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Abstract 

The feasibility of an ultraviolet energy storage laser 
based on the long-lived sulfur monoxide A3n-X32" electronic 
transition was investigated, and an ultraviolet laser based on 
the short-lived SO(B3E"-X3S") transition was demonstrated and 
modeled. Both were optically pumped by a continuously tunable 
(247.8-248.7 nm), line-narrowed (0.18 cm"') KrF laser developed 
for efficient rotationally resolved excitation of SO. SO was 
produced by both microwave discharge and excimer laser 
photolysis of the precursor molecules S0 2 and SOCl2, with a 
maximum SO concentration (1016 cm*3) generated by ArF (193 nm) 
photodissociation of S02. 

Laser induced fluorescence of SO was used to study the 
excitation spectroscopy, vibrational branching ratios, 
lifetimes and deactivation rates. The radiative lifetime of 
SO(A3n2,v'=5) was measured to be 6.9 us and that of S0(B,v'=l) 
to be 33 ns. Lifetimes in the highly perturbed S0(B,v'=2) 
level ranged from 28-90 ns. Measurements and modeling of the 
excitation saturation fluence as a function of buffer gas 
pressure determined what fraction of the ground state S0(X) 
molecules could be excited to S0(A) or S0(B). No evidence of 
excited state absorption was seen. 

Lasing on six new ultraviolet SO(B-X) vibrational bands in 
the range 262-315 nm was demonstrated. SO(B-X) pulse energies 
of up to 11 fid were obtained and the gain coefficient was 
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estimated to be 0.1 cm" . A multi-level rate equation model of 
the SO(B-X) excitation and lasing transitions, including 
collisional rotational mixing, described the dynamics of the 
lasing and measured output very well. Modeling showed and 
experiments confirmed that the maximum possible SO laser gain 
simply corresponded to saturating the excitation of a single 
rotational level. Collisional coupling of the rotational 
levels increased the laser output energy, but not the gain. 

Lasing on the SO(A,v'=5-»X,v*=l) transition was attempted, 
but not achieved. Computer modeling indicated that lasing may 
be possible with a low-loss optical cavity and direct pumping 
of S0(A) from S0(X,v"=2). However, the kinetic measurements 
clearly show that an energy storage laser based on the SO(A-X) 
transition is completely impractical. 
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Chapter 1 
Introduction 

The sulfur monoxide radical SO is an interesting molecule 
because of its potential as an ultraviolet laser medium, for 
its role in the atmospheric chemistry of Earth [1,2] and Venus 
[ 3 j, and as a probe of the photodissociation dynamics of So2 

[8-16] and S0C12 [15-19]. SO was the first 32 molecule 
detected in interstellar space by radio astronomical 
techniques [4] and has been found in oxygen-rich circumstellar 
envelopes [5], dark and molecular clouds [6], and the coma of 
comets [7]. SO is one of the few diatomic molecules with a 
triplet ground state and is isoelectronic to 0 2, NF, PF, and 
NCI, all of which have similar electronic states. 

The original motivation for this investigation of SO was 
the proposed [56-59] ultraviolet energy storage laser based on 
the A3n-X3S" transition, with possible applications to inertial 
confinement fusion. The potential energy curves for the 
electronic states of SO are shown in Fig. 1-1. The A.3n state, 
SO(A), has a relatively long radiative lifetime (35-39 us 

[29,55]) for a fully allowed electric dipole transition to the 
ground state, SO(X), thus permitting energy storage. The 
"forbidden-ness" of this transition is derived from the fact 
that the upper molecular electronic state correlates to the 
same atomic asymptotes as the molecular electronic ground 
state. The equilibrium internuclear separation of SO(A) is 
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Figure l-l. Potential energy curves of SO [37]. 

greater than SO(X), resulting in many possible lasing 
transitions from SO(A) to thermally unpopulated vibrational 
levels of SO(x). SO(X) also exhibits a high degree of chemical 
inertness [29] leading to the possibility of producing large 
concentrations. Optical pumping with a KrF laser at 248 nm 
will excite SO(X,v'=0) to S0(A,v'=5,6) (Fig. 1-2). If the KrF 
laser has sufficient energy to excite a high enough population 



Figure 1-2. The KrF laser (248 nm) will excite SO(X,v"=0) to 
SO(A,v'=5,6) and SC(X,v"=2) to SO(B,v'=2). The rotationally 
Raman-shifted KrF laser (252 nm) will excite S0(X,v"=2) to 
SO(B,v'=l). 

density of SO(A), it can potentially produce lasing on the 
SO(A-X) transition. The primary issues in making the SO(A-X) 
laser are the production of the high densities of excited 
state molecules required ( -10i6 cm"3) and the potential of 
excited state absorption to higher lying states. 

The first step in producing large concentrations of excited 
molecules is generating an adequate concentration of S0(X) 
(Ch. 3). SO can be produced from many precursors by chemical 
reaction [36-57], photodissociation [8-26], or in a discharge 
[26-35]. When ArF (193 nm) or KrF (248 nm) laser photolysis of 
S0 2 or SOCl2 is used to produce SO, a large fraction (up to 
80%) of the resulting SO is formed in the second vibrational 
level of the ground state [13-15]. Because of a fortuitous 
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coincidence, from v*=2 of SO(X), the KrF laser can optically 
pump v'=2 of the higher-lying B3S" state (Fig. 1-2). so(B) 
cannot be excited with a KrF laser from either v"=l or v*=0 of 
the ground state. 

Correlating to different atomic asymptotes (Fig. 1-1), 
SO(B) has a much shortsr lifetime (35 ns) than so(A), 
resulting in larger cross-sections : >r induced absorption and 
stimulated emission. This makes it much easier to demonstrate 
lasing on SO(B-X) than on SO(A-X). I have used the SO(B-X) 
laser as a diagnostic on th^ ground and excited population 
densities, and as a method to align an optical cavity for the 
SO(A-X) laser. 

There were many considerations and unknowns to be explored 
that were relevant to the demonstration of lasing on either 
SO(A-X) or SO(B-X). The experimental investigation of the two 
electronic-state transitions was done concurrently and the 
results are presented in a similar manner. Important questions 
that needed to be answered in making a laser included: the 
quantity of SO that could be produced and excited, what 
wavelengths to excite at, which transitions to attempt lasing 
on, the effect of a buffer gas on production, excitation, and 
lifetime, the possible existence of excited state absorption, 
the laser gain and cavity losses, and how long the gain lasts. 

SO(A) and presumably SO(B) suffer from rather high rates of 
collisional electronic-state quenching. Setser and co-workers 
measured the electronic quenching rate constants for 
SO(A,v'=o) with several reagents [29]. They also investigated 
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the vibrational and spin-orbit relaxation of so(A, v'=0,l), and 
earlier explored production of SO(A) by excitation transfer 
from N2(A32+) [27,28]. However, except for one measurement 
[57], the quenching and relaxation rates for SO(B) and the 
upper (v'>l) vibrational levels of SO(A) are not known. The 
lifetimes and total deactivation rates of S0(A}V'=5) and 
SO(B,v'=2) were measured in this experiment (Ch. 5). 

The spectroscopy of SO (Ch. 4) is both interesting and 
complicated. In addition to the many vibrational and 
rotational levels of each electronic state, there is a further 
splitting of each energy level into three components since all 
the states involved are triplets. As shown in Fig. 1-1, there 
is considerable potential for energy coincidences among the 
states. Perturbations of the rotational and vibrational levels 
of SO(A) and SO(B) produced by such coincidences have been 
previously observed [35-38]. The rotational levels of 
S0(B,v'=2), excited by KrF, were found to be very perturbed. 

I investigated the spectroscopy of SO absorption and 
emission by the technique of laser induced fluorescence. For 
this, it was necessary to develop a special KrF laser since 
the rotational transitions in SO are narrow and relatively 
widely spaced. They are separated by approximately 0.6 cm"1 and 
have a Doppler linewidth of 0.07 cm"1. A gain-narrowed, free-
running KrF laser has a linewidth of approximately 50 cm"1. If 
used to excite SO, roughly 90% of the energy would be wasted 
between the SO absorption lines. A much more efficient way to 
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excite SO is to line-narrow the KrF laser to close to the 
Doppler linewidth, giving a more complete overlap of the pump 
laser and absorption line. A continuously tunable, line-
narrowed KrF laser was developed for this purpose (Ch. 2). 
Continuous tuning of the laser allowed for investigation of 
the absorption spectroscopy and determination of the 
rotational transitions that gave the greatest excitation to 
SO(A) or SO(B). 

When individual rotational transitions of SO are optically 
pumped at low pressures, only the Boltzmann fraction of 
population in the lower single rotational level can be 
excited. The addition of a buffer gas to collisionally mix the 
lower rotational levels during the pulsed KrF excitation leads 
to greater total pumping of the upper levels. Measurements of 
the excitation saturation fluence as a function of buffer gas 
pressure, along with simple modeling, led to a determination 
of what fraction of the lower level population could be 
excited (Ch. 6). 

I demonstrated lasing on several new vibrational 
transitions of SO(B-X). The SO(B-X) system was recently shown 
to lase by Miller, et \1. [24] using doubled dye laser pumping 
at 256 nm. Lasing from v'=2 followed optical pumping with the 
KrF laser (248 nm) and lasing from v'=l was achieved by 
pumping with rotationally Raman-shifted KrF at 252 nm (Fig. 2-
2). The output characteristics and gain of the 2-»5 lasing 
transition were measured and compared to a multi-level rate 
equation model developed to simulate the pumping and lasing 
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transitions. An important point realized was that increasing 
the total excitation by rotational mixing does not increase 
the gain of the laser when the optical pumping on a single 
rotational transition is saturated. Modeling shows (Ch. 7) 
that the rotational state population contributing to the gain 
will never exceed roughly one-half of the initial lower single 
rotational level population. This has direct applications to 
the proposed storage laser based on optical pumping of SO(A). 
The total enerqy pumped to the upper state and thus the total 
energy stored can be increased by collisionally coupling the 
lower rotational levels. However, rotational mixing also 
occurs in the upper state and thus the laser gain will not 
increase over the case without collisional coupling. 

Lasing on the SO(A-X) transition was attempted, but was not 
successful (Ch. 8). Two possible transitions were considered: 
lasing from the level pumped on the 5-»l vibrational band with 
no buffer gas to cause vibrational relaxation, and lasing on 
the 0->4 band with buffer gas to relax the excited v'=5 
molecules down to v'=0 before lasing. Electronic-state 
quenching, high cavity losses, and low SO concentrations 
presumably played a major role in preventing lasing from 
SO(A). The success of the rate equation model for the SO(B-X) 
laser was extended to predict the conditions under which 
lasing on the SO(A-X) transition may be possible. 

A guide to the experimental setup is given in Fig. 1-3. For 
the SO(B-X) laser demonstration, the ArF photodissociation 
beam from the Lambda-Physik laser and the narrow-band KrF 



laser beam were counter-propagated through a stainless steel 
cell containing the precursor molecules to SO. For some of the 
earliest experiments, SO was produced in a microwave 
discharge. Later, simultaneous production and excitation by 
the narrow-band KrF laser was used. Laser induced fluorescence 
was measured at right angles to the SO excitation axis, both 
temporally by a photomultiplier tube and spectrally by an 
optical multichannel analyzer, each mounted on a 0.3-m 
monochromator (McPherson 218). The narrow-band KrF laser had 
several diagnostics, which are described in the next chapter. 

A table of symbols and abbreviations used throughout the 
text appears in Appendix B. 

< f — - narrow-band KrF loser 

(energy) 

r—I diagnostic 
C"~| 1 etolon (hv) 

Lambda PhysiU excim«r ' _-
ArF/Krf 

0.75m Spex 
monochroma [or 

&v*Q.4crnA 

Figure 1-3. Experimental setup for production and excitation 
of SO. PD=vacuum photodiode. 
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Chapter 2 
KrF Tuning and Narrowing 

The KrF laser is one of a broad range of lasers based on 
rare gas halide excimer molecules [60]. An excimer molecule is 
one that is bound in an excited electronic state, but 
dissociative in its ground state. The resulting bound-free 
transition has a broad bandwidth compared to bound-bound 
transitions. Among excimers, the rare gas halides have a 
relatively narrow linewidth leading to the comparative ease at 
which they can be made to lase. 

in KrF, the fluorescence bandwidth of the B 22 +-X 22 + 

transition at 248 nm is 2 nm (325 cm"1) [100]. A typical laser 
operating on this transition, with no spectral narrowing 
elements, has a gain-narrowed linewidth of 50 cm"1 (e.g. Fig 
2-8(a)). To efficiently pump SO(X) molecules to SO(A) or SO(B) 
on individual rotational transitions, a KrF linewidth near the 
SO Ooppler linewidth of 0.07 cm"1 was desired. In order to find 
and stay locked on the rotational transition that gave the 
greatest excitation, a stable, narrow-band KrF laser that was 
continuously tunable across a wide portion of the KrF gain 
bandwidth was necessary for these studies. A single tuning 
adjustment was preferred for ease of implementation. In 
addition, sufficient energy (fraction of a Joule) was needed 
in the narrow linewidth to excite high densities of SO. 

Many authors have reported line-narrowing and/or tuning of 
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KrP lasers. Loree et al. [61] used two prisms to line-narrow 
a KrF oscillator to 0.1-0.2 nm which was tunable over 2 nm. 
Goldhar et al. [62] used three etalons to line-narrow a KrF 
oscillator and injection-lock a KrF amplifier. They achieved 
an output of 0.4 J in a 0.1 cm"1 linewidth, but the wavelength 
was not easily tunable. Multiple etalons can be tuned together 
with a single adjustment (rotation) only if they are air-
spaced and aligned exactly parallel to one another. Hawkins el 
al. [63] single-passed a KrF amplifier with the frequency-
doubled output of a pulse-amplified cw dye laser. The 0.005 
cm"1 linewidth was continuously tunable in 2 cm"1 steps across 
the range 248.2-250.3 nm. Caro et al. [64] injection-locked a 
KrF amplifier with a KrF oscillator which was line-narrowed 
using a grazing-incidence grating and mirror combination. The 
0.3 cm'1 linewidth output was continuously tunable over the 
range 248.05-248.58 nm with the adjustment of a single 
micrometer. Partanen [65] used a multipass grating 
interferometer to line-narrow a KrF oscillator to 0.03 cm"1, 
but with no tunability. Partanen and Shaw [66] line-narrowed 
an electron-beam pumped, 50 cm long KrF oscillator with two 
etalons and achieved a single-mode output. A continuously 
tunable, line-narrowed oscillator-amplifier KrF laser has 
recently become available commercially from Lambda-Physik, 
with a linewidth of 0.2-0.3 cm"1 and tunability over 1 nm [67]. 

For this experiment, a linewidth of less than 0.3 cm"1 was 
desired and the lasers available consisted of a LLNL-built KrF 
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oscillator and amplifier [62]. Many configurations were tried 
before settling on a Littrow grating with beam expansion which 
line-narrowed the oscillator to 0.18 cm"1. Injection-seeding 
an unstable-resonator amplifier gave energetic output 
continuously tunable over a 1 nm range. The laser and its 
•- .agnostics, along with Raman-shifting to increase the tuning 
range, are described in this chapter. 

IT laser CpfonentS 
The laser discharge amplifier and oscillator were developed 

by Goldhar and co-workers and are described in ref. [62]. The 
laser bodies were Teflon with aluminum electrodes and had 
calcium fluoride Brewster-angle windows. Ultraviolet 
preionization along the length of the l-m gain region helped 
produce a uniform transverse discharge. 

The charging and triggering circuit is shown in Fig. 2-1. 

oscil lator: 

+25kV 

amplifier 

'transformer 
preionization j50k g | 

Figure 2-1 . KrF laser discharge c i rcu i t ry . 
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Capacitor Cl was charged to 20 kV and capacitors C2-C4 to 25 
kV. The high-voltage pulse generator (Pulsar Pulspak 10A) 
received an input trigger and sent a 10 kV pulse, increased to 
40 kV by the transformer, to trigger spark-gap switch Si. 
Switch Si discharged capacitor Cl which pre-ionized the 
amplifier and oscillator and in addition sent trigger signals 
to spark-gap switches S2 and S3. The cable lengths and spark-
gap pressures were adjusted so S2 fired just ahead of S3. 
Switch S2 connected capacitors C2 and C3 in series (two-stage 
Marx bank), raising the voltage to 50 kV. The firing of switch 
S3 discharged capacitors C2 and C3 through the amplifier and 
capacitor C4 through the oscillator. The single spark-gap 
switch reduced the timing jitter between the oscillator and 
amplifier. Discharging capacitors C2-C4 pulse-charged the sets 
of barium titanate capacitors which were close-coupled to the 
laser bodies to reduce inductance. This created a short 
current pulse which discharged through the pre-ionized gas 
mixture. 

For injection seeding, the timing of the discharges was 
adjusted so that the light from the oscillator filled the 
amplifier as the amplifier discharged. The relative timing of 
the discharges in the oscillator and amplifier was critical to 
<2 ns and was varied by adjusting the number of barium 
titanate capacitors, the number and length of discharge cables 
and the gas pressures in each laser body. The laser bodies had 
optimum gas pressures where they gave the best discharge 
characteristics, so the other three adjustments were made 
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first and the gas pressures varied for final optimization. The 
relative discharge timing varied approximately 3 ns for a 
relative pressure change of 50 Torr. The oscillator was 
typically filled to 1200 Torr and the amplifier to 1240 Torr. 

The laser gas mixture was a commercial premix (Spectra 
Gases) consisting of 0.4% F2 and 10% Kr in helium. The #1 
cylinder used contained 6000 atmospheric liters when full. The 
oscillator took 2 liters and the amplifier 3 liters per fill. 
The laser typically ran at a 0.2 Hz repetition rate for two 
hours (-1200 shots) on a single fill with the energy output 
decreasing approximately 20%. The gas mix was exhausted 
through an activated alumina halogen scrubb'jr (Spectra Gases 
5173AA) in the vacuum line to remove fluorine (Al203+F2-» 
AIF3+O2) before the vacuum pump (Alcatel 2060C). 

II. Continuously Tunable, Line-narrowed KrP Laser 
A continuously tunable, line-narrowed KrF laser was 

developed to pump individual rotational transitions in SO. As 
previously stated, the laser consisted of an unstable-
resonator amplifier injection-seeded by a low-power oscillator 
(Fig. 2-2). The oscillator employed a diffraction grating and 
beam expansion to line-narrow and tune the KrF laser 
wavelength. A brief review of diffraction grating theory will 
first be given to aid in understanding the wavelength tuning 
and line-narrowing properties of gratings. 
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AMPLIFIER 
OSCILLATOR 

temp, controlled enclosure 

actuator 
scan control -

Figure 2-2. configuration for contiguously tunable, line-
narrowed KrP laser. G=4000 g/mm holographic grating, second-
order Littrow configuration, angle of incidence -84*; A=l mm 
dia. aperture; Ll= -50 mm; L2=300 mm; Hl=60%R plane output 
coupler; M2=0.154 m RC convex HR; M3=3.5 m RC concave HR. 

Diffraction Grating Theory 
Following Demtroder [68], for light incident on a 

diffraction grating at angle a, the condition for constructive 
interference at angle 6 is. 

d (since ± sinP) = mgA (2-1) 

The angles a and B are measured from the grating normal. The 
+ sign is used when both angles are on the same side of the 
normal and the - sign otherwise. The grating groove spacing is 
dg, the diffraction order is m , and the wavelength of the 
light is X. By considering the range of wavelengths within the 
diffraction angle of light reflecting off the grating, one can 
show [68] that the resolving power of the grating is. 

N d (sines ±sinp) 
<U (2-2) 

where N is the number of grooves covered by the light and AA. 
is the wavelength interval between two diffraction maximum 
that are just resolved according to the Rayleigh criterion. 
For high resolving power, it is clearly advantageous to 
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illuminate many grooves and work in high order. 

In the special case of a Littrow-grating mount, the angles 
of incidence and diffraction are equal, cr=B. The grating in 
Littrow configuration acts as a wavelength selective 
reflector. The condition for constructive interference (Eq. 2-
1) becomes, 

mgA. = 2dgsin6, (2-3) 

where 8=a=B is the angle of the light with respect to the 
grating normal. Using Eqs. 2-2 and 2-3, and some geometry, the 
linewidth (wavenumber units) of the diffracted Littrow mode 
can be expressed in terms of the beam diameter w, 

A A-^wTin9- < 2" 4 ) 

Thus, the linewidth depends on the beam diameter and the angle 
of the Littrow diffraction, and only indirectly on the groove 
spacing and diffraction order (which determine the angle for 
a given wavelength). Therefore, to obtain the narrowest 
linewidth at a given wavelength, the groove spacing is chosen 
so that there is a Littrow mode at the largest possible angle, 
and the beam is expanded to fill the grating. 

KrF Oscillator 
The oscillator wavelength was tuned and line-narrowed with 

a 4000 g/mm holographic grating (American Holographic) in 
second-order Littrow configuration (Fig. 2-2). Anodized-
aluminum apertures, 0.25 mm thick with 1 mm holes, were placed 
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in three locations to define the narrow-linewidth mode voluma 
and to reduce the amount of amplified spontaneous emission 
(ASE) that reached the amplifier. The oscillator output was 
taken through a 60% reflectivity plane mirror. 

The 1 mm beam diameter was expanded by a factor of six onto 
the grating by sol-gel silica anti-reflection (AS) coated 
lenses of focal lengths -50 mm and 300 mm [69]. The expanded 
beam covered most of the 60 mm length of the grating. With 
d =250 nm and mg=2, Eq. 2-3 shows that the wavelength was 
tunable from 247.8 to 248.7 nm by rotating the grating from 
82.4° to 84.2°. From Eqs. 2-2 and 2-4, the resolving power is 
calculated to be Rg=4.8xl05, and the linewidth 4A.=0.16 cm'1. 

The "reflectivity" of the Littrow mode determines how far 
into the wings of the gain profile the laser can be tuned. The 
narrow-band signal must be stronger than the ASE (which is 
centered on the line and independent of grating tuning) in the 
given mode volume to achieve a narrow linewidth. The measured 
reflectivity of the second-order Littrow mode from the un-
blazed 4000 g/mm holographic grating was 2-3%. A ruled 
grating, blazed at 84°, with a reflectivity on the order of 
40-50% would greatly enhance the narrow-band tuning range. 
Unfortunately, no gratings with this high blaze angle were 
commercially available for these studies. 

The assembly to hold and rotate the grating consisted of 
two high-resolution rotation stages (Newport 471) and a tilt 
platform 'Fig. 2-3). The rotation stage mounted vertically was 
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Figure 2-3. Rotation stages and 
tilt platform for positioning 
grating. 

adjusted manually with a differential micrometer (Newport DM-
13) to align the grating grooves perpendicular to the 
oscillator beam axis. The alignment was critical to within 10 
arc-sec to achieve the narrow linewidth. The horizontal 
rotation stage was driven by a computer controlled linear 
actuator with optical encoder (Newport 200 PMC controller with 
850 actuator). The controller positioned the actuator with 
0.05 /jm resolution, which corresponded to a wavelength 
positioning accuracy of approximately 0.005 cm"1. The tilt 
platform was adjusted so that the grating grooves remained 
perpendicular to the beam as the grating was tuned by the 
horizontal rotation stage. 

The positioning stability of the rotation stages was found 
to be very sensitive to temperature changes. The measured 
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laser wavelength change was approximately 0.1 cm"1 per °C. 
Since the room temperature could easily vary 4 "C during the 
day, it was necessary to place the rotation stages and grating 
inside a temperature controlled enclosure. A standard 
temperature-control circuit [70] was used, consisting of a 
Wheatstone bridge with a thermistor to monitor the temperature 
and a variable resistor for temperature control. The bridge 
voltages were monitored by a differential comparator which 
switched a pair of transistors to allow a 1-amp current to 
flow through fifteen l-n resistors for heating. The 
temperature in the insulated box was set to a few degrees 
above the maximum room temperature. The control circuitry was 
i»lectrically isolated inside the temperature-controlled box 
for temperature stability of the circuit components and to 
shield from the electrical noise accompanying the KrF laser 
discharges. The enclosure helped keep the laser line-narrowed 
and the wavelength stable to within 0.02 cm"1 (per day) over 
wide room temperature fluctuations. The laser had a long-term 
wavelength drift of unknown origin of approximately 0.05 cm"1 

per month. 

KrF Amplifier 
The KrF amplifier was injection-seeded by the oscillator 

output, as opposed to being injection-locked. For injection-
locking, the oscillator beam is matched to the lowest-order 
mode of the amplifier cavity. The injection-seeding 
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arrangement that I used was essentially a three-pass amplifier 
with the discharge timing adjusted so that most of the 
available energy in the amplifier could be extracted in the 
narrow-linewidth pulse. 

The 1-mm beam from the oscillator was injected past mirror 
M3 into the amplifier (Fig. 2-2). This avoided either energy 
loss in transmitting through a partial reflector, or a blank 
spot in the mirror reflectivity that would be caused by 
injecting through a hole ':) mirror in. A positive-bi^ '.i 

confocal unstable resonator expanded and collimated the output 
beam. For the return pass, mirror M2 was positioned as a 
"scraper mirror", thus avoiding any blank spots or diffraction 
patterns in the output beam caused by placing a small high-
reflectivity (HR) mirror in the middle of the beam. Mirror M2 
(1") was convex with a 0.154-m radius of curvature (RC) and 
mirror M3 (2") was concave with a 3.5-m RC. The mirrors were 
placed at their approximately correct separation of 1.67 m, 
but no attempt was made to optimize the output beam 
collimation. The injected 1-iam beam traveled along one side of 
the amplifier, was expanded by mirror M2 into the center of 
the gain region, and was then collimated for another pass 
through the central gain region. The gain lasted just long 
enough for a small fraction of this three-pass light to be 
reflected back by mirror M2 to make five passes. The mirrors 
expanded the original l-mm beam by a factor of 23, but an iris 
restricted the output to the central 1.5 cm diameter region. 
In this way, a spatially uniform, low divergence, circular 
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beam without a hole was obtained at the cost of losing some 
beam energy. The beam could be propagated several meters with 
no discernable variation in diameter. 

Alignment of Marrow-band KrF Laser 
The path of the 1-mm beam was first defined with a HeNe 

laser at the oscillator-end directed at the scraper mirror. 
The three mirrors and three apertures were placed and aligned 
to the HeNe beam path. The oscillator body was positioned so 
that the beam path ran through the region of highest gain, and 
the amplifier body was adjusted parallel to the beam path, 
with the beam approximately 1 cm from the sice electrode. A 
high-reflectivity (HR) mirror was placed between the 
oscillator and HeNe laser to form a cavity for the oscillator. 
The oscillator was filled with the KrF mixture and the 
amplifier with helium. Repeatedly triggering the laser, the 1-
mm KrF beam from the oscillator could be aligned and expanded 
through the amplifier by monitoring with fluorescent paper. 
The amplifier was then filled with the KrF gas mix and an 
etalon inserted in the oscillator cavity. The laser output was 
directed into a 0.75-m spectrometer (Spex 1500DP) used in 
sixth order with a 1200 g/mm grating and an optical 
multichannel analyzer (PAR 1254 detector, 1216 detector 
controller, 1215 console). The OMA resolution was 0.4 cm"1 per 
channel over 500 channels. The oscillator and amplifier gas 
pressures and the oscillator optics were adjusted to give the 
greatest contrast between the narrow and broadband laser 
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output. The etalon and HR mirror were then removed and the 
expansion lenses positioned so as not to divert the l-mm beam. 
The diffraction grating was positioned and aligned, by 
monitoring the OMA, to send the second-order Littrow 
diffraction back into the oscillator. Tuning the narrow-
linewidth to the edge of the gain profile, I made final 
adjustments on all the components to maximize the narrow-band 
output. 

III. KrF Laser Diagnostics 
The KrF laser pulse temporal profile (Fig. 2-4) was 

measured by a fast (<0.5 ns rise time) vacuum photodiode (ITT 
4018) connected to a transient digitizer (Tektronics 7912AD, 
500 MHz). The large, main peak is from the three-pass light 
and the small secondary peak from the light that made five 
passes through the amplifier. The peaks are separated by 11 
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Figure 2-4. Temporal profile of narrow-band KrF laser pulse 
(single-shot). 
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ns, the round trip time for the 1.67-m long amplifier cavity. 

For shot-to-shot energy measurements, the photodiode was 
connected to a gated integrator (Stanford Research Systems 
250) which was calibrated against a volume absorbing 
calorimeter [71]. In the volume absorbing calorimeter, a 
thermopile measured the temperature rise of the absorbing 
material (Pyrex) chosen to absorb all the input energy. The 
absorber had small heating wires wrapped around it to use for 
calibration. A known amount of energy was deposited in the 
absorber by either a steady current over a given time interval 
or by discharging capacitors of known energy (E=%CV2) through 
the heating wire. Both methods were used with many different 
energies over different time scales to arrive at the 
calibration of 9.5(±0.4) mJ/jiV. The calorimeter output voltage 
was measured by a nanovoltmeter (Keithley 148). Pulse energies 
of up to 350 mJ were measured directly out of the amplifier. 
The energy of the 1.5-cm beam through the iris was 150 mJ. 

The spatial profile of the 1.5-cm beam was recorded with a 
laser beam analyzer (Spiracon LBA100). Fig. 2-5 shows an 
average of 37 shots. The beam was quite uniform spatially. 

The 0.75-m monochromator and OHA (PAR 1254 detector) were 
calibrated for laser wavelength measurements. The system was 
calibrated with Hg, Ne, Ar, cd and Zn spectral lamps. The 
monochromator dial displayed the wavelength to the nearest 
o.Ol nm and read 1489.5 nm when the KrF laser light in sixth 
order was centered on the OHA. Because of the high dispersion 
and reduced throughput from use in sixth order, there was only 
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Figure 2-5. Spatial profile of 1.5 cm KrF laser beam. Pixel 
size -0.34 mm. 

one spectral calibration line detected by the OMA at this 
monochromator setting, so the following calibration procedure 
was used: all the spectral lines (24 from the five lamps) that 
could be detected (in second to seventh order) in the region 
1388-1540 nm were scanned across the OHA and the dial 
wavelength positions were recorded when the peaks were in 
channels 5,50,100,150,200,250,300,350,400,450 and 495. For 
each channel, a smooth fit was done through a plot of the 
known wavelength vs. dial wavelength to find the actual 
wavelength when the dial was set to 1489.5 nm. This gave a 
wavelength value for each of the 11 channels which was then 
used in the OMA wavelength calibration routine to calibrate 
across all the OMA channels. 
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The linear actuator controlling the grating was calibrated 

by scanning the narrow-linewidth laser across the OHA and 
fitting values of grating angle 6=sin"' (X/d.) vs. linear 
position (xa) to a third-order polynomial, with the value of 
X taken from the OMA calibration. The wavelength of the laser 
could then be calculated from A=dgsin[6(xa) ] when needed. The 
estimated absolute KrF wavelength accuracy was two OMA 
channels or 0.8 cm"' (0.005 nm). 

