunable, high-power laser medium., A rate equation

analysis was performed on transitions within the BBE; - XBZ; system

in order to model their energy level interactions. The v' =2, v' =3
transition at 3290.7 £ was selected for nonresonance fluorescence studies
due to its prominence and accessibility., The excitation source for this
experiment was a pulsed nitrogen laser operating at 3371 %. A tunable
dye laser was not needed since the laser efficiently pumped the

v' =2, v =4 S_ transition at 3369 &, Investigations included broad

2

spectrum identification, fluorescence intensity versus temperature and

laser power measurements, effective lifetlime measurements, and total

number density calculations. All data was taken near 600°C to ensure

that a large percentage of the sulfur vapor was S2 (= 98%). Results

Wwere compared with theory to evaluate the rate equation model and laser

i

|

f induced fluorescence technigue. Experimentally determined number

! densitles were too large in the low pressure region, but generally

? within one order of magnitude over the range examined. Aside from the
| problems discussed in Section V, the equipment worked well and produced

) repeatable results.

Conclusions
~,In concept, laser induced fluorescence proved to be a feasible J

means of measuring 32 concentrations in a laboratory environment.

S




Differences between the known and calculated number densities are
attributed to the complexity of Sz, quenching and radiation trapping,
difficulties in measuring the effective lifetime, and inadequacies in

the rate equation model._ The accuracy of this analysis could be improved
by a more detalled theoretical treatment, especially by incorporating
stimulated emission and rotational effects into the derivation. In
addition, an improved method of determining the effective lifetime

would reduce some of the uncertainty encountered in this experiment,

Recommendations

Based on the results of this experiment, the use of laser induced
fluorescence to measure number densities should be studied further. The
benefits would include increased knowledge of the molecule studied and
refinement of the laser induced fluorescence method, especially in
situations where the steady state and saturation approximations cannot
be applied. Specific recommendations for future research of the laser
induced fluorescence technique include:

1. Perform fluorescence intensity measurements over a wider

range of pressures.,

2. Develop a more effective way of measuring effective
lifetimes, possibly with an advanced model boxcar
integrator.

3. Incorporate stimulated emission and rotational effects
into the rate equation model to improve its accuracy. -

4. Quantitatively estimate the magnitude of quenching
and radiation trapping effects, and include these as

corrections to the observed fluorescence intensity.
Specific recommendatlions for future sulfur research include the following:

1. Focus the laser beam to a point in the sample tube in
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' order to saturate the transition being investigated.

2. Use a tunable dye laser to pump and examine other
! transitions that might be more amenable to the
theory developed.

3. Increase the operating temperature above 600°C or
use radio frequency discharges to ensure that a
higher and more exact percentage of S2 is formed.
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