The laser linewidth was measured by either a Fabry-Perot 
etalon or by scanning the laser through a SO rotational line 
of Doppler width 0.07 cm"1. For the etalon measurement (Fig. 
2-6), the attenuated KrF beam was focused by a 50-mm lens to 
a point approximately 1 cm in front of the etalon. This 
presented a continuous range of angles to the high-finesse 
(F*=40) 6.7-mm air-spaced Fabry-Perot etalon. Only those 
angles satisfying the interference condition for the narrow 
linewidth light were transmitted. The transmitted light was 
focused by a 1.7-m lens onto Polaroid film and appeared as a 
series of concentric rings since the interference was 

1.7 m 

,6.7 mm 
air-spaced 
FSR=0.75 cm"' 

F"=40 
Figure 2-6. KrF laser linewidth measurement with high-finesse 
Fabry-Perot etalon. 
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cylindrically symmetrical (Fig. 2-7). The attenuators were 
adjusted to give a good exposure level, while the lens focal 
lengths were chosen to place a reasonable number of rings onto 
the film. The rings were spaced by the free spectral range 
(FSR) of the etalon (calculated from the mirror spacing d e), 
FSR=i/2de=0.75 cm"1, and the laser linewidth was estimated by 
the width of a ring compared to the free spectral range. From 
the measured ring patterns, the estimated linewidth was 0.1-
0.2 cm"1. 

A more accurate estimate of the KrF laser linewidth was 
made by using the measured width of an SO absorption peak as 
the KrF laser was scanned through the rotational transition. 
The Doppler-broadened SO absorption line profile was a 
Gaussian with a full width at half maximum (FWHM) of 0.07 cm"1. 
If the laser spectral distribution is assumed also to be 
Gaussian, the FWHH of the laser linewidth adds in quadrature 

Figure 2-7. Ring pattern from Fabry-Perot measurement of KrF 
laser linewidth. Rings spaced by etalon free spectral range of 
0.75 cm"1. Linewidth was 0.1-0.2 cm"1. 
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to the 0.07 cm"1 SO Doppler width to give the width measured 
by scanning the laser. Measured scans through so absorption 
lines are shown in Figs. A5-A27 of the appendix, with the 
experimental details explained in Chapter 4. The narrower 
lines have a linewidth of 0.19 cm"1 (1.2 pm), leading to a KrF 
laser linewidth of 0.18 cm"1 (1.1 pm). The measured linewidths 
in the scans of SO absorption peaks may be broadened somewhat 
by saturation broadening, so the value of 0.18 cm"1 for the 
laser linewidth FWHM is an upper limit. 

When measuring excitation of SO by the narrow-linewidth KrF 
laser, it was important to know what fraction of the pulse 
energy was actually in the narrow linewidth and what fraction 
was due to ASE. For the measurement of the narrow-band 
fraction vs. KrF laser wavelength, the OMA system described 
above was replaced with a newer OMA (Princeton Applied 
Research 1420 detector, 1461 detector controller) that gave a 
much more linear intensity response. Fig. 2-8(a) shows the KrF 
laser line profile with the grating tuned out of range for 
injection-seeding the amplifier. The gain-narrowed ASE was fit 
to a Gaussian with a linewidth of 46 cm"1. As the KrF laser was 
tuned into the range of the gain profile, the intense narrow-
linewidth signal appeared and the ASE decreased (Figs. 2-8(b) 
and (c), same plot, different scales). The measured narrow
band linewidth in these plots was instrument-limited by the 
channel cross-talk of the OMA. Since the position and width of 
the ASE were known from Fig. 2-8(a), the amplitude of the ASE 
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Figure 2-8. (a) KrF ASE line-profile; (b) line-narrowed KrF at 
248.7 nm with reduced ASE; (c) same as (b), expanded scale; 
(d) Gaussian fit to ASE removed from (c). 

in the presence of the narrow-linewidth light could be fit, 
the area of the Gaussian giving the broadband contribution to 
the energy. The Gaussian fit to the ASE could then be removed, 
leaving only the narrow-linewidth portion (Fig. 2-8(d)). The 
area of the narrow-linewidth fraction was integrated (in this 
case, from 248.6 to 248.8) to give the narrow-band 
contribution to the energy, and the ratio of this to the sum 
of narrow and broadband parts gave the fraction of energy in 
the narrow-band KrF pulse (45% at this wavelength setting). 
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This procedure was repeated at many wavelength positions 
across the KrF gain profile, giving the data of Fig. 2-9. Over 
95% of the KrF pulse energy was obtained in the narrow 
linewidth near the center of the gain profile. This is one of 
the highest values reported in the literature. The width of 
the tuning range, 247.8-248.7 nm, was very similar to that 
reported for the commercial Lambda-PhysiK line-narrowed KrF 
laser [67]. 

IV. Other Line-narrowina and Tuning Methods Atteapted 
In arriving at the choice of the 4000 g/mm grating 

described above, Littrow tuning with many gratings of 
different groove densities and blaze wavelengths was 
demonstrated, including a 79 g/mm grating blazed at 76° and 

247.8 248 2482 248.4 248.6 248.8 
wavelength (nm) 

Figure 2-9. Tuning range of narrow-band KrF laser, fraction of 
pulse energy in narrow-linewidth. 
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used in 101sl order at 82°. In addition to Littrow tuning, the 
methods in the following sections were tried in search of the 
narrowest linewidth, continuously tunable KrF laser. 

Multipass Grating Interferometer 
Following Partanen [65], a multipass grating interferometer 

(MGI) was implemented using a 3600 g/mm holographic grating 
(American Holographic) in second-order Littrow configuration 
(63°) (Fig. 2-10). The grating by itself narrowed the laser 
linewidth to 1 cm"1. The etalon was chosen with free spectral 
range (FSR) 2 cm"1 to have only one transmission maximum in the 
grating linewidth. The 1.5 mm etalon of finesse F*=10 narrowed 
the linewidth to 0.2 cm"1. With a grating aligned in second-
order Littrow configuration, the first-order diffraction is 
normal to the grating. If a high-reflectivity mirror is 
carefully aligned parallel to the grating, the beam reflected 
back off the mirror is diffracted in first-order back into the 
oscillator and in zero-order reflected back to the mirror. The 

oscillator I I \ \ 

etalon 

Figure 2-10. Configuration for multipass grating 
interferometer (MGI). 

grating 
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multiple grating-mirror reflections form an interferometer 
with FSR=l/2dm„ (dm =mirror-grating separation) and finesse 
determined by the mirror and grating reflectivities. The 
distance d m , was adjusted to give one interferometer mode in 
the linewidth of the etalon. With d m g=l cm and F*=75, the 
ultimate linewidth achieved with the MG1 was measured to be 
near the calculated value of 0.03 cm"1. The main problem with 
the HGI was that the wavelength was not easily tunable. As the 
grating is rotated, the etalon has to be rotated at a 
different rate to maintain continuous tuning. Even then, the 
grating-mirror interferometer will mode-hop as the laser 
wavelength is scanned if the grating-mirror separation remains 
fixed. The device, as implemented, was also measured to be 
extremely temperature sensitive. Since the mirror and grating 
constituted an interferometer, a variation of a fraction of a 
wavelength in the grating-mirror separation caused the laser 
wavelength to drift and mode-hop between interferometer modes. 

Grazing-Incidence Grating and Mirror 
Another method tried was the grazing-incidence grating with 

mirror (Fig. 2-11). The grating is fixed and the mirror is 
rotated to tune the laser. By reflecting back the highest-
order diffraction mode on the same side of the normal to the 
grating, the greatest resolving power is obtained (Eg. 2-2). 
A Littrow grating can also be used in place of the mirror to 
obtain a narrower linewidth [72], To obtain a linewidth of 0.1 
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Figure 2-11. KrF line-narrowing with a grazing incidence 
grating and mirror. Mirror rotates for tuning. 

cm"1, the grazing-incidence grating angle must approach 89° 
[64,72]. The highest angle reached in this experiment, using 
the 4000 g/mm holographic grating, was approximately 87* at 
which point the energy diffracted back into the oscillator 
became insufficient to injection seed the amplifier. Since 
Caro, et al. [64] were only able to narrow the linewidth to 
0.3 cm"1 at 88.5", not much effort was expended on trying to 
improve the results of this line-narrowing configuration. 

Dual-Wavelength KrF Laser 
A combination of the above methods gave a way to get two 

independently tunable, line-narrowed wavelengths. The 4000 
g/mm grating was aligned in second-order Littrow 
configuration, and a mirror close to, but not exactly parallel 
to the grating was used to reflect the first order diffraction 
back onto the grating as in the grazing incidence 
configuration. One wavelength was scanned by rotating the 
mirror and both were scanned by rotating the grating. The 
intensity of each could be adjusted by the vertical tilts of 

aratino 
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the grating and mirror. The mirror-grating linewidth was not 
as narrow as the Littrow linewidth, but the two wavelengths 
could be useful for the right application, such as a pump and 
probe experiment. 

Simultaneous Tuning ot Grating and Etalon 
In theory, a Littrow mode of a diffraction grating and a 

Fabry-Perot etalon can be tuned simultaneously with a single 
adjustment. The etalon must be air-spaced and aligned exactly 
perpendicular to the grating face (Fig. 2-12). As an example, 
the simultaneous tuning of the second-order Littrow mode of a 
4000 g/mm grating and a 5 mm air spaced etalon will be 
considered. With no beam expansion, the grating is assumed to 
narrow the linewidth to 1 cm"'. The etalon free spectral range 
(l/2de) is 1 cm"', so it can be aligned with only one 
transmission maximum in the grating-narrowed linewidth. If the 
etalon finesse is of the order 15 (mirror R«80%) then the 
narrowed KrF linewidth is 0.07 cm"1. 

The tuning curve for the second order Littrow mode is, 

oscillator 1 \ \ \ \ 

etalon 

Figure 2-12. Simultaneous tuning of grating and etalon. 
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Ag = dgsin6 = dgcosx, (2-5) 

where d =250 nm is the grating groove spacing and the angles 
are as shown in Fig 2-12. The tuning curve for the etalon is 
[68], 

2de K = -r-^cosx. (2-6) 

where de=5 mm is the etalon mirror spacing and me is the order 
of the etalon transmission maximum. By inspection, the grating 
and etalon will tune together for, 

2de <*g = — * . (2-7) 

or in this case, me=40000. If the etaion is aligned exactly 
perpendicular to the grating, it will be in the 40000th order 

0 ' i . . . i 
247.8 248 24&2 248.4 248.6 248.8 

wavelength (am) 

Figure 2-13. Effect of simultaneous tuning with etalon order 
different from correct value. Grating and etalon aligned at 
246.4 nm. 
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and tune with the grating. The etalon modes are separated by 
approximately 45 arc-sec. Fig. 2-13 shows the effect of 
missing the correct order, assuming the alignment is optimized 
at 248.4 nm. The range over which the grating and etalon will 
simultaneously tune decreases rapidly with increasing Am. 

A major obstacle in the implementation of the simultaneous 
tuning was the large walk-off losses introduced by the etalon. 
The losses due to beam walk-off in the etalon increase rapidly 
with mirror separation, angle from normal, and mirror 
reflectivity [73]. The mirror separation and reflectivity must 
be high to obtain a narrow linewidth, and the angle is 
determined by the Littrow mode of the grating. The ideal 
grating would have its highest order Littrow mode around 8=85-
86* (%-4-5*) and be blazed at this high angle. As mentioned 
previously, no gratings of this type are commercially 
available at a reasonable cost. 

The simultaneous tuning of the grating and etalon was 
attempted with the 4000 g/mm holographic grating and a 2.5 mm 
air-spaced etalon. They tuned together over a small range of 
roughly 0.2 nm, but not much effort was put into an exact 
alignment since the linewidth was no narrower than the 
previously attained 0.18 cm"1. The measured 2-3% second-order 
Littrow "reflection" was also too low to overcome the etalon 
walk-off losses. 

V. Fntwl^ttfm1 B n M n g M f t * T 
To extend the spectral range of the narrow-linewidth KrF 
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laser, and in order to excite S0(B,v'=l«-X,v"=2), stimulated 
rotational Raman shifting in hydrogen was utilized to obtain 
wavelengths around 252 nra. Circularly polarized light can be 
used in rotational Raman-shifting to suppress generation of 
other than the first Stokes line [74-77], 

Experimentally, the unpolarized KrF laser was diverted from 
its normal path and linearly polarized by a thin-film 
polarizer for 248 nm light (Fig. 2-14). The available quarter-
wave plate was made for 262 nm, but was used to obtain 
elliptically polarized 248 nm KrF light. The KrF beam was 
focused into the 1.5 amagat H 2 cell by a 50 cm focal-length 
lens and the output re-collimated with a 30 cm lens. The only 
optimization performed was the variation of the H 2 pressure. 
The cell windows were not AR coated, the turning mirrors were 
not of high quality, and nearly half the beam energy was lost 
when it was linearly polarized, so only 15% of the original 
pulse energy made it through the optics of Fig. 2-14. Of this, 
approximately one-third was in the first Stokes rotational 
Raman-shifted line (Fig. 2-15). A very small amount also 
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Figure 2-14. Configuration for rotational Raman-shifting of 
KrF laser. 
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Figure 2-15. Laser light out of Raman cell: KrF laser (248 
nm), first stokes rotational Raman-shifted (252 nm), first 
anti-Stokes rotational Raman-shifted (245 nm), and first 
Stokes vibrational Raman-shifted (277 nm). 

appeared in the first anti-stckes rotational line (245 nm) and 
the first Stokes vibrational line (277 nm). The 586.6 cm'1 S(l) 
shift in H 2 resulted in a narrow-linewidth output, 
continuously tunable from 251.6 to 252.5 nm. Two 45* prisms 
and an extra 5-m beam path were inserted to separate the 
Raman-shifted light from the fundamental when necessary. The 
wavelength calibration of the actuator for the un-shifted KrF 
laser was used for the Raman-shifted light by subtracting 
586.6 cm"1. The 5% of the original KrF energy in the Raman-
shifted line was sufficient for the desired spectroscopic and 
laser pumping applications. 
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Chapter 3 
Production of so 

The molecule SO is a free radical, which is defined by 
Herzberg to be "any transient species (atom, molecule, or ion) 
... -that is, any species that has a short lifetime in the 
gaseous phase under ordinary laboratory conditions" [99]. The 
SO lasts on the order of milliseconds and so must be created 
when its use is desired. SO has been produced from a discharge 
in SO2, S0C12, or SOF2 [26-35], by photodissociation of S02, 
S0C12, or (CH3)2SO [8-26], and by chemical reaction (OCS+O, 
CS2+0, H2S+0, S2+0, 02+S, S20+0) [26-57]. in the present 
experiments, low concentrations of SO were produced from SOCl2 

in a microwave discharge, and higher concentrations of SO 
produced by KrF (248 nm) excimer laser photolysis of S0C12, or 
ArF (193 nm) photolysis of SOCl2 or S02. In characterizing 
potential SO lasers, it was desirable to know the 
concentration of SO produced. These values were obtained from 
the precursor concentration and knowledge of the production 
process. 

I. Flow and Pill System 
A diagram of the gas handling system is shown in Fig. 3-1. 

Laser-induced fluorescence (LIF) measurements were performed 
in a stainless steel vacuum cell consisting of various 2 3/4' 
(7 cm) conflat parts. Due to their toxicity, the S02 and S0C12 
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)T QCP 
Figure 3-1. Gas handling system for production of SO. 
A - vented glove-box N B - buffer gas inlet P C - purge line D - 1000 Torr Barocel E - 100 Torr diff. Barocel Q 
F - o.oio" ID ss tubing R 
G,H - flowmeters S J - S02 lecture bottle T 
K - SOCl2 cylinder & 
L,M - sample cylinders 

to vacuum pump 
%" dia. quart2 or Pyrex 
tubing for microwave discharge fluorescence cell l Torr Barocel 10 Torr Barocel 1000 Torr Barocel shut-off valve 

were stored in a vented glove box. Small quantities could then 
be flowed through the cell or used in a static fill. 
Connections shown as single lines in Fig. 3-1 were made with 
1/4' (0.64 cm) stainless steel tubing. Pressures were 
monitored with capacitance manometers (Datametrics or MKS 
Corp.) with ranges o-l, o-io, 0-100, and 0-1000 Torr. A buffer 
gas could be added and its flow measured and controlled over 
the range 4-1260 seem (He) by two flowmeters with needle 
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valves (Matheson 600,602). Argon (Airco, 99.999%) and Helium 
(Airco, 99.997%) were the primary buffer gases, used from the 
cylinder with no further purification. When a buffer gas 
pressure above a few Torr was desired, static fills were used. 
A chemical-plasma series mechanical vacuum pump (Alcatel 
2033CP+, 13 liter/s) was used with Fomblin Y25/6 or Krytox 
1525 oil and a nitrogen purge. 

Thionyl chloride (S0C12) of initial purity 98% was obtained 
from Alfa Chemicals (Morton Thiokol). The liquid sample of 500 
ml was provided in a stainless steel cylinder. A small portion 
of soci2 from the original cylinder was condensed into one of 
the two 150 ml sample cylinders for everyday use. Since S0C12 

deteriorates to form S2CI2, SC12, and SO2 during storage at 
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Figure 3-2. Vapor pressure of S02 and S0C12 as a function of temperature [83]. 
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room temperature [16], it was degassed and vacuum distilled 
frequently. To maintain a constant vapor pressure during use, 
the sample cylinder containing S0C12 was immersed in an ice-
water bath. This gave a vapor pressure of 30 Torr in 
equilibrium with the liquid (Fig. 3-2). 

Flow of S0C12 into the observation cell was restricted by 
a 61 cm length of 0.010" (0.254 mm) ID stainless steel tubing. 
Assuming viscous flow, the conductance of a circular tube of 
diameter D, and length L, is [78], 

C ^ 2 ^ f c < P ^ ' (3-X) 

where t) is the gas viscosity, P2 is the inlet pressure and P| 
the pressure on the outlet side. The flow rate is, 

Q=CD(p2-P1). (3-2) 

Since the total flow is proportional to P^-P?, a constant flow 
rate could be maintained as long as p|»p|. With P2=30 Torr, 
backing pressures of a few Torr could handled with minimal 
change in SOCl2 flow rate. The pressure in the fluorescence 
observation cell under flowing conditions was set by varying 
the pumping speed with the 2 3/4" conflat gate valve and the 
1/4" bypass valve. With both valves open, the S0C12 pressure 
in the cell was 5 mTorr. The SOCl2 flow rate was determined to 
be 0.08 seem by measuring the pressure rise in two known 
volumes. With the cell pressure of 5 mTorr, the S0/S0C12 flow 
velocity in the cell was approximately 10 m/s, leading to a 
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translation of 0.1 mm during the 10 JJS S0(A) lifetime. 

Sulfur dioxide (S02) of purity 99.8% (Matheson) was used 
directly from the lecture-bottle with no further purification. 
The S02 vapor pressure at room temperature is approximately 
2500 Torr (Fig. 3-2). This was far too high to give a 
reasonable flow rate through the small diameter tubing (chosen 
for P2=30 Torr S0C12), so most all measurements with S0 2 were 
made with static fills. An attempt was made to obtain a lower, 
controlled pressure by condensing SO? into a sample cylinder 
and maintaining it at a constant, cold temperature. Baths of 
chloroform slush (-63.5"C) and dry-ice/acetone (-78*C) were 
tried, but warmed too quickly to keep the vapor pressure 
constant over a reasonable time period. When it was essential 
to the experiment to maintain a constant flow of solely so2, 
it was flowed through the buffer gas purge and fill lines and 
metered with the flowmeter. 

XI. Microwave Discharge Production of SO 
A microwave discharge in a SOCl2/buffer gas mixture was 

developed as a source of SO by Setser and co-workers [28,29]. 
The use of S0C12 rather than S0 2 avoids the problems of 
background signals in the ultraviolet from SoJ chemi-
luminescence due to SO+O recombination and laser-induced 
fluorescence from S02. The discharge setup in this experiment 
was patterned after Setser's, using a 2450 MHz microwave 
generator (Raytheon). The microwave cavity was placed around 
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a 30 cm piece of 13 mm OD/12 nun ID quartz or Pyrex tubing 
connected to the flow system with Ultra-Torr fittings. 
Approximately 0.1-2 Torr buffer gas pressure was necessary to 
maintain the discharge. Roughly 10% of the desired buffer gas 
flow was mixed with the S0C12 and flowed through the 
discharge. The other 90% of the buffer gas was mixed in after 
the discharge to minimize dissociation of impurities in the 
buffer gas. With the nominal 5 mTorr SOCl2 pressure in the 
observation cell, and assuming a large fraction (-70%) 
dissociated, an SO concentration of approximately 10 1 4 cm"3 

could be produced. The SO is created by the microwave 
discharge primarily in the lowest vibrational level (v"=0) of 
the X3Z" ground state. No evidence was seen in this experiment, 
or has been reported by others, of production of significant 
concentrations of excited vibrational levels or any other 
electronic states of SO in the microwave discharge. 

III. Production of SO by Exciaer Laser Photolysis 
In order to produce larger concentrations of SO and tc use 

an arbitrary buffer gas pressure, I investigated ArF (193 nm) 
or KrF (248 nm) excimer laser photodissociation of S02 or 
SOCl2. In the early experiments, the narrow-band KrF laser was 
used to simultaneously photodissociate S0C12 and excite SO. 
Later, a second excimer (Lambda Physik EMG200) was added for 
the production step, followed by narrow-band KrF excitation. 
The EMG200 was operated at either 193 or 248 nm and produced 
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20 ns pulses of energy 0.2 J with ArF and 0.5 J with KrF. The 
photodissociation was done longitudinally through the 50 cm 
cell and focusing lenses could be added to increase the laser 
fluence. Experiments were performed with the two laser 
wavelengths (193, 248 nm) and the two precursors (so2, SOCl2) 
to obtain the combination that produced the maximum 
concentration of SO. 

The concentration of SO produced by photodissociation 
depends on the precursor concentration, the ratio of the laser 
fluence to the precursor absorption saturation fluence, and 
the dissociation yield to SO. The dissociation and attenuation 
process can be described by treating the precursor as a 
saturable absorber with absorption cross-section ad. The 
precursor concentration Nd(z,t) and dissociation laser 
intensity id(z,t) are assumed constant in the direction 
transverse to the dissociation axis (longitudinal direction, 
z). The time-scale for a molecule that absorbs a photon to 
return to the absorbing state is assumed long compared to the 
laser pulse duration. The resulting Frantz-Hodvik [79] 
equations, 

^ ^ = - c d N d , z . t ) i ^ . (3-3) 

2 dld(z,t) 3ld(z,t) = -odNd(z,t)Id(z,t), (3-4) c at dz 

can be solved for the remaining precursor concentration after 
the dissociation pulse, 
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N d(z)=N oexp(-r(z)/r d), (3-5) 

The pulse energy fluence r(z)=/l<1(z<t)dt as a function of 
longitudinal position 2, input fluence ro, saturation fluence 
rd=hv/od, and uniform initial concentration N 0 is, 

T(z> =rdln(n-exp(-N0odz) [exp<ro/rd) -1] I. (3-6) 
In the low fluence limit (ro«r,j) this reduces to the usual 
expression for unsaturated absorption, 

rtz) =r0exp<-No<jdz). 0-7) 

Substituting Eq. 3-6 into Eq. 3-5 and integrating gives the 
average concentration remaining up to position z after the 
dissociation pulse, 

r„M N(z>=irN(z')dz/=NJl + -l-(ln[l+(eI'^-l)e-N^^]-^,) (3-8) 

Attenuation measurements were made by sampling the laser 
pulse with vacuum photodiodes (ITT 4018, risetime<0.5 ns) 
before and after attenuation through various precursor 
pressures in the 50 cm cell. The photodiode signals were 
collected by gated integrators (Stanford Research Systems 
250), converted from analog to digital, and read by the 
computer. 

Low fluence (r0«rd) attenuation measurements allowed 
calculation (Eq. 3-7) of the absorption cross-sections and 
saturation fluences for the four wavelength/precursor 
combinations (Table 3-1). The condition of low fluence was 
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verified by repeating the measurements at an even lower laser 
fluence and making sure the results matched. The cross-
sections and saturation fluences are effective values for the 

precursor wavelength 
(nm) 

absorption 
cross-section 

(cm2) 
absorption fl 
saturation 8 

fluence (J/cm2) | 
so 2 

so 2 

soci 2 

soci 2 

193 
248 
193 
248 

7.9X10-18 

7.0X10'20 

1.7X10"17 

8.7X10"18 

0.13 I 
11 8 

0.061 | 
0.092 \ 

Table 3-1. Absorption cross section and saturation fluence 
(r=hv/u) of S0 2 and SOCl2 for broadband ArF (193 nm) and KrF (248 nm) laser light. Estimated error is ±5%. 

broadband (1 nm) excimer laser wavelengths. The S0 2 absorption 
spectrum is structured at 193 nm [80], whereas the others are 
fairly constant (Figs. 7-13, 7-14, and Refs. [81], [82]). The 
absorption cross-section of S02 at 248 nm was too small for 
useful SO production by photodissociation. The other three 
photolysis processes were compared by using LIF at 248 nm to 
determine the one that produced the maximum SO concentration. 

The largest concentrations of SO were produced by focusing 
the ArF laser into S02. A 1-m lens focused at the center of 
the cell was found to give the best combination of high 
fluence and beam uniformity along the cell length for creating 
the concentrations necessary in making a SO laser. The 
approximate beam size varied from 4x13 mm at the input window, 
to 3x9 mm at the center of the cell, to 3x11 mm at the exit 
window as measured by the ArF damage spot on an index card. 
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Figure 3-3. Attenuation of low (•) and high (*) fluence ArF 
pulses through So2-

The attenuation of the focused, high-fluence 193 nm laser 
pulse through various pressures of S0 2 is shown in Fig. 3-3. 
Also shown is the low-fluence attenuation neasurement of the 
absorption cross-section. The solid line through the high-
fluence data is a plot of Eq. 3-6 with ro=4.5rd, giving an 
effective ArF input laser fluence of 0.59 j/cm2. This compares 
well with the measurement of 0.2 J in a 3x11 mm beam which 
gives 0.61 J/cm2. The absorption data and fit do not match 
exactly as the calculated fit assumes a spatial.ly uniform beam 
and a single, effective absorption cross section. The ratio 
ro/rd = 4.5 meant that rouchly four optical depths of S0 2 could 
be bleached, correspondirg to a pressure of 0.3 Torr for a 
cell length of 50 cm at room temperature. From Eq. 3-8, the 
average fractional dissociation over the cell length of an 
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initial pressure of 0.3 Torr SOj was 0.90. The yield to SO was 
assumed to be unity, and thus an average SO concentration of 
approximately 9xl015 cm"3 was produced. Comparable 
concentrations of SOCl2 could be dissociated although the 
yields to SO were smaller, as discussed below. 

Vibrational Distribution of SO Photofragaents 
An interesting aspect of 193 nm photodissociation of S02 

and the reason that S0(B«-X) can be excited by KrF is that the 
SO molecules are created predominantly in the second 
vibrational level of the X3S" ground state. Numerous authors 
[11-15] have investigated this effect, and it is generally 
accepted that the reaction proceeds via predissociation from 
the C'B 2 state of S0 2 producing SO(X32") and 0(3P), with the 
SO(X) formed in the vibrational levels indicated in Table 3-2. 

Recently, Chen et al. [15] measured the corresponding SO(X) 

1 SO(X) 
V 

so 2 

[14] 
so 2 

[11] 
so 2 

[12] 
so 2 

[13] 
so 2 

[15] 
r soci2 1 [15] 

° - 22 12 5 2 9 

* 20 34 24 23 18 17 
2 70 39 44 67 80 28 
3 <5 3 19 5 - 40 
4 - - 2 - - 6 
5 <7 2 - - -

Table 3-2. Percent of SO(X,v*) formed upon 193 nra ArF 
photodissociation of S0 2 and S0C12 as measured by the various authors. 
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vibrational distribution following 193 nm photodissociation of 
S0C12 and found that the vibrational distribution peaked in 
v"=3 (Table 3-2). Qualitative results from the present 
experiment, based on SO(B) excitation from SO(X,v"=2), 
indicate that a significant fraction of the so is formed in 
v"=2 from S0C12, although not as much as from S02. A much 
larger fraction of the SO is created initially in v"=0 from 
SOCl2 as compared to S0 2, shown by the greater LIF excitation 
of SO(A) from SO(X,v"=0). TJiese results tend to agree with the 
population fractions measured by Kanamori et al. [14], Feld^r 
et al. [13], and Chen et al. [15]. No evidence of excitation 
out of S0(X,v*=3) by KrF at 248 nm was seen or expected 
following 193 nm photolysis of SOCl2. The SO(A) level excited 
from v"=3 lies above the dissociation limit. In SO(B), v'=4 is 
excited, but no emission is observed from vibrational levels 
v'>3 due to predissociation caused by an interaction with the 
C3H state [35,52]. 

Kanamori and co-workers [17,18] have shown that the SO a1 A 
state is also formed in the 193 nm photolysis of S0C12. They 
estimated the branding ratio of the two processes yielding 
a'A and X32", respectively, to be 1:4. They found a yield of 
less than 0.01 to the a'A state from the photolysis of S0 2 at 
193 nm. 

Comparison of SO Yield from soci2 and SOj 
The yield of 50 from photodissociation of S0 2 and S0C12 was 
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compared to determine which precursor led to the greater so 
concentration. A comparison of the SO yield with high-fluence 
193 nm photodissociation of S02 and S0C12 was made by 
comparing the peak SO(A) or SO(B) fluorescence. This was done 
as a function of the time delay between the ArF 
photodissociation and KrF excitation pulses (Figs. 3-4, 3-5). 
Details of the SO excitation and fluorescence measurements are 
covered in Chapter 4. The precursor pressure was 85 mTorr, 
with the S0C12 flowing and the S02 static. No buffer gas was 
added for these results. The same KrF excitation fluence was 
used for the SO2/SOCI2 comparisons of each electronic state. 
The arbitrary SO(A) and SO(B) fluorescence scales in Figs. 3-4 
and 3-5 are not related. 

SO(B) was excited by KrF out of S0(X,v*=2) and the decrease 

1 10 
delay (ps) 

Figure 3-4. Peak LIF from SO(B) following 193 nm dissociation 
of S02 (*) or S0C12 (•) indicating the relative amounts of SO(X,v"=2) produced. 
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in peak fluorescence with increasing tine delay was due to 
vibrational relaxation out of the v'=2 level and diffusion of 
the SO(X) out of the excitation region (Fig. 3-4). 
Approximately six tines more SO(X,v"=2) was created in the 
dissociation of S02 compared to SOCl2. The increase in S0(B) 
fluorescence up to 1 us delay when SO(X) was created from 
S0C12 is attributed to either vibrational relaxation into v"=2 
from v"=3, or a long SOC1* decomposition time. A 1 /is lifetime 
for the unimolecular decomposition of SOC1* is consistent with 
deactivation of SOCX* at very low (0.1 Torr) pressures (see 
Fig. 3-7 and accompanying discussion). 

Following dissociation of either S02 or S0C12, excitation 
of SO(A) from SO(x,v"=0) reached a maximum near 100 ̂ s delay, 
caused by the competition between vibrational relaxation into 

I 
f 

10 100 1000 
delay (its) 

10000 

Figure 3-5. Peak SO(A) LIF following 193 nm dissociation of 
S02 (*) or S0C12 (•) indicating relative population of 
SO(X,v"=0). 
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SO(X,v"=0) from higher levels and diffusion of SO(X) out of 
the excitation region (Fig. 3-5). The corresponding curves for 
the two different precursors are consistent with this picture. 
Approximately three times more SO(X,v"=0) could be produced by 
dissociation of S0 2 rather than S0C12. Similar production 
measurements showed that 193 run photQdissociation of SOCl2 

always produced more SO(X,v'=0) than 248 nm photodissociation 
of S0C12. 

In addition to the SO(a1A) created from S0C12, some of the 
difference in SO production at 193 nm from S02 and SOCl2 can 
be explained by the large amount of ultraviolet fluorescence 
observed accompanying 193 nm dissociation of S0C12 (Fig. 3-
6(a)). clearly, energy is channeled into processes other than 
dissociation. The fluorescence occurred on the time-scale of 
the dissociation pulse and was most likely due to excitation 
of either S0C12 or the intermediate SOCl. In comparison, much 
weaker fluorescence with different structure was found 
accompanying 193 nm dissociation of SO2 under similar 
conditions (Fig. 3-6(b)). 

SO production from SOCl2 with buffer gas 
The addition of a buffer gas was found to cause a major 

reduction in the production of SO by photodissociation of 
S0C12. As will be seen in Chapter 6, a buffer gas is necessary 
to increase the excitation of SO by collisionally mixing the 
SO(X) rotational levels during narrow-band excitation. Fig. 3-
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260 
wavelength (nm) 

Figure 3-6- Fluorescence accompanying 193 nm photodissociation 
of (a) SOCl2 and (b) S0 2 plotted on the same scale. Peak at 193 nm is scattered ArF laser light. 

7 shows the drastic reduction of nearly a factor of 50 in SO 
production with the addition of only a small amount of argon 
buffer gas to the 5 mTorr S0C12 flow. The amount of SO 
produced is assumed to be proportional to the peak S0(A) 
fluorescence observed and is normalized to the value measured 
with no added argon. Dissociation and excitation for this plot 
were done simultaneously by the narrow-band, 248 nm KrF laser. 
Similar behavior was observed using 193 nm dissociation of 
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02 0.4 0.6 0.8 
argon pressure (Ton) 

0 0.2 0.4 0.6 0.8 1 
argon pressure (Ton) 

Figure 3-7. (a) Decrease in SO production by 193 nm photo-
dissociation of S0C12 with added buffer gas. (b) Same data with inverse signal plotted vs. argon pressure. Straight line 
is indicative of first-order SO removal process (Eq. 3-12). 

S0C12 followed by the 248 nm excitation pulse. 
An explanation for the disappearance of SO with increasing 

buffer gas can be found by looking at the reactions involved 
in the production of SO by photodissociation of S0C12 [19]: 

S0C12 + hv -» SO + Cl2 or 2C1 (few % ) , (3-9) 
S0C12 + hv - SOC1* + CI, (3-10) 

SOC1+ -> SO + CI, (3-11) 
SOCl* + M - SOC1 + H. (3-12) 

Only a few percent of the S0C12 dissociates to form SO in a 
direct process (Eq. 3-9). Most of the dissociation involves 
the breaking of only one S-Cl bond and the formation of an 
excited SOCl* intermediate (Eq. 3-10). The excited SOC1* can 
then either undergo unimolecular decomposition to form SO (Eq. 
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3-11) or be stabilized in collisions with the buffer gas (Eq. 
3-12). The straight line obtained in the plot of 
1/fluorescence vs. buffer gas pressure (Fig. 3-7(b)) is 
characteristic of the first-order stabilization process of Eq. 
3-12. Although used in early studies, S0C12 was not found to 
be a practical precursor of SO from photodissociation because 
of this effect. 

IV. Discussion 
Since the maximization of SO production was an evolving 

process throughout the experiment, the results in this and the 
following chapters were obtained using the various SO 
production methods discussed above: S0C12 in microwave 
discharge, 193 nm and 248 nm dissociation of S0C12, and 193 nm 
dissociation of SO2. The high-fluence ArF, 193 ran dissociation 
of S0 2 with the 1-ra lens produced the largest, most uniform 
concentration of SO over the cell length, so was the method 
used in making the SO(B) laser (Chapter 7) and attempting the 
SO(A) laser (Chapter 8). In addition, no apparent reduction in 
SO production from S02 was observed with added buffer gas as 
with soci,. 
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Chapter 4 
SO Excitation and Emission 

Excitation of SO(X) to SO(A) and SO(B) and fluorescence 
from the excited levels was measured by the technique of laser 
induced fluorescence (LIF). SO(A) and SO(B) could be excited 
simultaneously by using only the KrF laser (especially from 
the precursor S0C12), potentially leading to some confusion. 
Although the lifetimes of SO(A) and SO(B) molecules differ 
dramatically, it was important to determine spectroscopically 
the difference in their excitation and fluorescence 
wavelengths. In addition, fluorescence from other molecules 
was observed and had to be distinguished from that of SO(A) 
and SO(B). The fluorescence spectrum also showed which 
vibrational bands had the greatest emission strength, and thus 
were the ones most likely to lase. A LIF excitation spectrum, 
obtained by scanning the narrow-band KrF laser across the SO 
absorption lines and observing the fluorescence from the 
excited molecule, determined the absorption line positions and 
the transitions that gave the largest excitation of SO. The 
observed absorption line positions were assigned to 
transitions between two individual rotational levels, using 
theoretical expressions for the level positions and quantum-
mechanical selection rules. Absorption and emission cross-
sections, important numbers in assessing potential laser 
transitions, could be calculated once the relevant molecular 
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parameters were determined. Hence, it is appropriate to review 
first the fundamental spectroscopy of SO absorption and 
emission. 

I. Spectroscopy of SO 
The term value (wavenumber units) of an energy level in a 

diatomic molecule is the sum of the electronic, vibrational, 
and rotational energy terms [84,85], 

T = T e + G(v) + F(J) . (4-1) 

The minimum value of the potential energy curve of a stable 
diatomic molecule is taken as the electronic term value, Te, 
with the minimum of the ground electronic state as the zero 
energy level. The vibrational term value is that of an 
anharmonic oscillator, traditionally expressed as, 

G(v) = < o e { v + j ) - o > e x e ( v * | ) s

 + 0 } 6 y e ( v + i ) 3

 + ai e 2 e (v + | ) 4

 + . . . . ( 4 " 2 ) 

The rotational term is that of a non-rigid rotator, 

F(J) = BvJ(J-H)-DvJ2<J+l)2 + ~. (4-3) 
The rotational constants B v and Dv depend on vibrational level 
due to the change in internuclear separation with vibrational 
level in the anharmonic oscillator. The rotational constants 
can be expressed in the general form, 

C v = C e-a=(v +|)+Y=(v +i) 2
+-, (4-4) 

where C stands for B, D, X, or y. The relevant spectroscopic 



X3E" A3n«, A 3 n , A 3D 2 B 3Z 
T. 0 38292.5 [36] 38455.2 [36] 38616.5 [36] 41628.7 [22] 
"e 1150.7913 [25] 415.2 [36] 413.3 (36) 412.7 [36] 630.4 [22] 
»e*e 6.4096 [25] 1.6 [36] 1.6 [36] 1.7 [36] 4.79 [22] 

Vr 0.01306 [25] 

"A -0.000171 [25] 
Bt 0.720828 [51] 0.6067 [36] 0.6107 [36] 0.6164 [36] 0.502 [35) 
«,B 0.005764 [51] 0.0194 [36] 0.0194 [36] 0.0204 [36] 0.0062 [35] 

r.B -1.30e-5 [51] 0.0009 [36] 0.0009 [36] 0.0010 [36] 

D, 1.13e-6 [44] 3.70-6 [36] 4.0e-6 [36] 4.8e-6 [36] 1.28e-6 [35] 
*„ 5.2634 [25] 3.5 [40] 
*» -0.0305 [25] 

»f* 0.00035 [25] 

*f -0.00559 [25] -0.02/0.01 (40] 

v 5.676-5 [25] 
p 1.2 [36] 0.0 [36) 0.0 [36] 
q -0.0002 [36] -0.00031 [36] 0.0 [36] 

Table 4-1 . Molecular constants for SO(X3£"), SO{A 3no| 2)r and S0(B 3 E). 

**1 
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constants for SO X3E", A3n, and B3E" are given in Table 4-1 
together with their references. 

The spectroscopy of SO is further complicated since the 
three states of interest are triplet states: X3E", A3H, and 
B3S". The term values are modified by the splitting of 
otherwise degenerate energy levels. The magnitude of the 
splitting and the designation of the levels depend on the 
coupling of the total electron spin (S) and orbital (L) 
angular momenta and the nuclear rotational angular momentum 
(R) to form the total angular momentum (J). 

The A3n state of So is best described by Hund's case (a). 
In Hund's case (a) (Fig. 4-i(a)), S and L are each strongly 
coupled to the internuclear axis with components along the 
internuclear axis given by 2 and A, respectively. The sum of 
S and A gives the total electronic angular momentum along the 
internuclear axis, n. (1 is then coupled with R to give the 
total angular momentum, J. For a 3n state, S=L=1, so n=0,l,2. 
The energies of the three n components are split by the 
interaction of S with the magnetic field caused by A. In SO 
the splitting of the three A 3n^i 2 substates is approximately 
150 cm"1 which is included in the electronic term value, Te, 
for each separate spin-orbit component. The 3n state has an 
additional, small splitting, called A-type doubling, due to 
the interaction of L with R. The magnitude is given by, 

A = p + qJ(J+l) , (4-5) 

and the energy levels are split symmetrically by this amount 
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Hund's case (a) Hund's case (b) 

Figure 4-1. Vector diagrams for Hund's case (a) and Hund's 
case (b). 

about the position calculated without including A-doubling. In 
SO(A), the splitting is greatest and nearly independent of J 
for 3UQ, and is zero for 3 E 2 (Table 4-1). 

The X32" and B3S" states are best described by Hund's case 
(b) (Fig. 4-1 (b)) in which S is not coupled or only very 
weakly coupled to the internuclear axis. With A=0 (S states), 
H, the total angular momentum excluding spin is equal to the 
rotational angular momentum R, but Hund's case (b) can also 
apply to molecules with A*0. The total angular momentum J is 
the sum of S and N, giving three J values for each M (with 
S=l). The energy levels for the J values are split by three 
effects: magnetic coupling between II and S, with a slight 
magnetic moment in the direction of N produced by either the 
molecular rotation or by the non-uniform precession of L about 
the internuclear axis [66] (in a £ state, L precesses at right 
angles about the internuclear axis); and the spin-spin 
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interaction, equivalent to an interaction of S with the figure 
axis [87]. Including these effects, the rotational term values 
for a 32" state are given by [88], 

(4-6) F^R) = 3VR(R-1) + (2R-3)Bv-Xv-^/(2R+3)iBv
2+A.^-2AvBv + Yv<R+D -

F2(R) =BVR(R+1) , (4-7) 

F3(R) =BVR(R+1) - (2R-l)Bv-Av + v/(2R-l)2Bv
2*iJ-2>.vBv-YvR, (4-8) 

where F,, F2, and F 3 correspond to the levels with J=R+1, R, 
and R-l, respectively. 
The vacuum wavenumber of a transition is the difference in 

term values between the upper and lower levels, \T=T'-T" (a 
single prime on a molecular constant refers to the upper state 
and a double prime to the lower state). The vacuum wavelength 
is the inverse of the vacuum wavenumber, and the wavelength in 
air is A^A^/n^. The index of refraction of air at standard 
conditions given by [89], 

(naiI-l)10° = 6432.8+
 2 9 4 9 8 1 ° + 2 5 5 4 ° , (4-9) a l 1 146-10-8v* 41-10-a\P 

with v the wavenumber in cm"1. At 248 nm, the wavelength in air 
is 0.075 nm less than in vacuum. For the transition line 
positions that I reported here, the wavelength (nm) is the 
value in air and the wavenumber (cm'1) is the value in vacuum. 

Allowed transitions 
Selection rules determine which transitions between ro-
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vibrational levels of given electronic states are electric 
dipole allowed. Selection rules for Hund's case (a) and Hund's 
case (b) include, 

AA = 0,±1, (4-10) 

and, 

AS = 0, (4-11) 

so A3H-X32~ and B32"-X32" are electric dipole allowed. The 
general selection rules for total angular momentum, 

A0 = 0,±1, J=0/J=0, (4-12) 

and change in parity of the total wavefunction, 

+ - -, (4-13) 

determine which individual rotational levels combine. For the 
B32~-X32" transition, where both states are Hund's case (b), 
there is a further restriction, 

AR = ±1. (4-14) 

A schematic representation of the energy levels (including 
numbering and parity) and the allowed electric dipole 
transitions between the lowest few rotational levels is shown 
in Fig. 4-2 for B32"-X32" and Fig. 4-3 for A3n-X32". There is no 
selection rule between vibrational levels of different 
electronic states, so these could be the rotational levels of 
any given vibrational level. The branch designations P, Q, and 
R correspond to transitions with J'-J" = -1, 0, and 1, 
respectively. When the angular momentum is incl; 'ed with the 



6 2 

branch, as in P 3 2(8), the value in parenthesis is for the 
lower level, in this case J*=8. The first subscript on the 

£, or 3) of the 
' ve lower state. 

». Jhes (3x3x3), of 
-X3£~ transition has 

branch designation is the F-component 
upper state and the second subscript tl. 
The A3n-X3£- transition has 27 allow. 
which 24 are strong (solid lines). The 
twelve allowed branches, but only the six with AJ=AR are 
strong. The strength of a rotational branch is reflected in 
its rotational line-strength or Hflnl-London factor, as 
discussed below. 
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Figure 4-2. Allowed branches of a 3E"-3S" transition. 
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Figure 4-3. Allowed branches of a 3D- 3E" transition. 

II. Cross-sections for emission and absorption 
Knowledge of the absorption and stimulated emission cross-

sections for the SO(A-X) and SO(B-X) transitions was essential 
in characterizing the pumping and lasing transitions of SO. 
Values of the absorption cross-sections for the pumping 
transitions could be obtained from saturation measurements 
(Ch. 6 ) , but the cross-sections for the proposed laser 
transitions could not. Therefore, it was necessary to 
calculate accurately the required cross-sections. 
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The stimulated emission cross-section for a transition 

between two ro-vibrational levels of given electronic states 
is, 

( v ) . V J V ' J ' C ( 4 _ 1 5 ) 

8ICV2 

where g^(v) is the normalized lineshape function. The Einstein 
A-coefficient for a single rotational line is, 

*»'"»"*" = .h^Xn) £ m» (I) |7">|2' ( 4 _ 1 6 ) 
3nc (2a'+i) ,j(j/ 

where M(r) is the dipole moment operator. Following 
recommended conventions [90,91], a single rotational line is 
defined as the sum of the Zeeman components between two 
rotational levels of total angular momentum J, each in an 
individual electronic substate. There are (2S+1)(2-4A0) 
substates in a given electronic state to account for spin 
sublevels and A-doubling. Approximations by Born and 
Oppenheimer [92] and Pauling and Wilson [93] lead to the 
separation of the total wavefunction into a product of its 
electronic, vibrational, and rotational parts, 

* - +«T*v*i. (4-17) 

This leads to the result, 

. _ 64lC<V3 CJ'J" „ 0 2 , , M.,,,1 
V J V ' J " = - _ 3~ 2j/+1^v'v"R»^v'v"' • (4-18) 

CJ.J. is the rotational line-strength or Honl-London factor and 
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F ( J + 2 ) 2 

2J+3 *I2 J + 2 Pl3 (J+2)(J+l) 
2J-1 

On J + l Q i 2 

2J+1 
Ql3 J 

R 1 I 
J ( J - l ) 

2J-1 R I 2 J - l R , 3 
f j - n 2 

( 2 J - 1 ) 

P21 
2JTJ+n 

2J+3 P22 0 P 2 3 

2JTJ+2} 
2J+3 

Q21 2 J Q 2 2 
0 Q 2 3 

2 ( J + l ) 

R 2 1 

2 f J - l W J + l l R 2 2 0 R 2 3 

2 J f J + l l 
2 J - l R 2 1 2 J - 1 R 2 2 0 R 2 3 

2 J f J + l l 
2 J - l 

P31 
J f J + 2 ) ( J - l ) 

P32 
J ( J " 1 ) 

J + l P33 
J(J-l) 1 

2J+3 P31 ( J + l ) ( 2 J + 3 ) P32 
J ( J " 1 ) 

J + l P33 
J(J-l) 1 

2J+3 

Q31 
(J-l)tJ+2) 

J Q32 
( 2 J + l l l J + 2 I M - n 

Q33 (J+2HJ-1) 
J + l Q31 

(J-l)tJ+2) 
J Q32 J ( J + 1 ) Q33 (J+2HJ-1) 

J + l 

K31 
(J+l)fJ+2) 

2 J - 1 R 3 2 

fJ+ lWJ+21 
J R33 (J+1HJ+2HJ-1) 

J ( 2 J - 1 ) 

Table 4-2. 3H(a)-32" Honl-London rotational line-strength 
factors [94]. 

P l l 
r j - i H 2 J + n 

2 j - i *12 0 Pl3 0 

Q11 0 Ql2 
1 
J Ql3 0 

»!I 
JT2J+31 

2J+1 R 1 2 0 R 1 3 

1 
»!I 

JT2J+31 
2J+1 R 1 2 0 R 1 3 ( J + l ) ( 2 J + l ) ( 2 J + 3 ) 

P21 0 P 2 2 
( J + l H J - l 1 

P 2 3 0 P21 0 P 2 2 J 
P 2 3 0 

Q21 
1 
J Q22 0 Q23 J + l 

R 2 | 0 R 2 2 

J ( J + 2 ) 
J + l R 2 3 0 

P3I 
1 

p 3 2 0 P 3 3 

(J+.1H2J-1) 
2 J + l P3I J ( 2 J - 1 ) ( 2 J + 1 ) p 3 2 0 P 3 3 

(J+.1H2J-1) 
2 J + l 

Q31 0 Q32 J + l Q33 0 

R 3 1 0 R 3 2 0 R33 
(J+2H2J+1) 

2J+3 

Table 4-3. 32"-3E" Honl-London rotational line-strength 
factors [95,96]. 
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indicates the overlap of the rotational wavefunctions. The 
expressions for Cj<j» are given in Table 4-2 for a 3n(a)-3E' 
transition and in Table 4-3 for a 3S"-3E" transition. The 
overlap of the vibrational wavefunctions is given by the 
Franck-Condon factor, qv>v». Calculated Franck-Condon factors 
for the so(A-X) [56] and SO(B-X) [39] transitions observed are 
included in Tables 4-4,5,6,7. Re(rv'v«) is the electronic 
transition moment which is assumed to vary slowly with r and 
is evaluated at the r-centroid, 

r ^" = l£itfT ( 4" 1 9 ) 

The intensity of a vibrational band in emission, 

IvV» = hvvV/Nv,AvV«, (4-20) 

is proportional to v 4 since \ , v ^ v 3 . The relative vibrational 
band strength is defined, 

Sv'v" = -—-• (4-21) 
Vv" 

If Rg(rv.v.) is constant with changing rv.v., the band strengths 
are just proportional to the Franck-Condon factors. If not, 
the variation of Re must be carried through in the absolute 
band strength, defined as, 

Sv%» = q v / v »R| <r v V>> • ( 4 - 2 2 ) 

The absolute band strengths can be obtained from the measured 
relative vibrational band strengths and the lifetime of the 
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upper vibrational level using the relation, 

1 -a - V a 64n4 y-v , v 3 , (4-23) 
V V"J'J" 3nCJ (2J +1) J/J/J „// 

The sum of CVJ- is over all spin-allowed (AS=0) rotational 
lines and yields (2J'+1)(2S'+l)(2-«A0) where fi=l only if both 
electronic states are S-states and is zero otherwise. From Eq. 
4-23, the normalization factor between the relative and 
absolute band strengths, S„.v» = QsSj.v« is, 

Q* = • tv'-~< 2 S + 1 ) <2-8o.A>ESv'v"Viv<. < 4 " 2 4 ) 

The spontaneous emission rate on a single vibrational band is 
related to the total spontaneous emission rate from the upper 
vibrational level by the branching ratio zv.v., 

Kfiyii = Avrzvivi/, (4-25) 

where, 

= S v

(,*'„v5 v, = 64lt«(2S+l) (2-S A - 0 )S v %„v; v , 
Z V V " V s - v ' " 3 h c 3 A v ' ( 4 _ 2 6 ) 

v" 

The sum of zv-v. over all lower vibrational levels is equal to 
one. The value of zv.v- includes the variation in Re(rv,v.) with 
internuclear distance and is independent of the lifetime of 
the vibrational level since S*.y*°<\,. 

The stimulated emission cross-section for a single 
rotational line can then be expressed in either of the two 
equivalent forms. 
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8it3v CJ'J" ^ ( V ) = W ^ S v a V ' ^ < v ) - (4-27) 

or, 

o.(v) = V c 2 CJ'J" 
8*v2 (2J'+1) (2S+1) (2-5 A O) 

z v V,g L(v) (4-28) 

The values of sj,v. and z v V . for S0(A,v'=5,6) and SO(B,v'=l,2) 
are calculated from measured vibrational band strengths later 
in this chapter. I preferred the use of Eq. 4-28 since the 
lifetime (T V>=I/A V.) is an explicit parameter. The lifetime 
measurements are discussed in Chapter 5. 

The absorption cross-section is given by the ratio of the 
degeneracies times the stimulated emission cross-section, 

°.(v> = -^s <».<»> 2J'+1 «.(v>. (4-29) g" " 2J"+1 

The lineshape function for the low pressure, Doppler-
broadened SO gas is, 

« L W = ^ ^ «*Avn 
exp 4ln2(v-vv/v»): 

(AvD)2 

with Doppler width, 

(2kT V* — r l n 2 • 

(4-30) 

(4-31) 

At room temperature for SO, Av D * 0.07 cm"'. 

Collisional broadening has been ignored in all 
computations, as its contribution becomes comparable to the 
Doppler linewidth only near 200 Torr (assuming 10 MHz/Torr 
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broadening). Host measurements were performed with a total 
pressure well below 200 Torr. 

When an absorption line is excited by laser light with a 
normalized intensity line profile gj(v) centered at frequency 
v L, the interaction (population absorbed, saturation, etc.) 
will be governed by an effective absorption cross-section, 

O.K(V L) =/c.tvjg^vldv, (4-32) 

where the laser intensity per unit frequency interval is the 
product of the total intensity (W/cm2) and the intensity 
linesuape function, 

Kv) = Ivgr(v). (4-33) 

A simulated excitation spectrum can be calculated by 
determining the population that is excited by a continuous 
sweep of the narrow-band laser through the absorption lines in 
a given region. The fluorescence signal strength at a given 
laser excitation wavelength is proportional to the effective 
absorption cross-section (Eq. 4-32) times the lower level 
fractional population, summed over all rotational transitions. 
The lower level population of an individual SO(X) rotational 
level in Boltzmann equilibrium at temperature T„ is, 

N v , w , = Ntcc(2j"+l)exp[-E(v//,J//,F//)/kTlc]/0B. (4-34) 
The partition function is the sum over all SO(X) rotational 
levels. 
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OB = £ (2J/'+l)exp[-E(v//,j",F")/kT,] . (4-35) 
V"J"F" 

The energy E(v".J",?") includes specification of the F-
component (F|, F2, or F3, Eqs. 4-6 to 4-8) and is given by Eq. 
4-1. At room temperature, kTK is equivalent to ?08 cm"1 and the 
SO(X) vibrational spacing is 1150 cm"1, so most all the 
population is in v"=0. The most probable rotational level at 
room temperature is J=12. 

III. Experimental 
The SO was produced by a microwave discharge in SOCl2, by 

KrF (248 nm) photodissociation of SO2 or S0C12, or by ArF (193 
nm) photodissociation of S0 2 as described in Ch. 3. The 
narrow-band KrF laser was used to excite SO(A) and S0(B). 
Excitation of SO was done in conjunction with or time-delayed 
from the production process. Depending on the initial SO(X) 
vibrational levels created and the time delay before 
excitation, the KrF laser was used to excite 
SO(A,v'=5,6-X,v"=0) or SO(B,v'=2-X,v"=2) and the Raman-shifted 
KrF laser used to excite S0(B,v'=l«-X,v"=2). The time delay 
between the ArF and KrF laser trigger signals controlled with 
a digital delay generator (Stanford Research Systems DG535). 
The actual time between the laser pulses was calibrated by 
observing the scattered laser light with the photomultiplier 
tube. 

Laser induced fluorescence was measured from the center of 
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the excitation cell by both an optical multichannel analyzer 
(OMA) (Princeton Applied Research, PAR 1420/1461/1218/1215) 
and a photomultiplier tube (PMT) (Hamamatsu R943-02). 
Fluorescence was observed at right-angles to the excitation 
direction. When the gas was flowing, it flowed along the 
excitation axis. Both the OMA and PMT were mounted on 0.3 m 

monochromators (McPherson 218) fitted with 1200 g/mm, 300 nm 
blaze gratings giving a dispersion of 2.65 nm/ram. Two-lens 
combinations on opposite sides of the fluorescence cell imaged 
the excitation axis onto the monochromator slits. 

The PMT had a GaAs(Cs) photocathode with a response range 
of 160-930 nm. The typical risetime was 3.0 ns. The PMT output 
signal was collected by one of two transient digitizers: 
Tektronix 7912 (500 MHz with 7A19 and 7B90P plug-ins, 512 
channels of 10-bit output), or Sony-Tektronix 390AD (used at 
60 MHz, 4096 channels of 10-bit output). The 390AD was used to 
record the longer-lifetime (10 /is) SO(A) fluorescence, while 
the 7912 was used for both SO(A) and the short-lived (30 ns) 
SO(B) fluorescence. The PMT-monochromator slit width was 
typically 400 jum, giving 1 nm band-pass. The slit was oriented 
perpendicular to the excitation axis to try to minimize the 
effect of diffusion on the long-lived S0(A) fluorescence 
signal. Fluorescence from both states was usually monitored on 
the strongest vibrational band: S0(B,v'=2-»X,v"=5) at 270 nm 
and SO(A,v'=5-»X,v"=l) at 256 nm. When S0(B) was observed at 
270 nm, a 270 nm band-pass filter was placed before the 
monochromator to filter out any scattered laser light which 
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was on the same timescale as the SO(B) lifetime. Calibrated 
neutral-density (ND) filters were used to attenuate the 
fluorescence and extend the dynamic range of the PMT when it 
was operated at a fixed voltage. 

The OMA consisted of a solid-state detector (PAR 1420) 
controlled by one of two detector controllers (PAR 1218 or 
1461). The 1218 received its instructions from a console (PAR 
1215) in the lab and was useful for real-time data acquisition 
where proximity to the experiment was necessary. The 1461 was 
computer controlled, receiving its instructions via the GPIB 
from an IBM-AT. It was used for averaging multiple shots, and 
when the spectra were to be dumped to the computer for 
analysis and storage. For acquisition of S0(A) and S0(B) 
fluorescence spectra, the OMA was operated in the gated mode 
using a high-voltage pulse generator (PAR 1211). The gate 
position was adjustable and the width was usually set to 100 
<is. The SO(A) fluorescence was observed with a delay of at 
least 150 ns to gate out any short-lived fluorescence from 
SO(B). The OMA-monochromator slits were opened to anywhere 
between 20-200 pm and were oriented parallel to the excitation 
axis to maximize the fluorescence signal. The 1420 detector 
had 1024 elements or channels, of which the central 700 were 
useful. 

The OMA was spectrally calibrated by using several 
different spectral lamps (Hg, cd, Zn, Ar, Ne, Kr, and Xe). 
Eleven partially overlapping regions of approximately 40 nm 
each were used to cover the wavelength range 200-600 nm. The 
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monochromator was set to a given region by centering a Hg line 
in a given channel. The resolution of the detector with the 
1200 g/ram grating was 0.06 nnt/channel and the wavelength 
calibration was estimated to be accurate to one OMA channel. 
If higher resolution was desired, a 2400 g/mm, 150 nm blaze 
grating was used. 

The relative spectral intensity response of the OMA, 
monochromator, and collection optics was calibrated with 
deuterium (Hamamatsu L1128) and tungsten (Optronic 
Laboratories 345RP) standard lamps. The calibrated output of 
each lamp was traceable to the National Bureau of Standards. 
The response of the system relative to the response at 300 nm 
is shown in Fig. 4-4, where the ordinate gives the correction 
factor by which the fluorescence is to be multiplied. The lamp 
signals fluctuated in time during the calibration procedure, 
and although many measurements were averaged, the calibrati m 

was estimated to be accurate to no more than 15%. T lis 

300 400 500 
channel 

Figure 4-5. Relative response of OMA channels. 
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deuterium 
lamp 

tungsten 
lamp 
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Figure 4-4. Correction factor for OMA and fluorescence 
collection system. 

includes uncertainties in the lamp calibration. The relative 
intensity response of each individual OMA channel was also 
determined (Fig. 4-5). This was obtained by placing a bandpass 
filter (AX-10 nm) in front of the deuterium or tungsten lamp 
and slowly scanning the wonochromator so _hat the filtered 
lamp output illuminated each OMA channel for the same 
duration. Bandpass filters at 270 nm, 290 nm, 400 nm, and 530 
nm were used. There was very little difference in the response 
at the different wavelengths and an average was used to obtain 
the final results. All spectra presented have been corrected 
for both the small channel-to-channel variation and the 
overall intensity response with wavelength. 
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IV. Laser Induced Fluorescence fro« so 

Fluorescence spectra were collected on the OMA following 
laser excitation of SO(A) or SO(B). The information gathered 
helped to determine which states were being excited, and which 
vibrational levels should be monitored by the PMT for 
excitation scans, lifetime and saturation measurements. The 
vibrational bands with the largest band strengths were also 
the most likely to lase, everything el«?e being equal. 

The majority of SO(X) created by photodi^sociation of S02 

or SOCl2 is formed in excited vibrational levels. Thus, 
excitation to SO(A) is greatest with a time delay to allow for 
vibrational relaxation down to SO(X,v"=0), from which SO(A) is 

1 10 100 1000 10000 100000 
delay 0 B ) 

Figure 4-6. Decrease in SO(B) excitation and increase in SO(A) 
excitation with increasing time delay due to vibrational 
relaxation to SO(X,v"=0). 
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excited by KrF. Conversely, SO(B), which is excited by the KrF 
laser from S0(X,v"=2),is best excited without a delay. Fig. 4-
6 shows the decrease in laser induced fluorescence (LIF) from 
SO(B) and the corresponding increase in SO(A) fluorescence 
with increasing time delay. The SO(A) fluorescence reaches a 
maximum and then decreases due to diffusion of SO(X) out of 
the excitation region before excitation. These curves were 
measured with no buffer gas. The LIF techniques are covered in 
the following sections. 

SO(A-x) Fluorescence 
The spectrum of fluorescence from SO(A,v'=5) following 

narrow-band KrF excitation at 248.298 nm is shown in Fig. 4-7. 

i 

v'=0 

A., 
12 

~ 
18 

v'=5 

1 l A 
• J — l - ^ M ^ Jl I 111 Z 

200 250 300 3S0 400 450 500 550 600 
wavelength (nm) 

Figure 4-7. S0(A,v'=5-*X,v*) fluorescence. 
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The emission intensity as shown is a direct measure of the 
radiative rate from v'=5 to vibrational levels of so(X). 

The So was produced by high-fluence ArF photodissociation 
of 50 mTorr S02 which was flowed through the cell to give a 
fresh precursor supply for every shot. The excitation pulse 
was delayed 100 fis from the dissociation pulse. Twenty shots 
were averaged and then twenty background shots with the KrF 
laser tuned off the absorption-line peak were subtracted. 
This, combined with an OMA delay of 450 ns after the KrF 
excitation pulse, served to remove all fluorescence signals 
except those from so(A,v'=5). A cutoff filter (corning 0-51) 
of known spectral transmission was placed before the 
monochromator to eliminate the second-order peaks when 
observing fluorescence above 450 ran. The full spectrum is a 
combination of eleven OMA regions with different monochromator 
settings. During the data acquisition, the spectrum in one of 
the regions (240-280 nm) was periodically checked to make sure 
there was no intensity variation in the vibrational peaks. 

The measured strengths of the vibrational bands from the 
fluorescence spectrum can be compared to calculated Franck-
Condon factors to check for any variation in the electronic 
transition moment with internuclear distance. The vibrational 
band strengths are also necessary for calculating the 
branching ratios zv.v», and absolute transition strengths S*-v., 
which in turn are used in calculating the absorption and 
emission cross-sections, as previously described. The peak 
heights of the vibrational bands of Fig. 4-7 (corrected for 
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the spectral response of the OKA system (Fig. 4-4), and 0-51 
filter if necessary) were used to calculate the relative band 
strengths, Sv.v» (Eq. 4-21). The relative band strengths were 
normalized to unity for comparison to the Franck-Condon 
factors, qv.v», and are tabulated in Table 4-4. The band 

0 

A (nm) 

2 4 8 . 5 6 

S v V . ( r e l ) qv'v" t 5 6 3 s e v ( a 2 e 2 ) v»- | 
0 

A (nm) 

2 4 8 . 5 6 1 . 8 2 ( ± 0 . 2 6 ) X 1 0 - ' 6.29X10" 2 6.16X10" 5 3.37x10"' I 

1 2 5 5 . 6 2 2 . 3 4 ( ± 0 . 3 3 ) x l 0 " ' 7.81X10" 2 7.94X10" 5 3.99X10" 1 

2 2 6 2 . 9 4 1 . 6 6 ( ± 0 . 5 9 ) X l 0 " 2 4.58X10" 2 5.64X10" 6 2.60X1O" 2 

3 2 7 1 . 0 3 1 .42 (±1 .41 )X10" 3 2.17X10" 2 4 .87X10' 7 2 .05X10' 3 

4 2 7 9 . 5 3 3 . 5 0 ( ± 1 . 7 3 ) X l 0 " 3 6 .41X10 ' 2 1 . 1 9 X 1 0 - 6 4.59X10" 3 

5 2 8 8 . 3 6 4 . 7 8 ( ± 2 . 1 7 ) X 1 0 - 3 1.96X10" 2 1.63X10" 6 5.69X10" 3 

6 2 9 4 . 8 4 7 . 7 2 ( + 2 . 7 6 ) X l 0 " 3 1.62X10" 3 2.63X10" 6 8.59X10" 3 

7 3 0 7 . 1 0 1 . 9 3 ( ± 0 . 4 4 ) x l 0 " 2 3.83X10" 2 6.56X10" 6 1.90X10" 2 

8 3 1 7 . 3 7 1 . 9 5 ( ± 0 . 4 9 ) x l 0 " 2 5 .08X10' 2 6.61X10" 6 1.74X10" 2 

9 3 2 8 . 3 5 8 . 7 1 ( ± 4 . 0 9 ) x l 0 " 3 1.85X10" 2 2.96X10" 6 7.03X10" 3 

1 0 3 3 9 . 6 0 1 . 1 0 ( ± 0 . 4 8 ) x l 0 " 2 3 .00X10' 5 3.72X10" 6 7.99X10" 3 

1 1 3 5 1 . 7 4 3 . 4 9 ( ± 0 . 7 6 ) X l 0 " 2 2.11X10" 2 1.19X10" 5 2.30X10" 2 

1 2 3 6 4 . 6 2 4 . 3 4 ( ± 0 . 8 3 ) x l 0 " 2 5.07X10" 2 1 .48X10 - 5 2.55X10" 2 

1 3 3 7 8 . 3 3 3 . 0 7 ( ± 0 . 6 8 ) X l O " 2 5.03X10" 2 1.05X10" 5 1.62X10" 2 

1 4 3 9 2 . 7 7 1 . 4 4 ( ± 0 . 4 8 ) x l 0 ' 2 2.44X10" 2 4.86X10" 6 6.73X10" 3 

1 5 4 0 7 . 8 6 1 . 1 1 ( ± 0 . 4 0 ) X 1 0 - 2 1.72X10" 3 3.75X10" 6 4.64X10" 3 

8.30X10" 3 1 6 4 2 4 . 7 7 2 . 2 3 ( ± 0 . 4 9 ) X l 0 " 2 - 7.58X10- 6 

4.64X10" 3 

8.30X10" 3 

1 7 4 4 2 . 4 3 5 . 3 0 ( ± 0 . 7 7 ) x l 0 " 2 - 1.81X10" 5 1.75X10" 2 

1 8 4 6 1 . 3 4 6 . 0 8 ( + 0 . 8 8 ) X l O " 2 - 2.07X10" 5 1.77X10" 2 

1 9 4 8 1 . 7 0 6 . 4 2 ( ± 0 . 9 3 ) x l 0 " 2 - 2.19X10" 5 1.64X10" 2 

2 0 5 0 3 . 5 9 5 . 6 8 { ± 0 . 9 6 ) x l 0 " 2 - 1.93X10" 5 1.27X10" 2 

2 1 5 2 7 . 3 0 4 . 2 7 ( ± 0 . 8 5 ) X l 0 " 2 - 1.45X10" 5 8.31X10" 3 

2 2 5 5 3 . 0 2 3 .0O(±O.85)Xl0" 2 - 1.02X10" 5 5.05X10" 3 

2 3 5 8 1 . 0 7 2 . 0 3 ( ± 0 . 8 9 ) X 1 0 " 2 - 6.88X10" 6 2.94X10" 3 \ 
2 4 6 1 1 . 3 4 8 . 6 1 ( ± 8 . 3 8 ) X 1 0 - 3 - 2.91X10" 6 1.07X10" 3 | 

Table 4-4. SO(A,v'=5-»X,v") fluorescence parameters. 
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strengths do not follow the published Franck-Condon factors 

[56], indicating that the electric dipole transition moment, 

Re(rvtv»), varies with internuclear distance. This effect, along 

with the increased transition strength to the lowest two SO(X) 

vibrational levels, has been observed [28,29] and 

characterized [97] previously for fluorescence from lower 

SO(A) vibrational levels. Also listed in Table 4-4 are the 

factors Sj-V> and zvrv», which are necessary for calculating the 

absorption and emission cross-sections. Sj.v» was calculated 

from Sv'v» using the normalization of Eq. 4-24 and the lifetime 

rv,=6.9 its (Ch. 5). Eq. 4-26 was used to calculate zv.v«. The 

relative uncertainties for Sj-V» and zv.v. are the same as for 

Sv-V». The uncertainty is a combination of estimated 

v'=6 

v'=0 

J 1 10 15 20 
. J ^ .. •• •• 

200 2S0 300 350 400 450 500 550 600 
wavelength (nm) 

Figure 4-8. SO(A,v'=6->X,v") fluorescence. 
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vibrational band fluorescence uncertainty plus 15% due to the 
spectral intensity response calibration. 

Figure 4-8 shows the fluorescence from SO(A,v'=6) following 
narrow-band KrF excitation at 248.063 nm with background 
subtraction at 248.057 nm. Other conditions were identical to 
those for SO(A,v'=5). The excitation to v'=6 was weaker than 
to v'=5, so the smaller fluorescence signals were much more 

uncertain. The relevant fluorescence parameters appear in 

V* X (nm) S v V (rel) qV'v- t 5 6 ] s ; v ( a 2 e 2 ) z v ' v " J 
0 2 4 8 . 0 5 1 . 1 4 ( ± 0 . 2 3 ) x l 0 * ' 3.76X10" 2 2.75X10" 5 2.15X10"' 1 

4 .87x10"' 1 2 5 5 . 1 8 2 .81 (±0 .57 )X10" ' 8.29X10" 2 6 .78X10' 5 

2.15X10"' 1 
4 .87x10"' 

2 2 6 2 . 8 8 4 . 2 4 ( + 1 . 2 4 ) x l 0 " 2 9.51X10" 3 1.02X10" 5 6.70X10" 2 

3 2 7 0 . 4 8 0 . 0 0 ( + 6 . 0 6 ) x l 0 " 3 6.50X10" 2 0 . 0 0 . 0 
4 2 7 8 . 8 5 6 . 5 5 ( ± 6 . 7 8 ) x l 0 " 3 3.80X10" 2 1.58X10" 6 8.68X10" 3 

5 2 8 7 . 5 2 9 . 1 7 ( + 8 . 4 3 ) x l 0 " 3 1.35X10" 3 2.21X10"* 1.11X10" 2 

6 2 9 6 . 6 9 1 . 5 3 ( + 1 . 0 8 ) x l 0 ' 2 3 .58X10- 2 3.68X10" 6 1.68X10" 2 

7 3 0 6 . 7 6 1 . 5 6 ( + 1 . 2 5 ) x l 0 " 2 4.28X10" 2 3.76X10" 6 1.55X10" 2 

8 3 1 6 . 6 3 1 . 2 0 ( + 1 . 3 7 ) x l 0 ' 2 5.89X10" 3 2.90X10" 6 1.09X10" 2 

9 3 2 7 . 4 2 1 .47 (+1 .57 )X10" 2 9.29X10" 3 3.54X10" 6 1.20X10' 2 

1 0 3 3 8 . 6 5 2 . 9 1 ( + 2 . 6 8 ) x l 0 " 2 4.01X10" 2 7.02X10" 6 2.16X10" 2 

1 1 3 5 0 . 7 0 2 . 4 0 ( ± 2 . 0 4 ) X 1 0 " 2 4.13X10" 2 5.77X10" 6 1.60X10" 2 

0 . 0 1 2 3 5 3 . 4 0 0 . 0 0 ( + 1 . 9 7 ) X l 0 " 2 1.19X10" 2 0 . 0 
1.60X10" 2 

0 . 0 
1 3 3 7 7 . 1 0 2 . 1 6 ( + 1 . 8 1 ) X 1 0 " 2 1.27X10" 3 5.20X10" 6 1.16X10" 2 

1 4 3 9 1 . 9 1 3 . 8 9 ( + 2 . 0 7 ) x l 0 " 2 2.56X10" 2 9.37X10" 6 1.86X10" 2 

1 5 4 0 7 . 0 3 3 . 3 7 ( + 1 . 7 3 ) x l O " 2 5.16X10" 2 8.13X10" 6 1.44X10" 2 

1 6 4 2 3 . 8 4 2 . 9 2 ( + 1 . 6 4 ) x l 0 " 2 - 7.04X10" 6 1.10X10" 2 

17 4 4 0 . 9 2 4 . 8 9 ( ± 1 2 . 9 ) x l 0 " 3 - 1.18X10" 6 1.64X10" 3 

1 8 4 5 9 . 4 9 1 . 1 5 ( + 1 . 2 5 ) x l 0 " 2 - 2.78X10" 6 3.42X10" 3 

1 9 4 7 9 . 7 3 3 . 5 1 ( + 1 . 5 0 ) x l 0 " 2 - 8.46X10" 6 9.14X10" 3 

2 0 5 0 1 . 9 1 6 . 8 6 ( ± 2 . 3 7 ) X 1 0 " 2 - 1.65X10" 5 1.56X10" 2 

2 1 5 2 5 . 2 5 5 . 7 8 ( ± 2 . 2 3 ) x l 0 " 2 - 1.39X10* 5 1.15X10" 2 

2 2 5 5 0 . 7 1 7 . 2 8 ( ± 3 . 2 7 ) x l 0 " 2 - 1.76X10' 5 1.25X10" 2 

9.13X10" 3 | 2 3 5 7 8 . 2 4 6 . 1 4 ( ± 4 . 2 4 ) X 1 0 " 2 - 1.48X10" 5 

1.25X10" 2 

9.13X10" 3 | 

Table 4-5. SO(A,v'=6-»X,v") fluorescence parameters. 
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Table 4-5. The augmented band strength for transitions to the 
lower SO(X) vibrational levels is also evident from 
SO(A,v'=6). The lifetime rv,=9.8 (is [57] was used in 
calculating S$.v*. 

SO(B-X) Fluorescence 
Fluorescence from S0(B,v'=l,2) was collected in a manner 

similar to above, except that the KrF laser delay was 
shortened to 50 ns and static fills of 0.4 Torr S02 were used. 
The cell was refilled for each OMA region and periodic checks 
on band intensity were made in a sinr'e region, as above. 
SO(B,v'=2) was excited narrow-band at 248.285 nm, but at a 
high enough KrF fluence that there was a significant 
contribution from the broadband fraction of the laser pulse. 
As this did not aiter the vibrational branching ratios, no 
attempt was made to remove the broadband contribution. The 

I 
5 v'=2 

v'=2 

1 
1 0 

16 

220 260 300 340 380 
wavelength (nm) 

Figure 4-9. SO(B,v'=2-X,v") fluorescence. 

420 460 
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fluorescence pattern from SO(B,v'=2) (Fig. 4-9) shows three 
lobes characteristic of a v'=2 wavefunction. These lobes 
indicate the most probable internuclear separations. The 
Franck-Condon principle states the electronic transitions take 
place on a time scale fast enough that there is essentially no 
change in internuclear separation during the transition. Thus, 
"vertical" transitions from the three v'=2 lobes to the outer 
turning points of the SO(X) vibrational levels are favored 
(Fig. 4-10). Table 4-6 contains the fluorescence parameters. 
The normalized vibrational band strengths agree very well with 
the published Franck-condon factors [39], indicating very 
little change in the electronic transition moment with 
internuclear separation, unlike the A-state. The lifetime 
TV.=35 ns (Cn. 5) was used to calculate S*>v.. 

Figure 4-10. Fluorea' ence from S0(B,v'=2-»X,v") peaks at 
V*=5,10,16. 
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v" A. (nm) Sv,v. (rel) qv'V [39] s;- v.(a 2e 2) 'vv 
0 235.17 3.26(+1.06)xl0"* 3.39x10^ 3.27X10'5 7.65X10"4 

1 241.60 3.71(±1.09)Xl0-3 3.46X10"3 3.72X10"* 8.03X10"3 

2 248.31 1.90(±0.70)xl0"2 1.61X10"2 1.91X10"3 3.79X10"2 

3 255.37 5.32(il.02)xl0"2 4.45X10"2 5.34X10"3 9.75X10"2 

4 262.69 9.61(±1.80)xl0"2 7.9 2x10"2 9.64X10"3 1.62X10"1 

5 270.52 1.04(±0.19)xl0"' 9.05X10"2 1.04X10"2 1.60X10"1 

6 278.55 5.78(±l.ll)xl0"2 5.90x10"2 5.80X10"3 8.16X10"2 

7 286.87 1.39(±0.30)X10"2 1.25X10"2 1.40X10"3 1.80X10"2 

8 295.71 4.19(±0.98)xl0"3 3.11X10"3 4.20x10^* 4.95X10'3 

9 305.07 4.39(±0.86)X10"2 4.06X10"2 4.41X10"3 4.72X10"2 

10 314.97 9.52(+1.81)Xl0'2 7.42X10"2 9.55X10"3 9.30X10"2 

11 325.32 7.28(±1.3S)XlO'2 5.96X10 ~2 7.31X10* 6.46x102 

12 336.30 1.97(±0.42)X10"2 1.68X10"2 1.98X10"3 1.58X10"2 

13 347.99 1.20(±0.35)X10"3 9.08X10"4 1.20X10"4 8.68X10"* 
14 360.03 3.29(±0.63)X10"2 3.39X10"2 3.30X10"3 2.15X10"2 

15 373.00 8.24(+1.56)xlO"2 8.60X10"2 8.26X10"3 4.84X10"2 

16 386.60 9.48(±1.77)X10"2 1.15X10"1 9.51X10"3 5.01X10"2 

17 401.30 9.74(±1.81)Xl0"2 1.08X10"1 9.77X10"3 4.60x10"2 

18 416.81 5.B9(±1.08)X10"2 7.7 5X10"2 5.91X10"3 2.48X10"2 

19 433.37 3.13(+0.61)xl0"2 4.47X10"2 3.14X10"3 1.17X10"2 

20 451.09 1.21(±0.27)X10"2 - 1.21X10"3 4.02X10"3 

21 469.91 4.06(+0.95)xl0"3 - 4.07X10"4 1.19xlO"3 

22 490.19 1.04(±0.37)X10"3 - 1.04xlO~* 2.69x10"* 
23 511.67 3.24(±3.61)xl0"4 3.25X10"5 7.39X10"5 

Table 4-6. S0(B,v'=2-0C,v") fluorescence parameters. 

So(B,v'=l) was excited by the narrow-band, Raman-shifted 
KrF pulse at 252.055 nm. Prisms were inserted in the KrF beam 
path to select only the Raman-shifted light. The fluorescence 
(Fig. 4-11) shows the corresponding pattern from a v^i 
vibrational level. Agreement between the measured normalized 
vibrational band strengths and the calculated Franck-Condon 
factors [39] is also excellent (Table 4-7). S$.v» was 
calculated using Tv.=33.3 ns (Ch. 5). 



Dl 

tr •O Ot Ol 4* 
t-« h* t-» l-» 
(J to l-> O I D [ O s ] 0 « l ] I ^ U M H 

I 

(A 
O 

i X 

c o 
ft 
ID 
CD 
O 
ID 
3 
O 
ID 

•0 01 
H 
D> 
9 
ID 
f t 
ID 
1 
Dl 

4 > £ f c W C 0 W U ) U l A ) l O U l l O t O t 0 t O t O f O t O t O | | > * 
| 4 ^ t O M t O O O O l O I ^ U l t O H O t O O O v l O l O I O l i f * 

101 H -0 * 
oi oo a> 

Ol Nl -O. to 
Ul U1 b) M 

N 
Ol 

IO Ol M 
H to Ol 

Ol (.J W _ 
U) Ol O || ^ 

Ol M to Ol 00 I-" t-» 00 u l-> I-" Ol 10 >o 00 4> l-» Ol 00 

to 
to 00 

•J Ol 00 Ol -0 
Ol 
to 

00 
Ol 

o 
to 

to 
o 

00 u 
Ol 

10 
01 

03 
Ol 

lO 
Ol 

10 
o 

1+ 
H 

1+ 
O 

1+ 
o 

1+ 1+ 1+ 
o 

1+ 
o 

1+ 1+ 
o 

1+ 
o 

1+ 
o 

1+ 
I-" 

1+ 1+ 
1-" 

1+ 1+ 
o 

1+ 
u 

1+ 1+ 
u 

00 u 
u 

oi 
to 

o o 01 
10 

to 
00 

to 
ID 

01 
00 

•o. 
01 

Ol to 
4> 

o 
Ol 

00 
o 

10 01 
01 

10 
10 

00 
to 

lO 
Ol 

o 
10 >1 

ID 
X X X X X X X X X X X X X X X X X X X . £ 
H I - ' H h ' H H t - ' H I - ' l - ' l - ' l - ' t J l - ' l - ' H H M t - ' 
o o o o o o o o o o o o o o o o o o o l 

6 ^ hi M M - — t b l b t b t b t b t b t b t b t b t b t J j ihg 
Ol to u Ol lO M M 03 u to M Ol to M 03 £h M oi to JP 
-0 * • to o A to to 03 *0 Ol O W Ol o to 01 03 Li to < 
-J 03 in Ol in H H I-" M m *. l*> <l 01 A 01 10 (-• U 
X X X X X X X X X X X X X X X X X X X 

p , H M H 1 - I- 1 H H H M M H H H M H H I-" H I-" 
o o O o o O O o O O O O o o O o o O O 
£> to to tb to to tb to trt to — tb lb to to to to to tb 

00 to *. 03 H to to M 01 u H 01 I- 1 H" H 03 u 10 M 

03 o 01 U U M u to O o 01 Ol *. 01 U) O o 01 * • < 
H M 01 v] -J Ol 01 03 •-" M ^1 to 03 o 01 03 to to o i ^-s 
X X X X X X X X X X X X X X X X X X X Oi 
H R M M M i-> I- 1 K-- H (-• H (-• H t-> H H M h> H O N 
o O O O O o o o O o O o O o O O o O O *13 •K i» t*» W to tb tb tb ti* i . t>) OJ tb tb tb v»J w i. 4 
to Ol M to » 10 M 01 u> H" H 01 M H-1 M 00 u M M 

o K t*> v j 10 o O 03 u 00 I- 1 to to *. W Ol *» to to 
H 01 Ol !-• 00 in Ol in !-• U) to 10 O to to 01 10 to oo 
X X X X X X X X X X X X X X X X X X X 
I- 1 H H k" H" (-• H H H H H H M H H H M H M a 
o o O O O o o O O o O o O O o O O O O 

U» U l tb to to tb — lb tb tJJ tb to — •" — to to tb tb 

fluorescence 

a 

I s 
1< 

g 

< 
* N 

£2. 
c 
C 
C ^ ^\ f 

H-k 

. 

— 

I * " 

I < 
II 

i—i 



85 
Relaxation From SO(A,v'=5) with Pressure 

Since one of the proposed SO(A-X) lasing transitions has 
SO(A,v'=0) as the upper laser level, fluorescence from SO(A) 
with added buffer gas was characterized. Fig. 4-12 shows the 
effect of adding increasing argon pressure with a starting 
pressure of 10 mTorr S0 2. 

The laser delay was 10 ms and the OMA delay 1 us. As the 
SO(A 3n 2/ v' = 5) molecules collisionally relaxed, fluorescence 

255 260 265 
wavelength (nm) 

275 

245 250 

Figure 4-12. continued on next page 
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Figure 4-12. SO(A-X) fluorescence with increasing argon buffer 
gas pressure. 
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was observed from all three electronic substates of v'=0-5. 
The populations ratio of the states 3n0:3nl:3IT2 J-s 4:2:1 in 
300*K Boltzmann equilibrium. The plots show that at 100 Torr 
Ar, a significant fraction of the fluorescence was still 
coming from vibrational levels v'>0. Quenching of A3nQ,v'=0 by 
argon is evident, as the time-integrated fluorescence from 
this lowest electronic/vibrational level decreases rapidly at 
the higher buffer gas pressures (as shown by the normalized 
intensity scales). 

A fluorescence spectrum covering a larger wavelength range 
(Fig. 4-13) was measured with 35 mTorr S0 2 and 20 Torr He 
buffer gas. Helium was the preferred buffer gas for, producing 
vibrational relaxation with the least quenching. The laser 

260 280 300 320 340 360 380 
wavelength (nm) 

Figure 4-13. SO(A-X) fluorescence at 20 Torr He. The possible 
(0-4) laser transition is indicated. Complete assignment of 
peaks in Figs. A1-A4. 
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delay was 1 ras and the OMA delay 150 ns. The fluorescence is 
mainly from the three spin-orbit states of A,v'=o-3. The 
proposed SO(A3II0,v'=0-»X32",v*=4) laser transition [58] at 299 
nm is indicated. A detailed assignment of the fluorescence 
peaks appears in Figs. A1-A4 (Appendix A). 

V. Fluorescence Observed Fro» Other Molecules 
Fluorescence from the molecules Cl 2 and S 2 was observed 

following simultaneous dissociation/excitation in S0C12 by the 
narrow-band KrF laser. Although this fluorescence was not seen 
when using the precursor S02, with which most of the 
spectroscopic and laser data were taken, I had to be aware of 
the Cl2 and S 2 fluorescence when interpreting results using 

260 270 
wiTelength (nm) 

280 

280 

Figure 4-14. Fluorescence from Cl 2 becomes evident after 
adding argon. 
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S0C12. No OMA delay was used in recording the short-lived 
signals. The Cl2 peak (Fig. 4-14) became evident as the 
addition of 200 Torr Ar both reduced SO production and 
quenched the SO(B) fluorescence. The peak has been assigned to 
transitions from high-lying electronic states of ci2: 
E(0 + )~B(0j), 12+-X(0 + ), and/or 'sJ-'Ug [16]. 

Figure 4-15(a) shows slight vibrational relaxation 
following excitation of SO(B,v'=2) at 5 Torr Ar. When the 
argon pressure was increased to 200 Torr and many shots are 
taken with the same SOCl2 fill, peaks due to transitions from 

20 

8 I 5 
a 
S 10 

B 5 

§50 360 370 380 390 
wavelength (tun) 

20 

„ 15 

g 10 

350 360 370 380 390 
wavelength (nm) 

Figure 15. (a) SC(B-X) fluorescence at 5 Torr Ar shows 
evidence of vibrational relaxation in the B-state, (b) S2(B-X) fluorescence observed after many shots with the same fill of 
S0C12 and argon. 
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the lowest vibrational level of S2(B3E^) became prominent 
(Fig. 4-15(b)). The wavelength positions match those 
calculated from spectroscopic constants [84] for S2(B3£^,v'=0-
X-'ZJTJV") vibrational transitions. The S 2 may have been formed 
by dissociation of S2C12, which is a possible stable end-
product of repeated dissociation. 

VI.Excitation Spectra of SOihl and SOfB^ 
Excitation spectra of SO(A,v'=5,6*-X,v"=0) and 

SO(B,v'=l,2«-X,v"=2) were measured in order to determine where 
the transitions on individual rotational lines occur and which 
pumping transitions lead to the greatest so excitation. The 
excitation spectra were obtained by scanning the narrow-band 
KrF laser through its full range across the SO absorption 
lines, exciting the SO, and measuring the fluorescence 
emitted. The fluorescence was monitored on a single 
vibrational band by the PMT/monochroinator {1 nm band-pass). 
Fluorescence decay curves were integrated by the computer over 
a given temporal region to give the fluorescence signal. The 
lowest possible KrF laser f luence that still gave a reasonable 
signal was used. This minimized excitation by the broadband 
fraction of the pulse which was the major contribution to the 
background signal level. 

The fluorescence signal at a given KrF laser excitation 
wavelength was proportional to the effective absorption cross-
section (Eq. 4-32) and to the population in the lower level. 
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Assuming the laser line-shape function of Eq. 4-32 is Gaussian 
with width 0.18 cm"1, the effective width of an SO absorption 
line (as the laser is scanned across the line) is just a 
convolution of the laser line-shape Gaussian and the 0.07 cm"' 
Gaussian Doppler width of the absorption line. This gives the 
observed width of 0.19 cm"1 (1.2 pm) and is one way in which 
the laser linewidth was determined. 

The excitation scans were measured in sections (approx. 18) 
of roughly 0.04 nm each. At the beginning and end of each 
section, a scan was taken through the same prominent reference 
line for normalization. The reference line data were fit by a 
Gaussian to determine the peak height. A linear correction to 
the fluorescence was then applied to the spectrum in each 
section to compensate for the slow decrease in laser energy 
(KrF gas degradation) and fluorescence cell window clouding 
(most likely due to sulfur deposition). At the end of the 
excitation scans, all sections were normalized to the average 
of the reference-peak heights. The scans are not corrected for 
variation in the KrF narrow-line fraction of energy with 
wavelength (Fig. 2-10). Therefore, at the ends of the KrF 
laser scan range, the fluorescence peaks due to the narrow
band fraction decrease, and the background due to broadband 
excitation increases. 

SO(A-X) Excitation Spectra 
The excitation spectrum of SO(A,v'=5,6«-X,v"=0) (Fig. 4-16) 
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248 248.1 2482 2483 248.4 2485 248.6 
excitation wavelength (nm) 

Figure 4-16. SO(A,v'=5,6«-X,v"=0) excitation spectrum. For 
expanded view and v"=5 assignments, see Figs. A5-A12. 
was measured with the SO created in the microwave discharge 
and a KrF laser fluence of approximately 4 mJ/cm2. 
Fluorescence was monitored on the (5-1) vibrational band at 
256 nm with 1 nm bandpass and the signal was integrated for 20 
Ms with a 1 ̂ s delay after the KrF excitation pulse. The KrF 
laser was scanned in wavelength steps of approximately 0.03 
cm"1 (0.2 pm) with seven shots averaged at each step. With the 
laser repetition rate of 0.2 Hz, scanning the whole region in 
this manner took close to 50 hours. 

The position of the A 3n 2, v'=5 band head is indicated in 
Fig. 4-16. Transitions shorter in wavelength are to v'=6, and 
most likely the 3ng substate. The rotational line positions of 
the A 3H 2, v'=5 band agree very well with calculated line 
positions. A comparison of the measured spectrum with a 
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simulated spectrum over a 1 nm region shows excellent 
agreement, with a slight overall wavelength offset (Fig. 4-
17). The match between measured and calculated peaks allowed 
easy assignment of the transitions for v'=5. A listing of line 
positions and assignments is given in Table Al (Appendix A). 
An expanded view of the excitation spectrum with the v'=5 
transitions labeled is shown in Figs. A5-A12. The v'=6 
transitions did not match with calculated line positions. This 
was probably because the transitions in this wavelength range 
have high J values (J»30) and any errors in the rotational 

248.43 248.46 248.49 
wavelength (nm) 

248.43 248.46 248.49 
wavelength (nm) 

24852 

24852 

Figure 4-17. Comparison of measured and calculated 
SO(A,v'=5«-X,v"=0) excitation spectra. 
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constants would be greatly enhanced by the J(J+1) terms 
determining the energy levels (Eq. 4-3). The lines marked with 
an asterisk in Fig. 4-16 were the transitions chosen to pump 
v'=5,6 for the fluorescence spectra presented above. The 
transition at 248.298 nra to v'=5 was assigned to R 3 2(8), but 
most likely contained contributions from one or two weaker 
transitions. The 1*33(8) line gave the strongest excitation to 
S0(A,v'=5), so was the line used for most of the SO(A) 
lifetim , saturation, and laser measurements. 

SO(B-X) Excitation Spectra 
The excitation spectrum of S0(B,v'=l«-X,v"=2) (Fig. 4-18) 

was measured by scanning the Raman-shifted KrF laser and 
observing the (l-»6) fluorescence at 283 urn. The fluorescence 
was integrated for 200 ns through and after the laser 
excitation pulse. The SO was produced by high-fluence ArF 
photodissociation of 100 mTorr static fills of SO2. In order 
to speed up the data acquisition and minimize the loss of S02 

during the scan of each section, the laser wavelength steps 
were increased to 0.05 cm"1 (0.3 pm) and only two shots were 
averaged at each step. Each section took 40 minutes, over 
which time the SO reference-peak signal would decrease by 
approximately 30%. The Raman-shifted laser fluence used was 
0.05 mJ/cra2. Below 251.657 nm (see Fig. A13), to enhance the 
resolution and signal from the low J levels near the v'=l 
band-head, 15 Torr He was added to 150 mTorr SO, fills and the 
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251.7 251.9 2521 
excitation wavelength (nm) 

252.3 

Figure 4-18. S0(B,v'=l«-X,v*=2) excitation spectrum. For 
expanded view and assignments, see Figs. A13-A19. 

step size decreased to 0.04 cm"1 with 4 shots at each step. The 
measured transitions matched very well with calculated line 
positions. The assigned transitions are listed in Table A2 and 
an expanded excitation spectrum with assignments appears in 
Figs. A13-A19 of the appendix. In the central region of the 
spectrum (J«l5-20), the P n and P33 branches overlap and the Ru 
and R33 branches overlap to give the largest peaks. Above and 
below this central region the terms containing yv in Eqs. 4-
5,6,7 split the overlapped transitions apart. The marked line 
(*) at 252.055 nm in Fig. 4-18 is the overlapped 
Rn(21)/R33(19) excitation and is the one used for lifetime 
measurements and SO(B,v'=l) laser pumping. 

The excitation spectrum of SO(B,v'=2«-X,v*=2) (Fig. 4-19) 
was measured by monitoring the (2-*5) fluorescence at 270 nm. 
The SO was produced by high-fluence ArF photodissociation of 
70 mTorr static fills of S0?. The KrF laser fluence was 0.1 
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248.2 248.4 
excitation wavelength (nm) 

248.6 

Figure 4-19. SO(B,v'=2"-X,v*=2) excitation spectrum. For 
expanded view and branch designations, see Figs. A20-A27. 

itiJ/cm2 and two shots were averaged at each step of 0.05 cm"1 

(0.3 pro). 
Since the rotational constants of SO(B) v'=2 hardly differ 

from those of v'=l and the same J-levels were excited in each, 
the excitation spectrum of v'=2 should look like that of v'=i. 
A comparison of the two shows that the v'=2 spectrum is very 
perturbed. The perturbation could be due to an interaction 
with the v'=n level of the A 3H 2 state or possibly the C3D 
state, which has never been observed directly. The 
perturbation in SO(B,v'=2) has been observed previously [35], 
but the branches have never been assigned. A step in that 
direction was taken in this experiment by determining which 
are P and which are R-branches and by grouping the sets of P 
or R branches together that have the save value of rotational 
angular momentum. The assignment of J, and thus the 
determination of which F-component is which, has not yet been 



97 
accomplished. 

Since BgS0.5 cm"1 is less than B"»0.72 cm"1, a band head is 
formed in the R-branch of the SO(B-X) excitation or emission. 
It turns out that excitation on P(J) occurs very close in 
wavelength to excitation on R(J+5). In emission, if a higher 
J level has been excited (R-branch), it will fluoresce at a 
longer wavelength than a level excited at a lower J (P-
branch). The longer wavelength (lower energy) transition for 
the higher J's in emission is due to the larger spacing of 
rotational levels in SO(X) compared to SO(B). Fig. 4-20 shows 
the fluorescence following excitation on two neighboring lines 
at 248.316 nm and 248.319 nm. The fluorescence from the 
248.316 nm excitation has a longer wavelength, so it is from 

excitation: 
248319 nm R 

P-btuch 

270 271 
wavelength (nm) 

Figure 4-20. Fluorescence from S0(B,v'=2) following excitation 
on two neighboring transitions. 
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a higher J-level excited on a R-branch- In this manner, the 
fluorescence positions of all the excited S0(B,v'=2) levels 
were checked and the P and R-branch designations determined. 
Not to be confused with the P and R-branches in absorption, 
the P and R-branches in emission are labeled on the 
fluorescence curves of Fig. 4-20. 

Excitation to the same upper rotational level (J) occurs on 
the P(J-l) and R(J+1) branches and the branches occur in sets 
of three (J=R-1,R,R+1). Since only the upper rotational levels 
are perturbed, the spacing of the three P(J-l) branches must 
be the same as the R(J+l) branches. The groups of three (or 
sometimes only 1 or 2) branches fall in the approximate 
wavelength region predicted from spectroscopic constants, 
allowing assignment of the rotational angular momentum R to 
the set of three. Assignment of J=R,R±1 to each line is still 
uncertain. The observed transitions are listed in Table 4-10 
with their branch designations, R values and lifetimes 
(discussed in Ch.5). An expanded excitation spectrum with 
branch designations, R values, and the groups of three marked 
with O's and 0's appears in Figs. A20-A28. 

In Fig. 4-19 the transition marked (*) at 248.285 is 
assigned to P(16*), denoting R=16, but J uncertain. This is 
the pumping transition that gave the greatest SO(B,v'=2) laser 
output, and was used in SO(B,v'=2) lifetime and saturation 
measurements. 
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X (nm) branch i (nm) branch X (nm) branch 

T (ns ) T (ns) T (ns) 
247.8881 - 7 248.1350 37.8 R 248.3843 75.3 R? 
247.8913 - 7 248.1391 40.9 P 248.3887 43.9 R 
247.8997 - 7 248.1475 - 7 248.3909 55.5 R 
247.9068 - ? 248.1615 30.3 R 248.3983 29.1 P 
247.9106 - 7 248.1649 61.4 P 248.4058 40.7 R 
247.9247 - •> 248.1703 39.5 R 248.4212 90.6 7 
247.9350 - •? 248.1716 41.3 P 248.4264 60.4 P 
247.9383 - 7 248.1778 33.5 P 248.4349 30.8 P 
247.9415 - •> 248.1836 34.4 R 248.4392 39.1 R 
247.9448 - 7 248.1862 62.5 P 248.4414 36.6 R 
247.9486 - 7 248.1949 37.6 P 248.4432 35.1 p 
247.9520 - R 248.2040 30.2 R 248.4570 28.9 P 
247.9588 - R 248.2080 46.9 R 248.4627 66.7 R 
247.9625 - R 248.2108 27.3 R 248.4689 - 7 
247.9675 - P? 248.2204 34.9 7 248.4783 35.4 R 
247.9720 - 7 248.2277 34.0 P 248.4837 36.3 R 
247.9768 36.4 R 248.2305 43.8 P 248.5010 29.0 P 
247.9800 34.0 R 248.2433 47.1 R 248.5099 40.4 P 
247.9833 43.1 P 248.2557 42.4 P 248.5185 66.3 7 
247.9876 42.4 R 248.2578 31.3 R 248.5237 32.3 P 
247.9955 77.2 P 248.2626 28.0 R 248.5354 33.3 R 
247.9998 91.1 P? 248.2697 28.4 R 248.5465 28.7 R 
248.0036 52.6 R 248.2763 57.3 7 248.5510 - 7 
248.0064 69.0 R 248.2853 30.8 P 248.5559 29.7 R I 
248.0168 33.8 R 248.2900 59.1 P 248.5623 30.0 P 
248.0190 35.5 R? 248.2943 62.1 R 248.5664 40.0 P II 248.0227 62.4 P 248.3010 - ? 248.5686 31.9 P \ 
248.0329 40.0 R 248.3032 - 7 248.5800 - ? I 
248.0494 - 7 248.3092 35.7 R 248.5946 84.6 R 
248.0535 35.9 R 248.3160 33.9 R 248.6017 49.7 P 
248.0567 45.6 P 248.3190 32.9 P 248.6069 32.8 R 
248.0586 54.8 P 248.3267 31.7 R 248.6097 29.1 R 
248.0629 41.2 R 248.3292 - 7 248.6202 73.0 R 
248.0747 51.7 R? 248.3336 57.8 P 248.6270 28.3 r< 248.0781 49.3 R 248.3350 62.0 R? 248.6337 31.1 P 
248.0863 42.6 P? 248.3402 29.2 P 248.6390 34.7 P 
248.0948 34.5 R 248.3496 40.0 P 248.6459 32.1 P 
248.1047 51.9 P 248.3666 29.2 R 248.6801 - 7 
248.1078 62.2 P 248.3707 28.7 R 248.6850 35.2 R 
248.1130 34.0 R 248.3744 45.4 R 248.6885 - 7 
248.1215 40.5 R 248.37B0 45.3 P 248.7043 34.3 7 
248.1260 37.8 P 248.3817 42.2 P 248.7107 42.2 7 

Table 4-10. Wavelengths, lifetimes, and branches of 
SO(B,v'=2-X,v"=2) lines. Lifetimes measured with 100 mtorr S0 2 precursor pressure and are not radiative lifetimes. 
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Chapter 5 
Lifetimes of SO 

Lifetimes and deactivation rates of SO(A 3n 2< v' =5), S0(B3E", 
v'=2) and S0(B3S",v*=i) were measured for use in calculating 
absorption and stimulated emission cross-sections (Eqs. 4-23 
to 29), and for understanding and modeling the SO(A) and S0(B) 
saturation (Ch. 6) and lasers (Ch. 7,8). 

The states were excited and laser induced fluorescence 
observed with the PMT as described in the previous chapter 
All fluorescence decay curves obtained with narrow-band KrF 
excitation were corrected for background signals by 
subtracting an equal number of shots with the KrF laser tuned 
off the SO absorption peak. This served the dual purpose of 
assuring that the measured fluorescence was only from the 
desired state of so, and of setting a very good zero-signal 
baseline which was essential in fitting reliable exponential 
decay curves to the data. A weighted linear least-squares fit 
was used to calculate the lifetime and its standard deviation 
for each fluorescence decay curve. 

Under conditions in which collisions took place during the 
SO radiative lifetime, electronic-state quenching, vibrational 
and spin-orbit relaxation contributed to a decrease in the 
measured lifetime from the radiative lifetime. The lifetime T, 

varies according to, 
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x T o i 

where T 0 is the collision-free radiative lifetime, [M;] is the 
concentration of the i* species and k; is its deactivation 
rate. All experiments were performed at room temperature," 
where 1 Torr is equivalent to 3.2xl016 molecules/cm3. A Stern-
Volmer analysis was done by plotting 1/T vs. [Hj], where M; was 
either the precursor or buffer gas pressure. The zero-pressure 
intercept gave the SO lifetime free of Mj, and the slope gave 
the deactivation rate due to Mj. In this experiment, no 
attempt was made to separate the deactivation rate kj into 
components due to quenching, vibrational relaxation, and spin-
orbit relaxation, as was done by Lo, et al. [29] and 
McAuliffe, et al. [30] following excitation of SO(A,v'=l). 
This would not be practical for excitation of SO(A,.v'=5) where 
the population of three spin-orbit levels of each of six 
vibrational levels would have to be followed. For 
understanding and modeling of the S0(B,v'=2->X) laser, only the 
total deactivation rate was necessary. 

I. Exponential curve fitting 
The fluorescence decay curves were fit to single 

exponential functions to determine the lifetime r, and 
amplitude A, 



102 

I = Aexp(-tA) , (5-2) 

of the fluorescence intensity I, as a function of time t. The 
logarithm of both sides was taken and the data points ts, 
Zj=lnli fit by a weighted, linear least-squares analysis, 
minimizing the sum. 

Ew^Zi-Y + Vt)* (5-3) 

where Y=lnA. The weight, w—l?, is necessary to correctly 
account for the errors in I; when the logarithm of Eg. 2 is 
minimized instead of the actual function [98]. Performing the 
minimization of Eq. 3 with respect to T and Y leads to. 

Ztivi2vizi-'Ewi2witizi' 
( 5 - 4 ) 

A = exp 
Ewizi+'Etiyii/T 

Sw, (5-5) 

The standard deviation from the mean for T is, 

( S t i W i ) 2 S w | 2 l ! t 1 vf 1

a St 1 w 1 , E t 3 w 2 
( 2 W i ) 2 Sw t * i 

Sz?- (Sz i) i 

5 * l W l 2wf 

, (5-6) 

where 5 is the number of data points. The lifetime data are 
reported as T(±a^). 
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H. SQU.y'-S) lifetw 

A typical fluorescence decay profile following excitation 
of SO(A,v'=5) is shown in Fig. 5-1. All A-state curves shown 
were measured with narrow-band excitation on R32(8) at 248.298 
nm, background subtraction at 248.302 nm, and fluorescence 
observed on the (5->l) band at 256 nn. This curve was an 
average of four shots with the SO produced by unfocused ArF 
(16 mJ/cm2) photodissociation of a 20 mTorr fill of S02. The 
tine delay between production and excitation was 1 ms. 
Plotting the data on a serai-log scale shows a very nice 
single-exponential decay over the 10 us interval. The weighted 
linear least-squares fit gave a lifetime of 2.5(±0.3) us. 

Varying the S0 2 pressure under the same excitation conditions 
led to the Stern-volmer plot of Fig. 5-2. The intercept gave 
a collision-free radiative lifetime of 7.0(±0.9) us and the 

2 4 6 8 
time (its) 

10 2 4 6 8 
time (lis) 

10 

Figure 5-1. SO(A,v'=5) fluorescence decay curve plotted on 
both linear and semi-log scales. 
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Figure 5-2. Stern-Volmer plot for S0(A,v'=5) varying S02 

precursor pressure. 

slope a deactivation rate of 3.8(±0.5)xl0~10 molecme~'cni3s"1. 
This deactivation includes electronic quenching, spin-orbit 
relaxation, and vibrational relaxation of SO(A3n2,v'=5). With 
the dissociation saturation fluence for S0 2 of 131 mj/cm2 (Ch. 
3), only 12% of the SO2 was dissociated by the low-fluence ArF 
pulse. Also, in the 1 ros between production and excitation of 
SO, at 100 mTorr S0 2 the diffusion distance is approximately 
1 cm allowing for plenty of mixing of the SO with the 
neighboring S02. Thus, the slope should give a fairly accurate 
deactivation rate due to S02. This rate is quite fast, as the 
gas-kinetic collision rate is 2.5x10"'° molecule"'cm3s"'. 

Stern-Volmer plots to determine the S0(A,v'=5) lifetime 
were also made with the SO produced from SOCl2 in the 
microwave discharge and by KrF laser photodissociation. For 
Fig. 5-3, the S0C12 pressure was varied and the SO was 
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A 

SOC1 precursor pressure (mTorr) 

Figure 5-3. Stern-Volmer plot for S0(A,v'=5), varying S0C12 

precursor pressure. 

simultaneously produced and excited by the narrow-band KrF 
laser at a fluence of 300 mJ/cm2. The radiative lifetime was 
7.0(±1.1) MS and the deactivation rate was 9.1(±1.4)xl0"10 

molecule^cm's"1 compared to the gas-kinetic rate 2.8x10"'° 
molecule"'cm3s"'. This very high deactivation rate was due to 
all the molecules and atoms in the photolysis region, 
including S0C12, SO, CI, Cl2, SOC1, etc., but presumable was 
dominated by S0C12. 

The SO(A,v'=5) lifetime was also determined with the so 
produced in the microwave discharge. A Stern-Volmer plot made 
by varying the Ar buffer gas pressure over a limited range 
gave a lifetime of 6.7(±1.0) (JS and a deactivation rate due to 
Ar of 4.2(±0.7)xlC"12 molecule'Icm3s"1 (Fig. 5-4). 

The effect of adding helium to 100 mTorr S0 2 fills was 
investigated under the same conditions as for Fig. 5-2. A 
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0.4 0.6 
Ar pressure (Torr) 

Figure 5-4. Stern-Volmer plot for SO(A,v'=5), varying Ar 
buffer gas pressure in the microwave discharge. 
Stern-Volmer plot (Fig. 5-5) gave a deactivation rate of 
SO(A3n2,v'=5) due to He of 4.1(±0.8)xl0_n molecule'cmV1. 

The SO(A,v'=5) lifetime could not be accurately measured at 
pressures much above 1 Torr. When SO(A) vibrationally relaxed 
to v'=3, the (3->0) fluorescence overlapped the (5-*l) emission 

0.4 0.6 
H e pressure (Ton -) 

Figure 5-5. Stern-Volmer plot for SO(A,v'=5), varying the 
helium buffer gas pressure. 
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5t 256 nra and led to double-exponential decays. Monitoring the 
(5-0) fluorescence at 248 nm was avoided due to scattered KrF 
laser light and the rest of the vibrational transitions were 
so weak that many more shots would have to be averaged to 
obtain reasonable fluorescence decay curves (too many shots 
with the Hz repetition rate). 

An a\*o:; ̂ e of the three SO(A3n2,v'=5) radiative lifetime 
determinations gives 6.9(+0.6) /is. This can be compared to the 
only other known measurement, that by Clyne and Liddy [57], 
who measured a lifetime of 9.4(±0.8) JJS for SOfA^.v^S). The 
reason for the discrepancy is unknown. 

1 k: (10 - 1 2 

1 1 1 |_ molecule"'cm s ) Process and reference 

1 7.5(±1) v'=5 quenching by Ar [57] 
1 0.53(±0.09) v'=0 quenching by He [29] 
1 0.85(+0.1) v'=0 quenching by Ar [29] 
1 220(±30) v'=0 quenching by S0C12 [29] 
I 18(±9) 3Di),v'=l-3n2,v'=0 relax, in Ar [29] 

16(±8) ^.v^O-^n^v'M) relax, in Ar [29] 
32(ii0) 3nJ/vr=o-3i^jJ,v'=0 relax, in Ar £2»J 

0.51(±0.17) v'=0 quenching by Ar [30] 
0.40(±0.08) v'=0 quenching by He [30] 
3.5(±0.4) 3no,v'=i-v'=0 relax, in Ar [30] 
4.3(±0.3) lUotv'^l-iv^O relax, in He [30] 
10(±3) 3n, fv'=l~ 3% 2' v' = 1 relax, in He [30] 
12(±5) 3Ul,v'=0-^nQ32''v'~0 relax, in He [30] 

Table 5-1. Quenching, vibrational, and spin-orbit relaxation 
rates for SO(A) as measured by others. 
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Since only the total (electronic quenching, vibrational, 

and spin-orbit relaxation) deactivation rate of S0fA,v'=5) was 
measured in this experiment, it was not directly comparable to 
rates measured by others. However, a listing of some of the 
relevant rates, mostly from v'=0,l, is presented in Table 5-1. 
The electronic quenching rate is much greater for molecules 
such as SO, and S0C12 than for buffer gas atoms such as He and 
Ar. Since the molecules have electronic energy levels near the 
SO(A) levels and the atoms don't, quenching by E-E transfer in 
a collision with a molecule is much more efficient. 

U I , SP(B,v'«2) lifetime 
A fluorescence decay curve following narrow-band KrF 

excitation of SO(B,v'=2) on P(16*) at 248.285 nm and 
background subtraction at 248.282 nm is shown in Fig. 5-6. 

Figure 5-6. Fluorescence decay curve from S0(B,v'=2) and 
position of KrF laser pulse. 
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Eight shots were averaged and the S0(B,v'=2->X,v"=5) 
fluorescence monitored at 270 nm. Also plotted, ts the 
position of the KrF excitation pulse in relation to the 
fluorescence signal. The fluorescence decay was single-
exponential for three lifetimes after the KrF pulse with a 
lifetime 32.3{±2.9) ns. The data were taken with SO produced 
by high-fluence (0.6 J/cm2) ArF photodissociation of a 60 
mTorr fill of SO2 and a 60 ns delay before excitation. 

Varying the S0 2 pressure resulted in the Stern-Volner plot 
of Fig. 5-7. The intercept gave a collision-free radiative 

lifetime of 34.7(±3) ns. The slope gave the deactivation rate 
due to collisions of SO with S02, O, SO and whatever else may 
be formed, with a very high value of 1.0(±0.2)xl0"9 

molecule"1cm3s"1. The lifetime with 300 mTorr SQ2 as the 

SO 100 150 200 250 300 
SO precursor pressure (mTorr) 

Figure 5-7. Stern-Volmer plot for SO(B,v'=2), varying S02 

precursor pressure. 
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precursor was 26 ns, a value needed in modeling the So(B) 
laser. 

Also required for understanding the SO(B) laser was the 
deactivation rate due to He buffer gas. The data of Fig. 5-8 
were measured with 80 mTorr S0 2 and added He. The He 
deactivation rate, which includes quenching and vibrational 
relaxation, was I.i(+0.2)xl0"10 molecule"1cm3s"1. The uncertainty 
of the higher-pressure data points, where the lifetime rapidly 
approached the KrF pulse duration, was not fully reflected in 
this value of the deactivation rate. Ignoring the two lifetime 
values above 6 Torr resulted in a deactivation rate of 
l.3(±0.3)xlO"10 molecule"'cm3s"1. The whole vibrational band was 
monitored in fluorescence, so the rate does not include 
relaxation to other individual rotational levels. The 
intercept of Fig. 5-8 gave the SO lifetime corresponding to 80 

0.07 

4 6 
He pressure (Ton) 

10 

Figure 5-8. Stern-Volmer plot for SO(B.v'=2). Deactivation 
rate of He is I.i(+0.2)xl0"10 molecule'em's'1, or excluding 
points above 6 Torr, 1.3(±0.3)xlO"10 molecule"1 cm3s"'. 
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i n 
mTorr SOj precursor pressure and agrees with Fig. 5-7. 

To help in understanding the perturbation of the SO(B,v'=2) 
level, the SO(B) lifetime was measured following excitation on 
most all the absorption lines accessible to the narrow-band 
KrF laser (Fig. 4-19). A new fill of 100 mTorr SOj "as used 
for the lifetime determination on each excitation line. Four 
shots were averaged and background data were taken with the 
laser tuned to the nearest position away from any excitation 
lines. High-fluence ArF was used for photolysis and low-
fluence KrF (0.2 mJ/cra2) for excitation. The lifetimes, 
included in Table 4-10, varied from 28 to 91 ns. Fig. 5-9 
shows two of the decay curves, with excitation at 248.263 nm 
giving T=28 ns and excitation at 248.290 nm resulting in r=59 
ns. The S0(B,v'=2) lifetime values near 30 ns correspond to 
the strongest absorption lines and are most likely from 

1000 

I 100 

" 0 30 60 90 120 150 
time (ns) 

Figure 5-9. Fluorescence decay curves following excitation of 
SO(B,v'=2) on two different rotational lines. 
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unperturbed rotational levels. The deviation from 30 ns of the 
other levels should indicate the degree of perturbation. These 
are not collision-free lifetimes, but values with 100 mTorr 
so2 precursor. The lifetimes, along with the assignment of the 
R and P-branches, will aid in the deperturbation of the 
spectrum, which has not yet been accomplished. 

It is interesting to compare the S0(B,v'=2) lifetime 
following excitation with broadband KrF to those from narrow
band excitation. A Stern-Volmer analysis with Ar added to 5 
mTorr of flowing S0C12 and simultaneous broadband KrF 
photodissociation/excitation gave the collision-free lifetime 
50.1 (±6) ns (Fig. 5-10). Any narrow-band lifetime measurements 
not corrected for the broadband portion of the pulse would 
contain contributions from this 50 ns lifetime. 

0.04 

•T 0.03 -

> 0.02 

0.01 

Ar pressure (Torr) 

Figure 5-10. Stern-Volmer plot for so(B,v'=2) excitation by 
broadband KrF laser pulses. 
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iv. so(B.v'-ll lifetime 

The lifetime of SO(B,v'=l) was measured following narrow
band Raman-shifted KrF excitation on Ru(21)/R33(19) at 252.055 
nra with background subtraction at 252.059 nm. The SO was 
created by high-fluence ArF photodissociation and excited by 
low-fluence (0.05 mj/cm2) Raman-shifted KrF. Fluorescence was 
observed on the (l-»6) vibrational band at 284 nm. A Stern-
Volmer plot, made by varying the S0 2 precursor pressure, gave 
the collision-free radiative lifetime of 33.3(±3.8) ns (Fig 5-
11). The lifetime with broadband excitation of SO(B,v'=l) at 
100 mTorr SO2 was 29..l(+3.5) ns compared to 25.3(±3.0) ns from 
the narrow-band excitation. Since there was no great 
difference in lifetime, as for SO(B,v'=2), the 33.3 ns 
radiative lifetime seemed to be representative of the whole 
vibrational manifold. Narrow-band excitation on a limited 
number of different rotational lines showed no significant 

0.05 

r* 0.04 

> 0.03 

"""O 20 40 60 80 100 
SO precursor pressure (mTorr) 

Figure 5 -11 . Stern-Volmer p l o t fo r SO(B,v '= l ) , vary ing SO; 

p re c u r s o r p r e s s u r e . 

: T.-33.3 ns 
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deviation from this value. 

A comparison of the v'=l and v'=2 lifetime measurements can 
be made with the only previously reported values for SO(B). 
Using the phase-shift method with modulated electron beam 
excitation. Smith [31] measured the radiative lifetimes of 
SO(B) v'=0,l,2 to be 17.3, 16.6, 16.2 (±3.2) ns, respectively. 
The phase-shift technique required assumption of the 
fluorescence decay form and considerable corrections for 
radiative cascading. The lifetimes measured in this experiment 
are believed to be much more accurate, as single vibrational 
levels were excited and fluorescence decays from the single 
vibrational levels were measured directly. 

v, Compilation of Results 
The measured radiative lifetime and deactivation rates of 

this chapter are summarized in Tables 5-2 and 5-3. The 
lifetimes of the individual B,v'=2 rotational levels at 100 
aTorr SO, are given in Table 4-10. The deactivation rates of 
SO(A3n2,v'=5) by He and Ar should not be as different as 
measured, judging by the rates of the lower vibrational levels 
(Table 5-1). The Ar figure is probably less reliable due to 
complications of using S0C12 as the precursor and because of 
the microwave production of SO. 
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radiative lifetime state 
6.9(+0.6) MS A3II,,v'=5 
33.3(±3.8) ns B,V*=1,J'=18,20 
34.7(±3.0) ns B,v'=2,J'=15* 

Table 5-2. Measured SO radiative lifetimes. 

deactivation rate 
(10"12 molecule"1cm3s"]) state/deactivator 

380(±50) A 3n 2,v'=5/S0 2 

10(±140) 
4.2(+0.7) 

A3II2,V'=5/S0C12 

A Jn 2,v'=5/Ar 
41(±8) A3II2,v'=5/He 

1000(±200) B,V'=2,J'=15*/S02 

130(±30) B,v'=2,J'=15 /He 

Table 5-3. Measured total deactivation rates of SO states 
(electronic quenching, spin-orbit relaxation, and vibrational 
relaxation). 
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Chapter 6 
Saturation of SO Excitation 

The saturation of the excitation of SO(A,v'=5~X,v*=0) and 
SO(B,v'=2«-X,v"=2) was measured and compared to simple 
theoretical models. Excitation saturates when stimulated 
emission out of the upper level caused by the excitation pulse 
becomes comparable to the induced absorption into the upper 
level. At this point, an increased laser pump fluence only 
cycles the population up and down faster, never increasing the 
excited level population. 

A very important effect in the narrow-band excitation of 
diatomic molecules such as SO, is the collisional mixing of 
the lower-state rotational levels during the excitation pulse. 
Rotational mixing is essential for increasing the excited 
population beyond that available in a single rotational level 
of the lower state. Rotational mixing was investigated by 
measuring the excitation saturation fluence as a function of 
added buffer gas pressure. Simple models were used in 
conjunction with the measured data to estimate the fraction of 
lower-state population that could be excited to the upper 
state, and thus contribute to any SO laser output. 

Saturation of laser induced fluorescence as a function of 
the laser fluence can also provide evidence of excited state 
absorption. K fluorescence yield that reaches a maximum and 
then decreases with increasing laser pump fluence shows 
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evidence of induced absorption out of the excited electronic 
state. 

Saturation fluence measurements are difficult, especially 
at high fluences, where care must be taken to account for the 
broadband portion of the narrow-band laser pulse and to use 
the correct laser beam diameter in calculating the laser 
fluence. 

I. Theory and •odelino of saturation in SO 
in modeling the interaction of the KrF laser pulse with SO 

molecules, the medium was assumed to be homogeneously 
broadened. Although not rigorously correct, this assumption 
was a good approximation since the KrF laser linewidth (0.18 
cm"1 narrow-band, 50 cm"1 broadband) was greater than the 
Doppler width of an SO absorption line (0.07 cm"1) and 
interacted with all velocity components of the line. 

The rate of change of a level population N2, due to 
stimulated emission out of N2 and absorption from another 
level N|, caused by an interaction with a laser of intensity 
I(v), is, 

where a convenient measure of the probability of absorption is 
given by the absorption cross-section, defined as, 
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g 2 A 2IC-
9i 8nv2 

g L(v), (6-2) 

where g, and g 2 are the level degeneracies, AJI t n e Einstein A-

coefficient, c the speed of light in the medium, and g^(v) the 

normalized absorption line-shape function. The laser intensity 

per unit frequency interval I(v), is equal to the total 

intensity I v {W/cm 2), multiplied by the normalized intensity 

line-shape function g|(v), 

I(v) = I.g^v) . (6-3) 

Assuming the frequency v, varies slowly over the range of 

g L(v) and gj(v), the l/v3 term can be pulled out of the 

integral when Eqs. 6-2 and 6-3 are substituted into Eq. 6-1, 

$ • fMi-'-H-i'-'^'™- (6-4) 

With the definition of the effective absorption cross-section, 

°«"« = f ̂ /9L<V)9l(v)dV' (6~5) 

Eq. 6-4 can be written, 

£..^-|*)&. 
From here on, the subscript (eff) on the effective absorption 

cross-section will be dropped, with the understanding that a a 

includes the overlap of the laser frequency profile with the 
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Saturation of a two-level system 
The saturation of the absorption between two individual 

rotational levels in SO can be modeled as a two-level system 
when there is no collisional coupling among the rotational 
levels on the time-scale of the laser pulse. The population of 
the lower rotational level is N,=[SO(X,v",J")], and that of 
the upper level refers to either the A or B-state, 
N2=[SO(A/B,v',J')]. 

A complete rate-equation description of a two-level system 

(Fig. 6-1) with absorption cross-section <Ja(v), subjected to 

a laser intensity lv(x,t) at position x=(x,y,z), and time t, 

includes equations for the two level populations. 

dt .(».*«»-tw.«)i|H.f. («. 
dil2(x, t) 

dt . ^ ( x . t l - ^ d t ) ] 1 ' ' ^ ' - ^ , (6-8) 

and the radiation transport equation (including spontaneous 

SO(A/B) 

SO(X) 

, i \ 

<Ja 

1 
\ 

Nz 

N, 
Figure 6-1. Level diagram for saturation of a two-level 
system. 
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emission), 

i aivtx, t) aiv<x,t) 
^ ^ AD ( 6 " 9 ) 

- -OjN, (X,t)-^N, IX, t) II. + hVNjClCtJA,,-^, A ^ 1 (x, t) --5iN2 (x, t) jlv + hvN 2 (X, t) AJJ-

where df) is the solid angle represented by the laser beam 

area. 

Assuming all the population is initially in the lower 

state, N ]{t=0)=N t o t, where N t o l is the total population 

( N ^ l ^ + N j ) , the system (Eq. 6-7 to 6-9) can be solved for the 

population in the upper state after interaction with a laser 

pulse of duration r p. if the laser pulse is assumed spatially 

uniform with a pulse duration much less than the upper-level 

lifetime (Tp«T 2), and the medium is assumed optically thin 

with uniform initial population, then a single equation for N 2 

suffices to describe the excitation. 

^ •+<«>">' I , ( t ^ •+<«>">' hv 

Solving for N 2 ( t ) , 

, , - /Vt'XJt' 
N , ( t ) =e ' - ' 

* . « 
:„ ) e/A«'"*Vr (6-11) .AorMt >« -dt'' 

where the absorption saturation fluence is defined, 

r hv "'•-Ml' 
The definition of the pulse energy fluence (J/cm2) is. 

(6-12) 
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r = j"iv(t)dt. (6-13) 

Using the substitution, 

y(t) = j^l,(t')dt', (6-14) 

with dy=Iv(t)dt, y(-»)=0, and Y(00)=r, leads to, 

N2(t) = e — ' / - - ^ N c o t / ; , t ) e ^ d y = 3^ [ l. e-, ( C 1/r. ]_ ^ ^ 

After the laser pulse, or equivalently at t=<=, 

*- (Si 1 1- 6"' 1-
If the level degeneracies are equal, a maximum of one-half of 
the initial lower-level population can be excited, at which 
point stimulated emission balances the induced absorption. The 
absorption saturation fluence ra, is a measure of the laser 
pulse energy fluence necessary to excite (l-l/e)w63% of the 
maximum possible population to the upper level. The condition 
Tp<T2, necessary to reach the analytical solution (Eq. 6-16), 
only holds for SO(A), but the expression can still be used as 
a rough guide in describing the saturation of SO(B). The 
fluorescence F, measured after excitation of SO is directly 
proportional to the population excited to the upper level, 
with a constant of proportionality C,, 



F = C,l-e -r/r,i 
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(6-17) 

Saturation of simultaneous production and excitation 
The simultaneous saturation of the dissociation of S0C12 to 

form SO(X) and the saturation of the absorption from so(X) to 
SO(A/B) can be modeled by the rate equations for a low 
pressure, optically thin medium (level diagram, Fig. 6-2), 

dNd 

dt -°dNdTi hv' (6-18) 

^i= f 0 dN di-c a( N l-ilN 2)il, dt " ahv * * g2
 2 *.. hv' (6-19) 

*&-„.<*-&«,>£-&. dt g2
 2 hv xz 

(6-20) 

dN3 _ N2 

"dt""TT' (6-21) 

SO(A/B) 

SO(X) 

soct 
od 

-N2 
\T 2 

N3--N, 

-N* 

-SO(X') 

Figure 6-2. Diagram for saturation of simultaneous KrF 
production and excitation of SO. 
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with Nd=(SOCl2], N,=[SO(X,v',J')], N2=[SO(A/B,v',J')]« and 
N3=[SO(X')]. N 3 consists of all rotational and vibrational 
levels of SO(X) not included in Nj. The relaxation from N 2 to 
N3, with lifetime T 2, is directly proportional to the observed 
fluorescence. Level degeneracies of N( and N 2 are given by gj 
and g 2 and f denotes the fraction of dissociated S0C12 that 
ends up as SO(X). The S0C12 absorption cross section a d is 
assumed constant over the KrF tuning range whereas the SO 
absorption cross section a a depends on the specific rotational 
line excited. There is no collisional mixing of rotational 
levels during the laser excitation. 

When the KrF laser pulse duration is short compared to the 
SO upper-level lifetime (T-«T 2), as for excitation to SO(A), 
Eqs. 6-18 to 6-21 can be solved analytically to yield the 
observed fluorescence, 

F = ̂ _Jr d(i-e- r / r<) -r4(l-e-r/r«)]. (6-22) 

C, is the constant of proportionality between the excited 
population and the observed fluorescence. The laser pulse 
energy fluence is r (Eq. 6-13). The saturation fluence 
associated with the dissociation is rd=hv/ad, and the 
absorption saturation fluence is. 
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The low-fluence (r-cra,rd) limit of Eq. 6-22 is quadratic in r, 

c r 2 

F-^r. (6-24) 

and the intermediate range (ra<r«rd, assuming ra<rd) is linear, 

F= cJl-Xj. (6-25) 

When there is no photodissociation step, Eq. 6-22 reduces to 
the single exponential derived above (Eq. 6-17), 
characteristic of saturation in a simple two-level system. 

Saturation with rotational mixing 
When a single rotational transition with no coupling to 

other rotational levels is excited, only the small fraction of 
population in the lower rotational level can be accessed. 
Assuming equilibrium at some effective temperature, the 
population in this single rotational level is given by 
Boltzmann fraction of the total population in the lower 
electronic state (Eq. 4-34). In SO(X) at 300*K, this fraction 
is only 1.5% for the most populated rotational levels. 

To increase the population excited, a buffer gas can be 
added to collisionally mix the lower-state rotational levels 
during the excitation pulse. With complete rotational mixing 
during excitation on a single rotational line, all of the 
lower electronic state population can be accessed, of which 
roughly one-half can be excited. 

The saturation fluence for narrow-band excitation with 
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rotational nixing is roughly proportional to the accessible 
papulation, which in turn depends on the rate of rotational 
mixing during the laser pulse. An example of this can be seen 
by looking at the non-saturated absorption on a rotational 
line by narrow-band light passing through a gas sample. Beer's 
law for absorption, I(z)=I0exp(-Naz), must give the same 
attenuation of the light, irrespective of the amount of 
rotational mixing in the gas. At low pressures with no 
rotational mixing, its is appropriate to think of N as small 
(single rotational level) and a large, whereas at high 
pressures with complete rotational mixing, it is appropriate 
to think of N as large (total population) and a 

correspondingly small. Since the saturation fluence is 
inversely proportional to the cross-section, it will vary from 
low values at low pressures to high values at high pressures. 

A simple model was developed to predict saturation behavior 
with rotational mixing as a function of an effective 
rotational mixing time, rr. This model was used to look at 
saturation in both SO(A) and SO(B). Excitation is assumed 
between two individual rotational levels, N, and N2, each 
coupled with time constant rr to a reservoir of the other 
rotational levels in a given vibrational level of the upper 
(N2) or lower (NJ) electronic state (Fig. 6-3). Population 
transfer by rotational mixing depends on how far away from 
Boltzmann equilibrium the population in the individual 
rotational level is. The fraction of the total population in 
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SO(A/B) 

. T r . 

SO(X) 

N;; • N , 

Figure 6-3- Diagram for model of saturation with rotational 
mixing. Excitation is between individual rotational levels N, 
and N 2, each coupled to the other rotational levels in the vibrational manifold. 

the lower electronic state that should be in the single 
rotational level in Boltzmann equilibrium is given by the 
constant b. Calculated absorption and stimulated emission are 
due to a 15 ns FWHM, temporally Gaussian, spatially uniform 
laser pulse of variable total fluence (intensity I p). The 
effective absorption cross section o a is the value for 
absorption on the single line with no rotational nixing. 
Deactivation of the upper level (quenching, vibrational and 
spin-orbit relaxation) is included in its lifetime T 2, which 
is calculated using Eq. 5-1 and the measured lifetimes and 
deactivation rates of Ch. 5. Degeneracies of the rotational 
levels (g=2J+i) are ignored, as the ratio of the upper to 
lower level degeneracy is near unity for the levels excited. 
The equations describing the level populations, 
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dN\_ -(MNVNJ-N,) 6 ) 

dt tr 

d^^blNVNj-N,)^ T ( 6 _ 2 ? ) 

dt T r - 1 2 h v 

^ = a a ( N l - N 2 ) i - i ^ ^ ^ M - ^ . (6-28) dt * ' 2 hv xE T. 

dN'2 _ - (bfN2+N;
2] -N2) N'2 

dt ~ T T T. 
(6-29) 

dt x. 

were integrated using fourth-order Runge-Kutta with adaptive 
step size starting from normalized initial conditions Nj=l-b, 
N,=b, N2=N2=N^=0. N, and N| belong to SO(X), N 2 and N^ to SO(A) 
or SO(B), and N-j is a sink for the deactivation (quenching, 
spin-orbit and vibrational relaxation) of N 2 and N 2. For a 
given value of rr, the pulse fluence r=/l (t)dt was varied and 
the total population excited to the upper levels (N 2+N 2+N3) 
was calculated. Twenty arithmetically spaced (1,2,4,7,11...) 
fluence values ranging up to at least five times the apparent 
saturation fluence were used to calculate a saturation curve, 
which was fit to give the saturation fluence. At the two 
extremes of minimum and maximum rotational mixing, the 
saturation curves were single exponential (Eq. 6-17), but in 
the transition region they were not. in this region, double 



128 
exponential fits were used and the saturation fluence was 
taken as the l/e point of the composite function (for example, 
as shown in Fig. 6-10). Physically, the deviation from single 
exponential saturation comes from not having a well defined 
maximum population that can be excited. With an intermediate 
value of rotational mixing, an increase in fluence can always 
drive the single rotational level populations slightly further 
from equilibrium. This causes greater excitation from the 
lower level and increased siphoning of population out of the 
upper single rotational level, and thus greater total 
excitation. 

In addition to the saturation fluence, the model provided 
the fraction of available population that could be excited as 
a function of the effective mixing time, assuming complete 
saturation of the excitation. Hatching the model and data, as 
described below, the fractional excitation as a function of 
buffer gas pressure was determined. 

Narrow vs. broadband excitation 
A comparison of narrow and broadband excitation in SO can 

be made by looking at the calculated saturation fluences for 
excitation of SO(A,v'=5«-X,v"=0). The effective absorption 
cross-section for excitation on a single rotational line is 
given by (combining Eqs. 4-28, 4-29, and 6-5), 
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K>c2 W 
8itv2 (2J"+1) (2S+1) (2-5 A 0) 

z v V'/9 L<v)g I(v)dv. (6-31) 

The absorption lineshape function (Eq. 4-30) is Gaussian with 

Doppler width 4v D«0.07 cm"1 (Eq. 4-31). If the laser frequency 

lineshape function is assumed also to be Gaussian with FWHM 

Avp and the line-center frequencies are equal, then the 

integral in Eq. 6-31 can be expressed, 

j"gL(v)gj(v)dv 4 In 2/IT •"'' 
AvJS + Avj (6-32) 

Calculating the effective absorption cross-section for 

narrow-band (Av,»0.18 cm" 1) excitation on R 3 2 ( 8 ) , 1/^=6.9 us 

(Table 5-2), fj./.sil (Table 4-2), z v V-=0.337 (Table 4-4), gives 

a a=2.5X10" 1 7 cm 2. The corresponding saturation fluence is r a=l7 

mJ/cra2 (Eq. 6-12). 

With broadband (Av[»50 cm"1) excitation of only the 1*32(8) 

transition, the calculated values are a a=8.1xl0" 2 0 cm 2 and 

r a=5.2 J/cm 2, both scaled by essentially the ratio of the 

narrow to broadband laser linewidths. The broadband laser 

light will also excite population on all the other rotational 

transitions within its linewidth, with less excitation in the 

wings due to lower intensity. A computer simulation of the 

broadband saturation of excitation to so(A,v'=5), obtained by 

summing over all the rotational line contributions with an 

assumed 50 cm"1 KrF linewidth, gave a broadband saturation 

fluence, r=ll J/cm 2. 
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A comparison of the population excited by the narrow and 

broad laser linewidths can be made with a laser fluence of 
r=l J/cm2. With no rotational nixing, narrow-band excitation 
will pump 0.79% (Eq. 6-16) of the lower electronic state 
population to the upper state, roughly one-half of the initial 
population in the single rotational level. Broadband pumping 
can access nearly all the rotational levels in the ground 
state and with an effective saturation fluence of 11 J/cm2; 
thus 4.3% of the lower electronic state population can be 
excited. 

In making a laser, however, the gain is proportional to the 
population excited to a single rotational level. If 5.2 J/cm2 

is taken as the saturation fluence of the strongest rotational 
transition, only 0.2% of the lower electronic state population 
will be excited into this single level by broadband pumping. 
Rotational mixing due to added buffer gas will have a minimal 
effect on the broadband saturation fluences and population 
excited, since all lower state rotational levels are already 
being accessed. As will be seen, with narrow-band excitation 
and collisional rotational mixing, ten times more population 
than without mixing can easily be excited, or roughly 8% of 
the lower electronic state. The population does distribute 
itself among the neighboring upper-state rotational levels, 
but has all passed through the single rotational level and is 
potentially available to contribute to the SO laser output. 
Thus, to maximize the energy output of a SO laser, narrow-band 
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pumping on a single rotational transition with collisional 
rotational mixing is preferable to broadband pumping. As will 
be discussed in the next chapter, the instantaneous population 
in an upper single rotational level will never exceed roughly 
one-half of the initial lower single rotational level 
population, so the gain coefficient of the SO laser cannot be 
increased by collisional rotational mixing. 

After narrow-band excitation has saturated, the total 
population excited by broadband pumping can easily surpass 
that of narrow-band pumping, and thus the observed 
fluorescence will be greater. However, the population pumped 
into a single rotational level, at reasonable laser fluences, 
will be much less. The upper limit on laser fluence in this 
experiment was approximately 2 J/cm2, limited by window damage 
for the pumping geometry used. 

As measured in Ch. 2, the narrow-band KrF pulse had at 
least a 5% contribution from broadband light. Excitation due 
to the broadband fraction gave a background fluorescence 
signal that had to be subtracted to obtain results due to pure 
narrow-band excitation of a single rotational level. With a 
high enough laser fluence, this background fluorescence became 
comparable to or even exceeded the fluorescence signal due to 
narrow-band excitation. For the saturation results of this 
chapter, high fluence values were required, but for results 
such as the lifetime measurements (Ch. 5), the excitation 
laser fluence was kept below the single rotational line 
saturation fluence. This maximized the signal to background 
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SO(X) was produced as described in Ch. 3. When S0C12 was 
used as the precursor, it was flowed with a pressure in the 
fluorescence cell of 5 mTorr. Static fills of S02 were used, 
with a new gas fill for each laser fluence value. 

S0(A,v'*=5) and S0(B,v'=2) were excited and fluorescence 
observed as described in Ch. 4. At each laser fluence value, 
the fluorescence was measured with narrow-band excitation on 
the absorption line, with narrow-band excitation off the 
absorption line for background subtraction, and with broadband 
excitation. The broadband KrF pulse was obtained at a slightly 
reduced energy by blocking the path between the KrF oscillator 
and grating. S0(A,v'=5) was excited narrow-band on R32(8) at 
248.298 nm with background subtraction at 248.302 nm. 
S0(B,v'=2) was excited on P(16*) at 248.285 nm with background 
subtraction at 248.282 nm. 

The laser pulse energy was varied by attenuation with 
various combinations of neutral-density filters, beam
splitters, and Fresnel-reflecting windows. The energy was 
monitored from a Fresnel-reflected sample of the beam by a 
calibrated vacuum photodiode, and was estimated accurate to 
10%. 

The diameter of the laser beam was varied by down-
col limat ion to increase the fluence. Three overlapping fluence 
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regions were used. The first used the 1.5 cm diameter KrF beam 
with no focusing to give fluence values in the fluorescence 
cell up to 50 mJ/cm2. In the intermediate-fluence region, a 
500 mm and a -200 mm lens were used to down-collimate the KrF 
beam, giving fluences up to 350 mJ/cm2. In the high-fluence 
region, a 500 mm and either a -100 mm or -75 mm lens gave a 
fluence up to 2 J/cm2. When more than one fluence region was 
used in measuring a saturation curve, the beam energy was 
varied with the attenuators so that the fluence range 
overlapped the adjoining region. 

The fluorescence was monitored on the (5-«l) or (0-»0) band 
of S0(A) and the (2->5) band of S0(B) by the PMT. The 
fluorescence curve, as recorded by the transient digitizer was 
integrated by the computer to give a total signal as a 
function of the laser fluence. 

III. Laser fluence Measurement 
The laser beam diameter is a crucial parameter in an 

accurate determination of the fluence. The diameter was 
measured both on Dylux paper [101] and by profiling the beam 
with a laser beam analyzer (Spiricon LBA-100). The laser beam 
profile in the low and intermediate-fluence regions was very 
uniform (for example. Fig. 2-5) and the beam diameter was 
large enough that the Dylux paper gave an accurate measurement 
(estimated accuracy ±5%). However, the tight focusing and 
small diameter required in the high-fluence region led to a 
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very non-uniform beam with uncertain diameter (Fig. 6-4). 

The saturation curves presented consist of plots of 
measured fluorescence vs. fluence. Although the fluence varies 
spatially across the high-fluence laser beam, the fluorescence 
from a given laser shot is plotted vs. a single fluence value. 
The value used is the fluence of an equivalent spatially 
uniform beam: one that will saturate SO in the same manner as 
the non-uniform beam. The calculated points of Fig. 6-5 show 
how the spatially integrated high-fluence beam profile of Fig. 
6-4 will saturate a model two level system with a given 
saturation fluence of 200 mJ/cro2 as the beam energy is 
increased. The spatial integration was performed by summing 
the excitation contribution due to each pixel of area 52x52 

Figure 6-4. Spatial profile of down-collimated, high-fluence 
KrF laser beam. Pixel size is 52 /im. 
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40 60 
energy (mJ) 

Figure 6-5. Calculated saturation of two-level system by laser 
beam with profile of Fig. 6-4. 

nm2. The solid line of Fig. 6-5 is a least-squares fit to a 
single exponential to determine the saturation energy 
(E^IO.4 mJ) which, with the assumed saturation fluence, 
gives the diameter d=0.257 cm, of the equivalent spatially 
uniform beam. The calculated diameter, which depends slightly 
on the relative positions of the calculated saturation points 
and the chosen model saturation fluence, is then used with the 
measured beam energy to compute the fluence. This effective 
high-fluence beam diameter is estimated to be accurate to ±5%, 
the same as for the lower fluence diameters, leading to a beam 
energy fluence accurate to ±20% in all three regions. 

IV. Saturation of sofA.v'*5*-X.v*-0) imitation 
Both narrow and broadband saturation of the 

SO(A,v'=5«-X,v"=0) excitation were investigated. The SO was 
produced in the microwave discharge from S0C12, by 
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simultaneous KrF photodissociation/excitation of S0C12, and by 
ArF photodissociation of S02. The fluorescence scale of each 
saturation curve has been adjusted to reflect the estimated 
fraction of SO(X,v"=o) population excited to SO(A). This was 
done by assuming that excitation on the single rotational line 
saturates at one-half of its lower rotational level population 
fraction. 

Fig. 6-6 shows the saturation of SO(A«-X) with SO(X) 
produced in the microwave discharge at a total pressure of 0.1 
Torr. Each data point consisted of approximately 100 laser 
shots, averaged and corrected appropriately for window 
clouding, variations in SO production and fluctuations in 

100 150 200 
fluence (mj/cm2) 

300 

Figure 6-6. Narrow (•) and broadband (•) saturation of 
SO(A,v'=5<-X,v"=0) excitation with S0(X) created in microwave 
discharge. 
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laser pulse energy. The solid line is a least-squares fit to 

Eq. 6-17 and gives a saturation fluence r a = 19(±5) mJ/cm2 for 

the R 3 2(8) excitation. Assuming that the assigned population 

fraction is correct and that the broadband excitation 

saturates at half the total SO(X,v*=0) population, the 

intersection of the broad and narrow-band curves at 120 mJ/cm2 

can be used to estimate the broadband saturation fluence as 8 

J/cm2. This compares fairly well with the calculated value of 

11 J/cm2. 

The saturation of SO(A~X) with S0(X) created by 

simultaneous KrF laser photodissociation of SOCl 2 and 

excitation of S0(A) is shown in Fig. 6-7. A non-linear least-

squares fit to Eq. 6-22 for the narrow-band excitation gives 

rbroadband 

ninow-b«nd 
• •• * 

500 1000 1500 2000 0 10 20 30 40 50 
flitcoce (mJ/cm2) flueoce (mJ/cm2) 

Figure 6-7. (a) Saturation of narrow (•) and broadband (•) 
simultaneous production and excitation of SO(A-X) from the 
precursor S0C1 2. (b) Low-fluence region showing quadratic and 
linear regions of narrow-band saturation. 
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the saturation fluences ra=l3(±4) mJ/cm2 and rd=106(±25) 
mj/cm2. An expanded view of the low fluence area (Fig. 6-7(b)) 
shows the expected quadratic (Eq. 6-24) and linear (Eq. 6-25) 
regions. ra compares very well to the value from the microwave 
discharge production and both values compare favorably to the 
calculated value 17 mj/cm2. The dissociation saturation 
fluence rd=106(+25) mJ/cm2, compares well with the value 
92(±5) mJ/cm2, calculated from the measured S0C12 absorption 
cross-section at 248 nm (Table 3-1). As a check on the 
estimated 8 J/cm2 broadband saturation fluence from the 
microwave discharge results, the population percentage at 
r=l00O mj/cm2 should be near 6%. This is very close to the 
measured value of Pig. 6-7, indicating that the estimated 
broadband saturation fluence and population fractions are 
reasonably correct. 

In the narrow-band saturation of Fig. 6-7(a) there is no 
evidence of excited state absorption at the KrF laser pump 
wavelength. Excited state absorption, which would be 
detrimental to a KrF-pumped SO(A-X) laser, would cause the 
fluorescence to reach a maximum as a function of fluence and 
then decrease as population is drawn out of SO(A). A numerical 
simulation indicates that the cross section for excited state 
absorption is less than 10"19 cm2. At 2 J/cm2, this cross 
section would cause a 5% decrease from the fluorescence 
maximum. There is no direct evidence for a significant 
decrease in fig. 6-7(a), although a small decrease is possible 
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within the uncertainty of the data points. 

Two further SO(A,v'=5«-X,v"=0) saturation measurements were 
made using ArF photodissociation of 100 mTorr SOj to produce 
So, and either 40 Torr or 200 Torr added He buffer gas. Since 
the added buffer gas caused vibrational relaxation, the 
fluorescence was monitored on the (0-»0) band at 264 nm. The 
pressure was constant throughout a given saturation curve, so 
the rate of vibrational relaxation was equal, and therefore 
the observed fluorescence was the same fraction of the excited 
population. Only the value of the saturation fluence from each 
curve was used. 

The two measured saturation f luences at high pressure along 

relaxation time (ns) 
105 10* 103 10* 10' 10° 

W3 10* KT 1 10° 101 102 103 

total pressure (Torr) 
Figure 6-8. (•) Measured variation in SO(A) saturation fluence 
vs. total pressure. (•) Calculated variation in saturation 
fluence vs. effective relaxation time, matched to measured 
data. 
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with the two values at low pressure are plotted in Fig. 6-8 
vs. the total gas pressure. Overlaid on the measured data 
points is a curve of calculated points (•) of saturation 
fluence vs. effective relaxation time, calculated from the 
simple model defined by Eqs. 6-26 to 6-30. The model used the 
calculated value of the effective absorption cross-section, 
oa=2.5xl0"17 cm2, and ignored the T 2 relaxation terms during 
excitation since even at 200 Torr He, the S0(A) lifetime (-200 
ns) is much greater than the laser pulse-width (15 ns). The 
relaxation-time abscissa was adjusted so that the calculated 
curve matched the measured saturation data, assuming the 
relaxation time was inversely proportional to the pressure. 
This assumption is not necessarily true, but the fit was 
reasonable and there weren't enough data points to try to fit 
a different functional form. The position of the relaxation-
time axis relative to the pressure axis gives an effective 
rotational relaxation time of approximately 5 ns at 100 Torr. 
This is time for roughly five collisions. If the change in 
rotational angular momentum per collision is one unit (AJ=±l), 
then the average molecule is a few rotational levels away, 
just as expected from the Boltzmann distribution. 

The model also gives the calculated population fraction 
that can be excited (assuming fully-saturated excitation) as 
a function of relaxation time, and thus as a function of 
pressure (using Fig. 6-8). As will be shown, the maximum 
excitation to SO(A,v'=0) occurs with approximately 100 Torr He 
buffer gas (Ch. 8). Fig. 6-9 shows that only 3.5% of the 
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Figure 6-9. Calculated fully-saturated fraction of SO(X,v"=0) 
excited to SO(A) as a function of total pressure, using 
measured data of Fig. 6-8. 

ground electronic state population is excited to S0(A) at 100 
Torr. Quenching overcomes the benefits of increased excitation 
at higher pressures. 

V. saturation of SO(B.v'»2«-v'«21 imitation 
Saturation fluences were measured for SO(B,v'=2«-X,v"=2) 

excitation at various pressures of helium buffer gas in the 
range 0-100 Torr. The SO was produced by ArF photodissociation 
of 100 nTorr SO2 and fluorescence observed on the (2-»5) 
vibrational band at 270 nm. single and double exponential fits 
of the time-integrated intensity vs. fluence were used to 
extract the value of the saturation fluence. 

A comparison of the saturation of excitation to SO(B,v'=2) 
at 0 and 100 Torr He is plotted in Fig. 6-10. The 
fluorescence scale of both the 100 Torr curves was adjusted so 
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Figure 6-10. Measured saturation of SO(B,v'=2«-X,v*=2) 
excitation by: (•) narrow-band KrF, 100 Torr He; (•) broadband 
KrF, 100 Torr He; (*) narrow-band KrF, no He? (•) broadband 
KrF, no He. 

that the 100 Torr broadband curve overlapped the 0 Torr 
broadband curve. Although the total fluorescence signals at 0 
and 100 Torr differ because of quenching and vibrational 
relaxation, the fraction of population excited from the lower 
vibrational level by broadband KrF light should be the sane. 
The scale of fractional excitation was established by assuming 
that the 0 Torr He, narrow-band excitation curve saturated at 
65% of the initial rotational level fraction of 0.013 as 
indicated by computer modeling. More that 50% of the lower 
rotational level population can be excited since the short 
SC(B) lifetime removes population from the upper rotational 
level during the laser excitation. The narrow-band 
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fluorescence curves clearly show a larger saturation fluence 
and fractional excitation with 100 Torr He buffer gas than 
with no buffer gas. No evidence of excited state absorption 
was seen in any of the so(B) saturation curves. 

The measured SO(B,v'=2) saturation fluences are plotted in 
Fig. 6-11 at the six values of total gas pressure used. 
Overlaid is the calculated curve of saturation fluence vs. 
effective rotational relaxation time, computed from the 
rotational mixing model of Eqs. 6-26 to 6-30. In the model 
calculation, the SO(B) lifetime T 2, was calculated from Eq. 5-
1 using the measured SO(B,v'=2) lifetime and deactivation 
rates reported in Ch. 5 (Tables 5-2, 5-3). The model used the 
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Figure 6-11. (•) Measured SO(B,v'=2«-X,v"=2) saturation fluence 
vs. total pressure. (•) Calculated saturation fluence vs. 
effective rotational relaxation time, fit to measured data. 



144 
calculated (Eq. 6-31) effective absorption cross-section 
oa=8xl0~16 cm2, and agreed very well with the measured low-
pressure saturation fluence values. The rotational relaxation 
time at 100 Torr is 1.5 ns for S0(B,v'=2) compared to 5 ns for 
SO(A,v'=5). Both numbers are subject to some uncertainty, but 
a faster relaxation rate in SO(B) could be due to a non
thermal distribution of rotational population at the time of 
excitation, the influence of nearby electronic states as 
evidenced by the SO(B,v'=2) perturbation, or the difference in 
coupling of angular momenta in the two states (Hund's cases 
(a) and (b)). 

As with the A-state saturation, the rotational mixing model 
and its match to the experimental data allow estimation of the 
fraction of SO(B,v'=2) population excited as a function of 
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Figure 6-12. Calculated fully-saturated fraction of SO(x,v"=2) 
excited to SO(B,v'=2) vs. He pressure, using rotational mixing 
model and measured data of Fig. 6-11. 
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buffer gas pressure (Fig. 6-12). As will be seen in Ch. 7, the 
SO(B) laser output peaks with 30 Torr He buffer gas, at which 
pressure only 7% of the population initially in SO(B,v'=2) is 
excited. The fraction that actually contributes to lasing is 
governed by the rate of electronic-state quenching and 
vibrational relaxation conpared to the SO(B) laser stimulated 
emission rate (discussed further in Ch. 7). 
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Chapter 7 
so(B) Lasers 

SO(B-X) was first shown to lase in the region 300-350 nn by 
Miller et al. [24] from v'=0 following transverse ArF 
photodissociation of S02 and pumping of SO(B) at 256 nm with 
a frequency-doubled dye laser. In this experiment, new 
ultraviolet lasing transitions from v'=l and v'=2 of SO(B) 
were investigated with longitudinal production and excitation 
of SO using ArF and KrF lasers, respectively. The SO(B) laser 
energy was optimized and the output characterized. 

The results of all the previous chapters were used in the 
demonstration and understanding of the SO(B-X) laser. These 
include: production of SO(X) by ArF photodissociation, 
excitation of SO(B) with the tunable narrow-linewidth KrF 
laser, spectroscopy of SO(B), calculated cross-sections, 
measured lifetimes and deactivation rates of S0(B), and 
saturation of excitation to SO(B) with collisional rotational 
mixing. The simple saturation model of Ch. 6 was successfully 
extended to include the SO(B-X) lasing transition, and was 
shown to model correctly the measured SO(B) laser 
character istics. 

It ExperiMental 
Production of SO was by ArF photodissociation of S02, with 

the ArF laser beam focused into the cell with the 1-m lens, as 
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described in Ch. 3. After a delay of approximately 60 ns, the 
S0(X,v*=2) was excited to SO(B) by the KrF laser. so(B,v*=2) 
was pumped with the down-collimated intermediate-f luence (300 
mJ/cm2) KrF pulse, while S0(B,v'=l) was pumped with the 
undispersed Raman-shifted KrF pulse (appro*. 10 raJ/cm2 shifted 
light). The ArF (3x11 mm) and KrF (7 mm dia.) beams were 
crossed at a small angle so that they overlapped along the 50 
cm length of the cell. The SO lasing axis was the intersection 
axis of the ArF and KrF bean paths. Fig. 7-1 shows one of 
three crossing geometries used, all of which gave similar 
results. Alignment of the SO laser axis and mirrors was first 
done roughly with the aid of a HeNe laser and then optimized 
by walking the beam into the region of highest gain. The S0(B) 
laser was directed into the OMA for optimization and spectral 
resolution. For energy measurements and temporal 
characteri2ation, the S0(B) laser signal was monitored by a 
fast vacuum photodiode (ITT 4018, <0.5 ns risetime) connected 
to the Tektronix 7912AD transient digitizer (500 MHz). Neutral 
density (ND) and 270 nm band-pass filters of known 

Figure 7-1. Crossing geometry of ArF photodissociation beam, 
KrF excitation beam, and SO(B) laser axis. 
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transmission were used to limit laser light input to the 
photodiode and OHA, with up to ND=5.5 required with the 
maximum SO(B) laser signal into the OMA (30 jra slit). The 
energy response of the photodiode was calibrated with 7 ns 
pulses of known energy at 266 nm from the fourth harmonic of 
a NdrYAG laser. 

The cell windows along the laser axis were mounted at 
(approximately) Brewster's angle. Many samples of CaF2 and 
guartz were tried, and all were damaged quickly (few days to 
a couple of weeks) by color-center formation and laser 
absorption into sulfur deposits. The input window for the 
high-fluence ArF pulse was especially easily damaged. Measured 
transmission through the damaged windows dropped as low as 70% 
at 270 nm and 40% at 193 nm. Heating of the Brewster-angle 
windows and holders to prevent build-up of sulfur deposits was 
attempted, but caused vacuum leaks around the windows. 

The mirror separation was typically 60-80 cm. Longer cavity 
lengths were necessary when using a dielectric-coated output 
coupler. This reduced the ArF fluence incident on the coating, 
which otherwise could easily be damaged in one shot. A 1-m 
radius of curvature (RC), 266-294 nm high-reflector (HR) or a 
1-m RC, 295-325 nm HR mirror was used as the back mirror (ArF 
input side). For the laser transitions demonstrated, the 
output coupler was a 5-m RC, 266-294 nm HR (1%T at 270 nra), or 
a planar 92%T window (Corning 7940). 

Static fills of S0 2 were used for all of the S0(B) laser 
characterization. The S0(B) laser signal would decrease during 
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the use of a fill, reaching 50% of maximum after approximately 
300 shots. This was due to loss of S02, and increased 
quenching and absorption by the photolysis by-products. The 
cell pressure decreased roughly 20% during the 300 shots, 
indicating formation of heavier molecules and/or deposition on 
the walls. For the SO(B) laser optimization data, the number 
of shots in each S02 fill was kept to a minimum (<20), and 
reference shots were taken to correct for undesired variation 
in the S0(B) laser output. 

The absorption cross-sections of S0 2 and S0C12 in the 
ultraviolet were measured to estimate absorption losses in the 
laser cavity at the lasing wavelengths (Figs. 7-13, 7-14). The 
cross-sections were determined by measuring the attenuation of 
light from a deuterium lamp across a known distance and 
pressure of precursor gas. The spectrum of the lamp was 
monitored by the OMA. The cross-section was measured at many 
pressure values and the pressure range that gave a constant 
value for the cross-section was used to obtain an average 
value. Pressures up to 50 Torr S0C12 and 100 Torr SO2 were 
used. The values averaged at a given wavelength typically 
consisted of 15 data points with attenuations {!„/!) in the 
range 1.05 to 200. The measurements were then repeated using 
a ND filter to reduce the D 2 lamp signal and verify that the 
cross-sections values remained the same. For S02 below 240 nm, 
no region of pressure or 1̂  lamp intensity variation gave a 
constant cross-section, so no values are reported. For SOCl2, 
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the technique worked down to 200 nm. The same procedures were 
used to measure the attenuation of lines from a Zn lamp in 
S0C1 2. 

II. KrF laser pimped SOfB^ lasers 
Six new ultraviolet lasing transitions were demonstrated on 

vibrational bands from v'=l and v'=2 of S0(B). Using the 266-
294 nm HR back mirror, the 260-280 nm output coupler, and with 
narrow-band KrF pumping on P(16*) at 248.285 ran, the three 
transitions at 262 nm (2-»4), 270 nm (2-»5), and 278 nm (2-»6) 
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Figure 7-2. New lasing transitions demonstrated on vibrational 
bands of SO(B-X). 
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were shown to lase (Fig. 7-2(a)). With the same mirrors and 
Raman-shifted KrF pumping on R,(21)/R3(19) at 252.055 nm, 
lasing at 284 nm (l->6) and 293 nm (l-*7) was demonstrated (Fig 
7-2(c)). Lasing from the middle v'=2 vibrational lobe at 315 
nm (2-*l0) was achieved using the 295-325 nm HR back mirror and 
92%T window output coupler (Fig. 7-2(b)). Lasing on 
transitions further to the red was not attempted. The S0(B) 
spectra of Fig. 7-2 were recorded with the OMA and the signal 
strengths of the three plots are not related. The S0(B) laser 
lines with double peaks were lasing on the P and R-lines 
following excitation of the single rotational level by the 
narrow-band KrF laser. 

The low-resolution fluorescence spectra from v'=l and v'=2 
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Figure 7-3. Fluorescence spectra of SO(B,v'=2) and SO(B,v'=i), 
with transitions shown to lase marked (*). 
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are shown in Fig. 7-3 with a "*n marking the vibrational 
transitions that lased. As expected, the transitions with the 
largest fluorescence signals and greatest cross-sections were 
the ones shown to lase. The (2-»5) transition at 270 nm had a 
high gain and would lase with any of the mirrors used, so it 
was used to line up the cavity when attempting lasing on any 
of the other transitions. Since all the lasing transitions for 
a given pump wavelength were from a common upper level, gain 
competition limited the transitions that would lase. This was 
especially true from v'=2 since the (2-»5) transition always 
lased. 

Either narrow or broadband KrF pumping could be used to 
obtain lasing from SO(B,v'=2). Under similar lasing conditions 
with no buffer gas, narrow-band pumping, due to its greater 
spectral overlap with individual SO absorption lines, gave a 
laser output 50 times that of broadband pumping. When a buffer 
gas was added, the lasing strength with broadband pumping 
decreased because of increased quenching and vibrational 
relaxation. With narrow-band pumping, however, addition of the 
buffer gas increased the laser output due to greater 
excitation caused by collisional rotational mixing. The SO(B) 
laser output increased with buffer gas pressure until the 
benefits of rotational mixing were overcome by the drawbacks 
of quenching and vibrational relaxation. 

When the Raman-shifted KrF laser was used to pump the 
SO(B,v*=l) lasing transitions, it was not dispersed from the 
unshifted KrF light. The excitation pulse was approximately 
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70% unshifted and 30% Raman-shifted light. As the narrow-band 
pump laser was tuned, lasing was observed from v'=i when a 
SO(B,v'=l«-X,v"=2) absorption line was overlapped by the Raman-
shifted light, and from v'=2 when a SO(B,v,=2«-X,v"=2) 
absorption line was overlapped by the unshifted KrF laser. One 
coincidence in the narrow-band pumping was found at 
248.212/251.880, where simultaneous lasing from v'=l and v'=2 
was observed (Fig. 7-4). The excitation lines were not exactly 
overlapped, so the laser wavelength was adjusted to give 
approximately equal signals from the v'=l and v'=2 lasers to 
obtain this spectrum. 

Lasing from SO(B) was also attempted with S0C12 as the 
precursor gas. Lasing on the (2-»5) transition was first 
optimized with so2 as the precursor. The cell was then emptied 
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Figure 7-4, simultaneous lasing from SO(B) v'=l and v'=2 with 
overlapped excitation by KrF and Raman-shifted KrF pulse. 
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and refilled with S0C12. Pressures of SOCl2 in the range 50-
500 mTorr were tried, but no evidence of S0(B) lasing was 
seen. The smaller production efficiency of S0(X,v*=2) from 
S0C12 (Ch. 3) and increased quenching and absorption by the 
undissociated S0C12 and S0C1 evidently prevented the so(B) 
laser from reaching threshold. 

The (2->5) lasing transition of S0(B) at 270 nm gave the 
largest output signal, so all subsequent optimization was done 
by monitoring the time-integrated laser signal at this 
wavelength with the OMA. Lasing on the (2-«4) and (2-»6) 
vibrational bands was usually not as strong as indicated by 
Fig. 7-2(c). Most of the time only the (2-»6) peak would show 
appreciable strength along with (2-»5). With the 92%T output 
coupler, usually only (2-»5) would lase. 

Optimization of SO(B,v'«2-»X,v*«5) lasing 
The laser output on the (2-5) transition was greatest under 

the following conditions: narrow-band pumping on P(16*) at 
248.285 nm, 0.3 Torr S0 2, 30 Torr He, 60 ns delay, and maximum 
KrF and ArF laser fluences. Unless noted otherwise, the 
optimization plots of this section were obtained by varying 
the above parameters one at a time, keeping the others fixed 
at their optimum values. The 1%T output coupler was used for 
all the optimization plots, and the time-integrated (2-5) 
laser signal was monitored by the OMA. The peak laser signals 
corresponded to energies of approximately 200 nJ, as discussed 
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in the following section. 

By scanning the KrF laser pump wavelength and monitoring 
the (2-5) laser signal on the OHA, the optimum pumping 
transition was found to be P(16*) at 248.285 nm (Fig. 7-5(b)). 
The other strong transition, R(14*) at 248.017 nm, pumped the 
same upper rotational level. The fluorescence excitation 
spectrum (Fig. 7-5(a)) shows no indication that these two 
transitions should be especially strong in pumping the S0(B) 
laser, although the fluorescence spectrum was measured with no 
added buffer gas. The reason that pumping this single upper 
rotational level (J=15*) gave a much stronger S0(B) laser 
output than pumping any other rotational level is unknown. 
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Figure 7-5. SO(B-X) laser excitation spectrum (b) compared to 
fluorescence excitation spectrum (a). 
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Here data on the optimization of pumping other rotational 
levels, data on the variation of the fluorescence excitation 
sj ectrum as a function of buffer gas pressure, and an 
urderstanding of the SO(B,v'=2) perturbation are needed. 

The optimum SOz pressure was 0.3 Torr (Fig. 7-6) as 
predicted by the ArF absorption measurements of Ch. 3. Above 
0.3 Torr, too much ArF light was absorbed in the first part of 
tha cell where the ArF beam was largest, leaving too low a 
fluence to dissociate the whole length. Lower SOj pressures 
decreased the SO population available for excitation and 
lesing. 

Starting with 300 mTorr S0 2 and adding He or Ar buffer gas 
graatly increased the S0(B) laser output due to the increased 
rotational mixing and excitation (Fig. 7-7). At still higher 
prassures, vibrational relaxation and quenching overcame the 
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Figure 7-6. Variation in SO(B) laser signal with S02 precursor 
pressure. 
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Figure 7-7. Variation in SO(B) laser signal with added buffer 
gas. 

benefits of increased excitation. Argon seemed to be slightly 
more efficient at rotational nixing, quenching and vibrational 
relaxation, but gave the same peak SO(B) laser output as He, 
occurring at a slightly lower pressure. All other measurements 
were performed with 30 Torr He buffer gas pressure. 

S0(B,v'=2) is created rotationally hot by ArF 
photodissociation, with J=20-40 [14] (most probable state is 
J=12 at 300*K). Rotational relaxation down to J<20 which is 
accessible to KrF pumping then competed with vibrational 
relaxation out of v"=2 and diffusion of S0(X) out of the 
excitation region to determine the optimum delay time between 
the creation and excitation of SO (Fig. 7-8). The delay time 
was typically set to 60-70 ns with 20 ns laser-firing jitter. 

Varying the KrF laser fluence showed that, as expected for 
30 Torr He, the pumping was completely saturated for the usual 
KrF fluence value of 300 mJ/cm2 (Fig. 7-9). Although there art 
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Figure 7-8. Variation in SO(B) laser signal with time delay 
between ArF photodissociation and KrF excitation pulses. 

not many data points, the saturation fluence for this curve is 
15 mJ/cm2, agreeing with the fluorescence saturation 
measurement for SO(B,v'=2«-X,v"=2) at 30 Torr He (Ch. 6). 

Reducing the ArF dissociation fluence below its maximum 
value resulted in diminished SO(B) laser output due to 

SO 100 ISO 200 250 
KrF laser fluence (mJ/cm 2) 

Figure 7-9. Variation in SO(B) laser signal with KrF pump 
laser fluence. 
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decreased SO production (Fig. 7-10). The ArF laser energy 
decreased slowly with time and with use, caused by the loss of 
fluorine in the gas mixture. The ArF gas mixture was usually 
changed when the ArF laser energy fell to 80% of its maximum 
value, or when the maximum SO(B) laser output was desired. One 
gas fill in the ArF laser typically lasted a few days. 

200 300 400 500 
ArF laser fluence (mJ/cm 2) 

Figure 7-10. Variation in SO(B) laser signal with ArF laser 
photodissociation fluence. 

SO(B) laser characterization 
The peak small signal gain coefficient was estimated by 

inserting attenuators into the SO(B) laser oscillator until 
lasing on the (2-5) transition at 270 nm terminated. Lasing 
was still observed with only 0.83% transmission per pass, 
corresponding to a gain of 120 per pass or 0.1 cm'1. With this 
large gain, SO(B) lased easily with a 92%T window as the 
output coupler. 

The relative temporal evolution of the ArF photo-
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dissociation, KrF excitation, and SO(B) laser pulses is shown 
in Fig. 7-11. The signals were measured with various 
combinations of ND and band-pass filters and the amplitudes 
are not related. These curves were recorded from the first 
alignment of the SO(B) laser. Traces of the SO(B) temporal 
behavior from two later laser alignments showed strong 
evidence of mode beating (Fig. 7-12). Up to ten longitudinal 
modes were possible in the 0.07 cm'1 Ooppler linewidth of so 
and it appeared that two or three modes were coupled. The 
beating was observed with both the 1%T and 92%T output 
couplers and the time interval was equal to the round trip 
time of the laser cavity, verified by adjusting the cavity 
length. Fig. 7-12(a) was measured with a cavity length 
approximately 15 cm shorter than that of Fig. 7-12(b) and the 
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;gure 7-11. Relative timing of ArF photodissociation, KrF 
excitation and SO(B) laser pulses. 
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Figure 7-12. Evolution and timing of KrF and SO(B) laser 
pulses, showing mode-beating in SO(B) pulse. Cavity length was 
15 cm longer in (b) than in (a). 

difference in cavity round-trip time can be seen. The 
digitizer bandwidth limited the SO(B) laser temporal response 
from being fully resolved. 

The small-signal gain coefficient was also estimated from 
the time delay after KrF excitation for the SO(B) laser signal 
to build up from spontaneous emission. A rough guide for the 
requisite amplification is a factor of e 2 0" 3 0 or g0l=g0CT«25. 
With a build-up delay of T«10 ns from Figs. 7-11 and 7-12, and 
taking into account the difference in gain and cavity lengths 
(50/70 cm), the small-signal gain coefficient is approximately 
go«0.l2 cm"1, in very good agreement with the estimate obtained 
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by inserting attenuators. 

Losses in the laser cavity included absorption by residual 
S02 and damage to the Brewster-angle windows. The measured 
absorption cross-section of S02 over the range 240-315 nm is 
shown in Fig. 7-13. The estimated uncertainty is ±15% and the 
values above 260 nm are approximately a factor of two lower 
than those of a previous measurement by Warneck et al. 182]. 
Absorption at 270 nm by the calculated (Eq. 3-8) 10% SO, 
remaining after photodissociation of 0.3 Torr SO2 gives a loss 
of only 0.02 per pass. 

The absorption cross-section of SOCl2 over the range 193-
315 nm was also measured (Fig. 7-14). The estimated error is 
±10% and the values agree within experimental uncertainties 
with a previous measurement by Uthman et al. [81]. If the ArF 
laser really dissociated 97.6% of an initial 0.3 Torr S0C12 as 
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Figure 7-13. Absorption cross-section of S02, measured with the OHA. Estimated uncertainty ±15%. 
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Figure 7-14. Absorption cross-section of S0C12 as measured by the OMA (line), ArF laser (•), Zn lamp (•), and KrF laser (•). 
Estimated uncertainty ±10%. 

predicted by Eq. 3-8 for unity yield, the loss due to 
absorption by residual S0C12 would be 0.035 per pass. With a 
lower fractional dissociation to SO, the losses due to 
absorption by S0C12 and S0C1 most likely prevent laser 
oscillation. 

Damage to the Brewster-angle windows presented a much 
greater problem than absorption along the cell length. 
Measured transmission at 270 nm dropped as low as 70% on some 
window samples leading to a loss of up to 0.5 per pass from 
the two windows. This had little effect on the 270 nm laser 
line with a gain of 120 per pass, but high quality windows 
would certainly be a prerequisite in attempting to demonstrate 
any low-gain laser transitions from SO(B) or SO(A) using 
longitudinal dissociation and pumping. 
The damaged windows absorbed the 193 nm photodissociation 
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pulse even more strongly. All window samples began with 
greater than 88% (normal-incidence) transmission at 193 nm, 
but when removed from the cell, the most heavily damaged 
windows transmitted only 40% at 193 nm. The concentration of 
SO(X) produced by photodissociation is roughly proportional to 
the ArF laser fluence transmitted through the window. Since 
the S0(B) laser small-signal gain is directly proportional to 
the SO concentration produced, the input window transmission 
at 193 nm is an important factor in the laser performance. 

The above transmission measurements of the damaged windows 
represented the "permanent" damage to the windows, as the 
transmissions were measured several hours after being 
illuminated with excimer laser light. It is very likely 
however, that the window transmission in the region of the 
high intensity (-30 HW/cm2) ArF photodissociation pulse was 
further reduced during the pulse by transient color-center 
formation caused by two-photon absorption. Since the SO laser 
axis was nearly collinear with the dissociation axis, there 
was definitely a potential for large additional losses in the 
so laser cavity. No experimental investigation of the 
transient losses was attempted, but could be performed by 
monitoring the "ring-down" of the laser cavity with and 
without the ArF photodissociation pulse. 

The SO(B) laser energy of the (2-»5) 270 nm line was 
measured to be 200 nJ with the 1%T output mirror and up to 11 
fiJ using the 92%T output coupler. The large difference in 
total pulse energy is indicative of the large cavity loss. The 
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short decay time of the trailing edge of the SO(B) laser pulse 
of Fig. 7-11, for which the 1%T output coupler was used, also 
indicates a very lossy cavity- The SO laser pulse energy 
measurements are estimated accurate to ±25%. 

ITT- Bate-equation Modeling of the SO<B\ laser 
Since the simple model describing saturation of SO 

excitation with rotational mixing (Ch. 6) worked well, it was 
extended to include the SO(B-X) lasing transition. Fig. 7-15 
shows the level diagram and transitions. The SO(B-X) laser 
transition was between levels N 2 and N 4 with stimulated 
emission cross-section a5. The lower laser level, M4, was 
coupled to the other rotational levels of the lower 
vibrational level, N 4 (in this case v"=5). The effective 

S0(B,v'-2) 

Figure 7-15. Level diagram and transitions for rotational 
mixing and SO(B) laser model described in text. 
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rotational nixing time rr, was assumed to be the same in the 
upper and both lower vibrational levels. Transfer of 
population between the single rotational level and the 
rotational manifold, with time constant ir, depended on how 
far from Boltzmann equilibrium (300-K) the population in the 
individual rotational level was. vibrational relaxation out of 
N 4 and N4 occurred with lifetime r4 into N 5, where N 5 

represented all the SO(X) vibrational levels below N4. The 
coupling of the relaxed population back into Nj was ignored, 
as the population in N5 was always small. 

As done with the KrF pump laser in the absorption 
saturation model, the exact frequency dependence of the SO(B-
X) laser was not carried through. Analogous to Eq. 6-31, an 
effective stimulated emission cross-section that includes the 
overlap of the SO(B-X) laser lineshape with the SO(B) Doppler 
linewidth was used, 

87tv2 (2J'+1) (2S+1) (2-6A0) „''/gL(v)gI(v)dv. 

For simplicity, the SO(B-X) laser line-shape function was 
assumed to be Gaussian with FWHH equal to the SO(B) Doppler 
width. The calculated effective S0(B,v'=2,J'=15->X,v"=5,J"=14) 
stimulated emission cross-section at 270 nm, using Eq. 6-32 
for the overlap integral, A^l/35 ns (Ch. 5) , £J,J»=16 (Table 
4-3), and zvV.=0.l6 (Table 4-6), is 6.8xl0"ls cm2. 

The rate equations describing the level populations, KrF 
pump laser intensity lp, and SO(B-X) laser intensity l s o, are 
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given by the variation in time of the following: 
reservoir of rotational levels for lower pump level, 

(7-2) dN'^ - (b [NVNJ -H X) 
dt T T 

lower pump level, 

dt T, a 1 z h V p 

upper pump level/upper laser level, 

(7-5) 

reservoir of rotational levels for upper laser level, 
dN'2 _ -<b[N2-N'2]-N2) N'; 
dt Tr ~ T2 ' 

sink for deactivation of N 2 and N 2, 

dN'3 _ <Na+N'a) ( ? _ 6 ) 

dt t2 

lower laser level - single rotational level, 

^ , B . ( V H t ) ^ L , « » ^ - " * > - & , (7-7) 
d t B < : I n V s o t j T i 

reservoir of rotational levels for lower laser level, 
dM'4 = - (b [N4-m'4l -N4) H\ 8 ) 

dt xt ' lt ' 

sink for relaxation from N 4 and N4, 

**1 - ( N ^ N / « ) (7-9) 
dt x4 

SO(B) laser intensity, 
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•5is° = co (N -N > I î 2 _ h° + chv JJ ̂ S£ A , , ,, ,,^9. (7-101 

The cavity decay time is defined [103], 

^ **£ , (7_11} [ln(R1Rz)-1-2ocLso] 

where R, and R2 are the mirror reflectivities, Lc is the cavity 
length, and L^ is the SO gain medium length. All cavity 
losses other than the mirror reflectivities are lumped into 
the absorption coefficient ac. 

Many assumptions and varying degrees of approximation went 
into the use and solution of these equations. A summary of the 
values used to obtain the results of Fig. 7-16 is given in 
Table 7-1, as well as being described below. The equations 
were solved under conditions matching those of the (2-5) laser 
optimization: 0.3 Torr SO2 precursor, 30 Torr He buffer gas, 
300 mJ/cm2 KrF excitation pulse, and high-fluence ArF 
photodissociation of 90% of the S0 2. The initial and excited 
population densities, the KrF pump-laser intensity (I p), and 
the SO(B-X) laser intensity (£50) were assumed uniform 
throughout the excitation volume. The KrF temporal profile of 
Fig. 7-11 was used as the KrF pump laser pulse-shape, with 
scaling to give a 300 mJ/cm2 pulse. The 300"K Boltzmann 
fraction of population in J=16 was used for the equilibrium 
value, b=0.013. The absorption cross-section 0a=7xlO"16 cm2, and 
effective rotational mixing time rr=3.8 ns, were those found 
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b = 0 . 0 1 3 C J S = 6 . 8 X 1 0 " 1 5 cm 2 

r r = 3 . 8 n s T 4=B fis 

: o a =8xlO" 1 6 cm 2 Lso=50 cm 

v p = 1 . 2 1 x l 0 1 5 s"1 L c=70 cm 

T 2 = 5 . 3 ns T C = 1 . 5 ns 

v s o = l . l l x l 0 i s s"1 A v - j ' v . j -=5 .5x l0 5 s ' 1 

dn=1 .6x l0" 6 s t e r 

i n i t i a l c o n d i t i o n s : N [ = 6 x l 0 1 5 cm"3 

N , = b N j = 7 . 9 x l 0 1 3 cm"3 

N2=N^=N^=N4=Ni=N5=0 

Table 7-1. Values used in computer model of SO(B-X) laser to 
obtain results of Fig. 7-16. 

for the saturation of excitation on this transition at 30 Torr 
He (Ch. 6). The lifetime of the upper laser level was reduced 
to T 2=5.3 ns at 30 Torr He by quenching and vibrational 
relaxation. This assumed a deactivation rate of 1.6xl0"10 

molecule"1cm3s"1, the highest rate within the error bars of the 
measurement of Ch. 5. The higher deactivation rate was 
necessary for the results of Fig. 7-17, to be discussed later. 
Judging from the decrease in S0(B) excitation with time delay 
caused by vibrational relaxation of S0(X,v"=2) (Fig. 4-6), the 
lifetime of the lower S0(X) vibrational levels was long 
compared to the excitation and lasing pulses, with TJ»T 4«8 its 

(T t not included in model). The initial population in 
S0(X,v"=2) was 70% in v"=2 (Table 3-2) of the 90% dissociated 
(Eq. 3-8) of the initial 0.3 Torr S0 2 for a value of 
N,+N',=6xl0is cm"3. The fraction b=0.013 or N,=7.9xl013 cm'3 was 
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initially in the lower single rotational level. 

To get the gain coefficient computed by the model to match 
the measured value, a reduction by a factor of two in the 
product of the initial population and the stimulated emission 
cross-section was necessary. Some, but probably not all of the 
factor of two can be accounted for by a lower initial SO 
concentration caused by absorption of the ArF photo-
dissociation pulse by the damaged input window. Also possible 
is a reduced effective stimulated emission cross-section due 
to hole-burning in the inhomogeneous gain profile which is not 
properly taken into account in this simplified model. 

The terms on the right hand side of the equation for the 
amplification of IgQ (Eq. 7-10) contain 1^=50 cm and Lc=70 cm 
to account for the difference in gain and cavity lengths. The 
cavity decay time T C, which is the ratio of the time per pass 
to the loss per pass, was adjusted to 1.5 ns to give the sharp 
drop-off in SO(B) laser intensity observed in Figs. 7-11 and 
7-12. The modeled decay time and energy output assumed use of 
the 92%T output coupler. In the spontaneous emission term 
(last term, Eq. 7-10), the Einstein A-coefficient is 
Ay.jv-j.̂ 5.5xl05 s"1 (Eq. 4-18) and the solid angle is dt^l.exlO"6 

(dia.=l mm,length=70 cm). The model results were not sensitive 
to variations in the spontaneous emission term over a couple 
orders of magnitude. Degeneracies of the rotational levels 
(2J+1) were ignored as the ratio of upper to lower degeneracy 
was close to one. 
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Figure 7-16. Temporal evolution of modeled SO(B-X) laser 
parameters described in text. Input values summarized in Table 
7-1. 

The rate equations were integrated using fourth-order 
rtunge-Kutta with adaptive step size to yield the results in 
Fig. 7-16, where the temporal evolution of many of the 
important quantities is plotted. The population densities were 
normalized to the initial lower vibrational level population 
(N,+Nj). The SO(B) laser gain coefficient is g=as(N2-N4), and 
the KrF and SO(B) laser intensities are plotted in arbitrary 
units, scaled to roughly the same height. 

The fluence of the calculated SO(B) laser pulse was 1.4 
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mJ/cm2. With an estimated 1 mm diameter lasing area, this gave 
a calculated pulse using the 92%T output coupler of energy 11 
H3, which matched the measured pulse energy. The calculated 
values of 0.1 cm"' small-signal gain coefficient, 10 ns delay 
in S0(B) laser build-up, and roughly 15 ns FWHM pulse-width 
were all consistent with the measured results. 

An important point in following the population evolution is 
that the population in the upper single rotational level (N2) 
can never exceed roughly one-half of the initial lower single 
rotational level population (N]). This puts a severe 
restriction on the possible laser gain, as the maximum 
population that can contribute to the gain is only one-half of 
the initial lower rotational level population. The gain cannot 
be increased with collisional rotational nixing even though 
the total energy output can be greatly enhanced. The model 
results show the expected behavior of gain saturation and 
population inversion decreasing to its threshold value during 
lasing. 

The calculated total fraction of population pumped to the 
upper level, (N ^Hj+Nj+N^+fy+Hj+l^) after the pumping pulse 
was 0.075 (Fig. 7-16). The amount that went into SO(B-X) 
lasing (NL=N4+N4+N5) was 0.012. This gave an efficiency of 0.16 
for utilization of the absorbed photons, with the losses due 
to the high quenching and vibrational relaxation rates. The 
total fraction pumped to the upper level was roughly six times 
t.he initial population in a single lower rotational level and 



173 
twelve times that which could be excited with no collisional 
rotational mixing. The actual extracted laser energy exceeded 
that potentially available from a single rotational line. 

The temporal evolution of the measured SO(B) (2-»5) laser 
pulses depended on the exact population flow among the upper 
and lower rotational levels, lasing on other vibrational 
bands, saturation hole-burning and of course, mode coupling, 
none of which was included in the model calculation. The SO(B) 
laser intensity was also certaii.ly not constant along the 
length of the cavity, as assumed in the model. The exclusion 
of these effects made it impossible for the model to give the 
precise temporal evolution of the SO(B) laser pulse, although 
the pulse temporal width, build-up delay, and energy were 
calculated reasonably accurately. 

The calculated variation in SO(B) laser output with He 
buffer gas is plotted in Fig. 7-17. The two parameters that 
varied with the He pressure were the rotational mixing time 
and the upper level lifetime. The rotational mixing time rr as 
a function of pressure was taken from measured and calculated 
values of Fig. 6-11. For the upper level lifetime r2, it was 
necessary to use the highest deactivation rate within the 
uncertainties of the measurement of Ch. 5 -co get the laser 
output to decrease as shown in Fig. 7-17 at the higher 
pressures. The rate used, or an even larger rate, is not 
unreasonable considering the deactivation results of only 0-10 
Torr He were being extrapolated to 150 Torr He. Although the 
data of Fig. 7-7 were measured with the 1%T output coupler, a 
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Figure 7-17. Model calculation of variation in SO(B) laser 
energy with He buffer gas pressure, compare to measured 
results of Fig. 7-7. 

comparison can be made with the modeled behavior of Fig. 7-17 
since the large cavity losses made the cavity decay times 
roughly equivalent. The calculated SO(B) laser output as a 
function of He pressure agrees well with the measured behavior 
of Fig. 7-7. 

IV. Discussion 
The longer gain length with longitudinal production and 

excitation, and the higher excitation energy from the narrow
band KrF laser gave SO(B) pulse energies up to 1000 times 
larger than those reported by Miller et al. [24]. The shorter 
KrF pump wavelength also facilitated lasing further into the 
ultraviolet. 

The success of the simple model and its use of all the 
measured and calculated parameters of Chapters 2-6 in 
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predicting the SO(B-X) laser behavior will be carried over in 
the next chapter to the analysis of the SO(A-X) laser. Two new 
numbers from the SO(B-X) laser studies that are important in 
assessing the potential SO(A-X) laser are the estimated 1 mm 
diameter lasing region and the fast cavity decay time, 
estimated to be 2 ns even with the 1%T output coupler. 
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Chapter 8 
SO(A-X) Laser Prospects 

Two SO(A-X) vibrational bands were investigated as possible 
lasing transitions following optical pumping of S0(A,v'=5) by 
the narrow-band KrF laser (Fig 8-1). At low pressures, with 
minimal vibrational relaxation, the transition with the 
greatest vibrational band-strength was (5-»l) at 256 nn. With 
vibrational relaxation from v'=5 to v'=0 caused by the 
addition of a buffer gas, the (0-4) transition at 299 nm, as 
suggested by Kulander, et al. [58], was examined. The laser 
induced fluorescence spectra showing these two possible lasing 
transitions with low and high buffer gas pressures are shown 
in Figs. 4-7 and 4-13, respectively. 

Figure 8-1. SO potential energy curves showing possible A-X 
lasing transitions following KrF pumping. 
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T. Pu»p Laser Delay and SOfX) Diffusion 

Since SO(A) was optically pumped by the KrF laser from 
SO(X,v"=0) and the majority of so(X) created by 
photodissociation of S 0 2 has v">0 (Ch. 3 ) , a time delay 
between the creation and excitation of SO was necessary to 
allow the SO(X) to vibrationally relax into v"=0. The optimum 
time delay found by measuring the peak SO(A) fluorescence (not 
time integrated) was used as a rough guide in determining the 
correct time delay for the SO(A-X) laser. The population 
excited to SO(A) increased with time delay as SO(X) 
vibrationally relaxed into v"=0, and then decreased as the 

»'«5 
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»'»0 
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Figure 8-2. Peak SO(A) fluorescence vs. time delay between ArF 
photodissociation and KrF excitation pulses to determine 
optimum time delay for excitation. 
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SO(X) diffused out of the creation region before being 
excited. Following photodissociation of 300 mTorr S0 2 by the 
high-fluence ArF pulse, excitation of SO(A) peaked at a time 
delay of approximately 100 its, depending only slightly on 
buffer gas pressure and SO(A) vibrational level (Fig. 8-2). 
The increased relaxation rate in the ground state with 
pressure was offset by the extra time necessary in the excited 
state for vibrational relaxation from v'=5 to v'=o. 

The quantity of so(X) lost from the lasing region due to 
diffusion was estimated with a simple model of the diffusion 
process. The initial 502 population distribution was assumed 
to be radially Gaussian with a FWHM of Ar0=3 mm. The change in 
the FWHM of the Gaussian distribution with time, due to 
spreading by diffusion is given by [102], 

Ar(t) = (Ar0
2 + l6ln2Dt),A. (8-1) 

The diffusion coefficient D was estimated from D̂ AvAg, where 
v is the average relative velocity and A m is the mean free 
path of the SO. The values D=182, 3.2, 0.96 cm2/s were used 
for SO diffusing in 0.3 Torr S0 2 and 0, 30, 100 Torr He, 
respectively. The average concentration remaining in the 
central 1 mm diameter region was computed as a function of 
time delay and normalized to the initial concentration (Fig. 
8-3). With no He buffer gas, roughly 40% of the SO diffused 
out of the 1 mm diameter region at a time delay of 100 /is. 
Since the pressure remained constant, a substantial quantity 
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Figure 8-3. Calculated remaining SO(X) concentration after 
diffusion from 1 mm diameter region, normalized to initial 
concentration. 

of S0 2 mixed in, causing increased guenching of SO(A) 
molecules. An example of the change in 30(A,v'=5) lifetime due 
to guenching as a function of time delay with 100 ittTorr S02 

precursor pressure is shown in Fig. 8-4. Added buffer gas 
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Figure 8-4. Experimentally measured variation in SO(A,v'=5) 
lifetime with time delay. Mixing of SO(A) with S0 2 by diffusion causes increased guenching with greater time delay. 
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limited the diffusion of SO and mixing with S02, with 
essentially no diffusion predicted at 30 Torr He and 100 lis 

time delay. The above diffusion calculation assumed the SO 
could diffuse to infinity, whereas the stainless steel cell 
diameter was 3.5 cm. An effective way to limit SO diffusion at 
low pressures would be to dissociate and excite the SO in a 
smaller diameter tube, close to the size of the laser beams. 

II. SQ(ft,v'-.S-»x..v'-l,) U s e r 
Demonstration of lasing on S0(A,v'=5-»X,v"=l) at 256 nm was 

attempted using the same production and excitation scheme as 
for the SO(B-X) laser (Ch. 7). For the laser cavity, a 1-m RC 
248-268 nm HR back mirror and a plane output coupler with 0.8% 
transmission at 256 nm were used. The mirrors were properly 
aligned by optimizing the SO(B-X) laser output on the (2-5) 
vibrational band as described in the previous chapter. New 
CaF2 Brewster-angle windows were then put in place and a few 
shots were taken while monitoring the SO(B-X) laser to make 
sure the cavity alignment was still correct. S02 precursor 
pressures from 40 to 600 mTorr and time delays from 1 us to 10 
ms were tried, but no evidence of lasing at 256 nm was seen. 
At 300 mTorr S^ and 100 ps delay, the narrow-band KrF laser 
wavelength was scanned across many rotational pump 
transitions, but there was also no hint of SO(A-X) lasing. 

Simple arguments and computational modeling show that no 
lasing under the above conditions was to be expected. The 
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calculated effective (5«-0) absorption and (5-*l) stimulated 
emission cross-sections are 2.5xl0"17 cm2 and 4.6X10"'7 cm2, 
respectively. The maximum population that could contribute to 
gain was one-half of the population in a single lower 
rotational level, or roughly 5./1013 cm'3. The small-signal gain 
coefficient was thus 0.002 cm"' and even with no cavity losses, 
amplification of e 2 5 from spontaneous emission would take 600 
ns. The SO(A,v'=5) lifetime at 300 mTorr S02 and 100 /is delay 
was approximately 300 ns, so no significant lasing was 
anticipated. 

The laser rate-equation model of Chapter 7 was applied to 
the SO(A,v'=5-0C,v"=l) transition to find under what conditions 
lasing might be accomplished. The SO(A-X) axial output (lasing 
and spontaneous emission) was calculated as a function of S02 

precursor pressure assuming a 1% transmission output coupler, 
a 1 mm diameter beam size, 500 ns rotational mixing time, and 
90% dissociation of the SOz to from SO. The remaining S02 was 
assumed to cause quenching and vibrational relaxation with a 
rate constant 2.5X10"10 molecule"1cm3s"1 (Ch. 5). Three curves 
were calculated under different conditions (Fig. 8-5). 

Curve (a) was computed with a cavity decay time of T C=2 ns 
and 40% loss of SO by diffusion, similar to the experimental 
conditions. The "x" marks the position of the maximum 
precursor pressure possible in this experiment which was 
limited to 0.3 Torr S0 2 by tha available ArF photodissociation 
fluence. The large deactivation and cavity losses along curve 
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Figure 8-5. Calculated SO(A-X) laser (and spontaneous 
emission) energy under various conditions, as described in the 
text. 
(a) limit the SO(A-X) output to just spontaneous emission. 

Curve (b) was calculated with the same 40% loss to 
diffusion, but a much longer cavity decay time of T C=50 ns. 
This cavity decay time corresponds to a loss of only 0.05 per 
pass. This value could possibly be attained with high quality 
windows and mirrors, or possibly by placing the cavity mirrors 
inside the cell to avoid transmission through the damaged (or 
transiently damaged) windows. If the ArF dissociation pulse 
were of high enough fluence ti dissociate on the order of 1 
Terr S0 2, SO(A-X) laser pulses at the nJ energy level are 
predicted. 
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For curve (c), the low-loss cavity was retained and the 

loss and deactivation due to diffusion eliminated. This 
situation could be realized if S0(A,v'=5) were pumped directly 
from S0(X,v"=2) with no time delay, as in pumping the SO(B-X) 
laser. The (5«-2) pump wavelength near 265 nm could be obtained 
by Raman-shifting the KrF laser or using the 4* harmonic of 
a Nd:YAG laser. Also, there is nothing special about pumping 
v'=5 once the pump wavelength is varied from 248 nm, and any 
other of the vibrational transitions with favorable absorption 
and emission cross-sections could be used. Saturated lasing on 
curve (c) would require 90% dissociation of only 0.5 Torr S02, 
giving SO(A-X) laser pulses on the order of a few nJ. 

III. SOfA.v'-0-X.v'=4) Laser 
Lasing on the SO(A,v'=0-»X,v"=4) transition was investigated 

and found to be even more improbable than lasing on the (5-»i) 
vibrational band. The optimum He buffer gas pressure was found 
to be roughly 100 Torr by measuring the peak SO(A,v'=0-»X,v*=0) 
fluorescence signal at 264 nm as a function of buffer gas 
pressure (Fig. 8-6). Excitation to v'=0 is enhanced by 
rotational mixing in the ground state and vibrational 
relaxation from v'=5, but diminished by electronic-state 
quenching, each of which increases with increasing buffer gas 
pressure. The SO(A,v'=0) lifetime is reduced from 35 ps to 
approximately 600 ns by quenching in 100 Torr He (quenching 
rate in Table 5-1). As shown by the saturation measurements 
(Ch. 6), only 3.5% of the lower v"=0 population can be excited 
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Figure 8-6. Determination of optimum He pressure for 
excitation to SO(A..v'=0). 

to so(A,v'=5) at 100 Torr He. From the ratio of the 
vibrational relaxation rate to the quenching rate of 
S0(A,v'=0,l) (Table 5-1), and from comparison of measured 
fluorescence yields from v'=5 and v'=0, it was found that 
roughly 30% of the SO excited to v'=5 is quenched before 
vibrationally relaxing to v'=0. Once it has relaxed, the 
population will be in Boltzmann equilibrium (300°K), leaving 
57% of the population in the 3 \ substate (equilibrium ratio 
of 3n 2: 3n 1: 3n 0 is 1:2:4). Furthermore, the population will be 
distributed in all of the available rotational levels with a 
maximum or 1.5% in any single level. This rotational 
distribution is very detrimental to the gain possible on the 
(0-»4) transition, which depends on the population in a single 
rotational level. If 300 mTorr S0 2 were completely dissociated 
and then pumped by KrF through SO(A,v'=5), the population 
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excited to SO(A,v'=0) in an individual rotational level would 
be only 2xlo12 cm3. Using Setser's [28,29] measured values for 
the SO(A,v'=0) lifetime and vibrational branching ratios, the 
calculated stimulated emission cross-section for a rotational 
transition in the (0-*4) band is 3.5xl0"18 cm2. The product of 
the excited population and stimulated emission cross-section 
gives an estimated small-signal gain coefficient of 7X10"6 cm"1. 
This value is approximately 1000 times smaller than that 
necessary to demonstrate lasing on the SO(A,v'=0-»X,v*=4) 
transition. 

Neither the SO(A,v'=5-X,v*=l) nor the SO(A,v'=0-»X,v"=4) 
transition approaches the original c-mcept of an energy 
storage laser. Both v'=5 and v'=0 are significantly quenched 
by residual S02 and added He buffer gas. With no added buffer 
gas, only the population in a single lower rotational level 
can be excited to SO(A). When a buffer gas is added to 
collisionally mix the lower rotational levels and increase 
excitation, the gain decreases since the excited population is 
spread out among all the upper state rotational levels. Thus 
in the SO(A-X) system, there is no way to excite and extract 
the large energies envisioned for an energy storage laser. 
De-aonstration of lasing on the (5-1) transition may be 
possible under ideal production and excitation conations, but 
could not be realized in this experiment. 
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Chapter 9 
Sumary 

Many steps went into the characterization of possible 
ultraviolet lasing transitions based on the molecule SO, 
leading up to the demonstration of new SO(B-X) laser lines and 
the attempt of the SO(A-X) laser. 

A continuously tunable, line-narrowed KrF laser was 
developed for efficient rotationally resolved excitation of 
SO(X) to SO(A) and SO(B). The KrF laser output consisted of 
150 mJ pulses with a linewidth of 0.18 cm"1, continuously 
tunable with a simple adjustment over the range 247.8-248.7 
nm. 

Production of the free radical SO by microwave discharge 
and excimer laser photolysis was investigated using the 
precursor molecules S0 2 and S0C12. The maximum S0(X) 
concentrations over a 50 cm cell length w.-re created by 
focused, high-fluence ArF (193 nm) photodissociation of S02. 
Production of SO from S0 2 was not affected by added buffer 
gas, whereas production from S0C12 was drastically reduced by 
the addition of a buffer gas. Collisions with the buffer gas 
deactivated the excited SOCl molecule before it could undergo 
unimolecular decomposition to form SO. 

Laser induced fluorescence following excitation of S0(A) or 
S0(B) by the narrow-linewidth KrF laser was used to study the 
spectroscopy of so, the lifetimes and deactivation rates, and 
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the excitation saturation. 

Tuning of the narrow-linewidth KrF laser through the SO 
absorption lines determined which rotational lines could be 
used to most efficiently pump the excited states of SO. 
Measured vibrational branching ratios in fluorescence 
determined the transitions most likely to lase, and along with 
the measured lifetimes, allowed calculation of the effective 
absorption and stimulated emission cross-sections. 

The radiative lifetime of the SO(A3n2rV'=5) level was 
measured to be 6.9 lis and that of the SO(B,v'=l) level to be 
33 ns. Lifetimes in the highly perturbed SO(B,v'=2) level 
ranged from 28-90 ns. Deactivation of the possible upper laser 
levels by precursor molecules and added buffer gas atoms was 
investigated and showed that the deactivation rate could 
approach and even exceed the gas-kinetic collision rate. 

Measurements and modeling of the KrF excitation saturation 
fluence as a function of buffer gas pressure determined what 
fraction of the ground state SO(X) molecules could be excited 
to SO(A) or S0(B) and what laser fluences were necessary for 
saturated excitation. The low pressure values of the measured 
saturation fluences agreed very well with the values obtained 
using the calculated effective absorption cross-sections. No 
evidence of excited state absorption was seen in any of the 
measured saturation curves. 

Lasing on six new ultraviolet SO(B-X) vibrational bands in 
the range 262-315 nm was demonstrated following optical 
pumping by either the narrow-linewidth KrF laser or the 
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rotationally Raman-shifted KrF laser output. SO(B-X) pulse 
energies of up to 11 nJ were obtained and the gain was 
estimated to be 0.1 cm"1. A multi-level rate equation model of 
the SO(B-X) excitation and lasing transitions, including 
collisional rotational mixing, described the dynamics of the 
lasing very well. Modeling showed and experiments confirmed 
that the maximum possible SO laser gain simply corresponded to 
saturating the excitation of a single rotational level. 
Collisional coupling of the rotational levels increased the 
laser output energy, but not the gain. 

Lasing on the so(A,v'=5-»X,v"=l) transition was attempted, 
but not achieved. Computer modeling of this transition 
indicated that lasing may be possible with a low-loss optical 
cavity and direct pumping of SO(A) from S0(X,v"=2) to avoid 
losses and quenching due to diffusion. The gain on the 
SO(A,v'=0-»X,v"=4) transition was estimated to be 1000 times 
smaller than that needed for lasing. Neither transition 
approached the conditions envisioned for an energy storage 
laser. With no buffer gas, population from only a single SO(X) 
rotational level could be excited to SO(A,v'=5) and lasing 
would have occured directly from this level. With added buffer 
gas to vibrationally relax SO(A,v'=5) to S0(A,v'=0), the 
population was distributed among all the upper rotational 
levels. The buffer gas allowed increased excitation and energy 
storage, but also caused quenching of the upper laser level. 
The gain was reduced by too large a factor to expect lasing. 

A summary of the stimulated emission cross-section, 
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estimated population in the upper rotational level, and 
estimated gain coefficient for the SO(B,v'=2-X,v*=5), 
S0(A,v'=5-X,v"=l), and SO(A,v'=0~x,v"=4) lasing transitions 
under the conditions achieved in this experiment is given in 
table 9-1. 

0 SO(B-X) 
(2-5) 

SO(A-X) 
(5-1) 

SO(A-X) 
(0-4) 

stimulated 
emission 

cross-section 
(cm2) 

3xlO-'5 4.6X10"17 3.5X10'18 

upper laser 
level 

population 
(cm"3) 

4xl013 4xl013 2xl012 

small-signal 
gain 

coefficient 
(cm"1) 

0.1 0.002 7X10"* 

Table 9-1. Estimated so laser parameters attained in this 
experiment. 



190 

Appendix A 

This appendix contains tables and expanded spectroscopic 
figures with assignments from Chapter 4. 
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Figure Al. ̂ O(A-X) fluorescence at 20 Torr He (Fig. 4-13). 
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Figure A2. SO(A-X) fluorescence at 20 Torr He (Fig. 4-13). 
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Figure A3. SO(A-X) fluorescence at 20 Torr He (Fig. 4-13). 
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Figure A4. SO(A-X) fluorescence at 20 Torr He (Pig. 4-13). 
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Figure A5. SO(AJ£=5,6-X,v"=0) excitation spectrum (Fig. 4-16). Unassigned lines are 
transitions to SO(A,v'=6). 
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Figure A6. SO(A,vt5,6«-X,v"=0) excitation spectrum (Fig. 4-16). Unaligned lines are 
transitions to S0(A,v'=6). 
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Figure A7. SO(ft,Y=5,6>-X,v"=0) excitation spectrum (Fig. 4-16). Unassigned lines are 
transitions to SO(A,v' =6). 
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Figure AB. SO(A,v'=5,6-X,v"=0) excitation spectrum (Fig. 4-16). 
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Figure AlO. S0(A,v'=5,6>-X,v"=0) excitation spectrum (Fig. 4-16). 
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Figure Al l . SO(A,v'=5,6»-X,v"=0) exc i tat ion spectrum (Fiq. 4-16) . 
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Figure A12. SO(A lv'=5 l6*-x rv"=o) exc i ta t ion spectrum (Fig. 4-16) 
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Figure A13. S0(B,v' =1-X,v*=2) exc i ta t ion spectrum (Fig. 4-18) . 
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Figure A14. S0(B,v' =l«-x,v*=2) excitation spectrum (Fig. 4-18). 
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Figure AlB. SO(B,v' =l-x,v"=2) excitation spectrum (Fig. 4-18). 
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Figure A16. SO(B,v'=l»-x,v'"=2) excitation spectrum (Fig. 4-lB). 
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Figure A17. SO(B,v'=l<-X,v"=2) exc i ta t ion spectrum (Fig. 4-18) . 
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Figure A18. SO(B,v' =l~X,v"=2) excitation spectrum (Fig. 4-18). 
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Figure A19. SO(B,v'=1-X,v"=2) excitation spectrum (Fig. 4-18). 

252.30 



247.90 247.92 247.94 247.96 247.98 
excitation wavelength (nm) 

248.00 

Figure A20. SO(B,v' =2~x,v"=2) excitation spectrum (Fig. 4-19). 
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Figure A21, SO(B,v'=2~x,v"=2) excitation spectrum (Fig. 4-19) 
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Figure A22. S0(B,v'=2-X,v"=2) exc i ta t ion spectrum (Fig. 4-19) . 
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Figure A23. S0(B,v'=2<-X,v"=2) excitation spectrum (Fig. 4-19). 
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Figure A24. SOCB.v1 =2<-X,v"=2) exc i tat ion spectrum (Fig . 4-19). 
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Figure A25. SO(B,v'=2-X,v*=2) exc i ta t ion spectrum (Fig. 4-19) . 
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Figure A26. S0{B,v'=2-x,v"=2) excitation spectrum (Fig. 4-19). 
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Figure A27. SO(B,v' =20t,v"=2) excitation spectrum (Fig. 4-19). 
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J »n Qi, 1« f« «,, In •NT"1 _ «,, »n 
1 40247.01 

2 40271.21 40244.41 40244.40 

3 40274.17 40279.0* 40243.44 40241.23 40245.43 

< 40249.93 40274.41 40279.77 40241.47 40247.34 40251.57 40244.11 

5 402W.19 40273.K 402K.23 40254.74 40240.03 40244.40 40250.1) 40255.44 40241.17 

6 402*4.35 40272.95 402*0.32 40251.47 40257.1} 40245.43 40251.5' 40255.10 

7 40244.11 40271.42 40210.10 40247.13 40255.22 40243.M 40240.74 40241.12 40254.51 

I 40241.23 40279.77 40252.17 40241.17 40235.45 40243.W 40253.34 

9 40247.71 40271.45 40239.44 40241.90 40259.53 40221.7* 40235.15 40245.41 

10 40245.54 40277.31 40234.72 40245.27 402S4.53 40223.41 40234.14 40245.41 

a 40251.11 40242.42 40275.75 40225.4? 40241.27 40253.74 40214.75 40221.4* 40241.35 

12 40247.02 402H.70 40273.14 40223.91 40234.10 40290.4) 40205.51 40222.72 402)4.10 

13 40254.35 40271.35 40217.H 40231.5* 40244.41 40202.15 40214.34 40231.4) 

14 •0237.7* 40252.47 40241.57 40211.51 40224.77 40242.43 40205.51 40225.14 

15 40232.54 40241.32 40204.41 40221.0! 40231.02 40202.42 40215.71 

16 40227.11 40244.11 40214.95 40233.27 4021).37 

17 4023*.15 40201.44 40227.M 40206.46 

11 40214.40 40233.75 40201.57 40222.1* 40159.12 

1» 40207.47 40221.24 40215.H 

20 40200.14 40221.14 40205.51 

21 40215.21 40202.42 

22 40201.44 

23 40200.M | 1 

Table AX. Line positions for SO(A,v'=5-X,v*=0). 
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J" RM R* R33 P., P* PH 

1 39732.91 
2 39732.91 39729.59 
3 39732.91 39727.54 39723.80 
4 39732.38 39729.16 39725.38 
5 39731.38 39728.40 39722.62 39715.82 
6 39730.18 39726.10 39719.66 39711.62 
7 39728.69 39716.30 39710.79 39707.16 
S 39726.45 39732.13 39712.09 39706.75 39702.20 
9 39724.00 39708.05 39701.52 39697.48 
10 39721.79 39714.13 39702.94 39696.02 39691.79 
11 39718.31 39712.57 39710.10 39698.69 39690.18 39685.85 
12 39714.55 39708.51 39705.72 39692.13 39684.02 39679.17 
13 39710.10 39703.95 39700.64 39685.85 39677.44 39672.13 
14 39705.72 39698.98 39695.40 39679.17 39670.32 39664.78 
15 39700.64 39693.53 39689.56 39672.13 39663.03 39657.10 
16 39695.40 39687.68 39683.32 39664.78 39655.27 39648.84 
17 39689.56 39681.40 39676.45 39656.93 39646.84 39640.02 
18 39683.32 39674.62 J9669.55 39648.84 39638.14 39630.90 
19 39676.45 39667.57 39661.98 39640.02 39629.00 39621.49 
20 39669.21 39660.02 39654.14 39630.74 39619.44 
21 39661.98 39652.10 39645.50 39621.11 
22 39653.90 39643.48 39636.78 
23 39645.34 39633.91 39627.23 
24 39636.33 39625.57 
25 39526.89 

Table A2. Rotational line positions for SO(B,v'=2-X,v"=2). 
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Appendix B 

Table of Symbols and Abbreviations 

A amplitude of exponential curve fit 
A 2 1 Einstein A-coefficient between levels l and 2 
A V' Einstein A-coefficient for total transition rate from 

upper vibrational level 
*v'J'v"j" transition rate between individual rotational levels 
A v. v. transition rate between vibrational levels 
AR anti-reflection 
b equilibrium Boltzaann fraction of population 
Bj lower level rotational constant 
B'e upper level rotational constant 
B e constant coefficient of B v expansion 
B v linear coefficient in non-rigid rotor term value 
c speed of light in medium 
cw continuous wave 
C capacitance 
C 0 conductance 
C e constant coefficient of general rotational constant 
Cp constant of proportionality 
C v general rotational constant that depends on vibrational 

level 
d e etalon mirror spacing 
d g grating groove spacing 
d m g mirror-grating separation 
dn solid angle 
D diffusion coefficient 
D e constant coefficient of D v expansion 
D, tube inside diameter 
D v quadratic coefficient in non-rigid rotor term value 
e constant = 2.7183 
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E energy 
E u l saturation energy 
F rotational term value 
F fluorescence 
F* finesse 
F) rotational term value for J»R+1 
?2 rotational terra value for J=R 
Fj rotational terra value for J=R-l 
FSR free spectral range 
FWHM full width at half maximum 
g laser gain coefficient 
g" lower level degeneracy 
g' upper level degeneracy 
g degeneracy of lower pump level 
g. degeneracy of upper pump level/upper laser level 
g r(v) normalized laser intensity lineshape function 
g L(v) normalized transition lineshape function 
g 0 small-signal gain coefficient 
G vibrational term value 
h Planck's constant = 6.62x10' 2 7 erg s 
HR high reflectivity 
I intensity 
I(v) intensity per unit frequency interval (W/ci^s"1) 
I v intensity (W/cm 2) 
I d dissociation laser intensity 
I 0 initial intensity (z-0) 
I p pump laser intensity 
I s o SO laser intensity 
I v. v. intensity of vibrational band 
ID inside diameter 
J total angular momentum vector 
J total angular momentum magnitude 
J' total angular momentum of upper level 
J" total angular momentum of lower level 
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k Boltzmann's constant = 1.38xl0*16 erg/°K 
k; deactivation rate of i"1 species 
1 gain length 
L electronic orbital angular momentum magnitude 
L electronic orbital angular momentum vector 
L c laser cavity length 
L s o SO medium length 
L, length of tube 
LIF laser induced fluorescence 
m mass 
m e etaIon mode number 
m„ grating diffraction order 
Mj concentration of i* species 
M" lower level magnetic projection quantum number 
M' upper level magnetic projection quantum number 
MGI multipass grating interferometer 
n a i r index of refraction of air 
H total angular momentum excluding spin (vector) 
N population 
N concentration averaged over cell length 
N| population of lower pump level 
Nj population of reservoir of rotational levels for lower 

pump level 
N 2 population of upper pump level/upper laser level 
N , population of reservoir of rotational levels for upper 

laser level 
N 3 population of all lower rotational and vibrational levels 

not included in Hj 
N3 population of all sink levels for deactivation from N 2 

and N | 
N 4 population of lower laser level 
N4 population of rotational level reservoir of lower laser 

vibrational level 
N s population of sink levels for relaxation from N 4 and N4 
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N d precursor concentration 
N g number of grating grooves covered by light 
N L population contributing to lasing 
N 0 initial concentration (t=0) 
N t o t total population 
N u p population pumped out of lower level 
Nv- population of upper vibrational level 
Nv-j.F» population in individual lower rotational level 
ND neutral density 
OD outside diameter 
OMA optical multichannel analyzer 
p constant term in A-type doubling 
Pj outlet pressure 
P 2 inlet pressure 
PHT photomultiplier tube 
q linear term in A-type doubling 
qv.v» Franck-Condon or vibrational overlap factor 
Q flow rate 
Q B partition function 
Q s normalization factor between Sv.v« and Sj.v. 
rv.v» r-centroid 
R nuclear rotational angular momentum magnitude 
R nuclear rotational angular momentum vector 
R| reflectivity of mirror 1 
R 2 reflectivity of mirror 2 
R e electronic transition moment 
R resolving power of grating 
ss stainless steel 
S electronic spin angular momentum magnitude 
S electronic spin angular momentum vector 
Sv.v- relative vibrational band strength 
S%- absolute vibrational band strength 
t time 
T total term value (wavenumber units) 
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T x temperature (°K) 
T e electronic term value 
t; i* time point in exponential curve fit 
T' upper level term value 
T* lower level term value 
v vibrational quantum number 
v average velocity 
V voltage 
v* lower vibrational level 
v' upper vibrational level 
w laser beam diameter 
Wj weight of V^ point 
3 spatial position (x,y,z) 
x a linear actuator position 
Y natural log of A 
z direction of light propagation 
2j natural log of i* intensity point 
2 V. V- vibrational branching ratio for transition rate 
<x angle of incidence w.r.t. grating normal 
<xe cavity absorption coefficient 
a£ linear coefficient of X v expansion 
a® linear coefficient of D v expansion 
af linear coefficient of B v expansion 
af linear coefficient of general rotational constant 
a| linear coefficient of y v expansion 
B diffraction angle w.r.t. grating normal 
Y° quadratic coefficient of D v expansion 
Yg quadratic coefficient of Xv expansion 
Yg quadratic coefficient of general rotational constant 
Yj quadratic coefficient of B v expansion 
Y(t) pulse fluence up to time t 
Y v rotational level splitting tern value 
f laser pulse fluence 
r. absorption saturation fluence 
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r d absorption saturation fluence of dissociation process 
y e constant coefficient of Y V expansion 
r o incident pulse energy fluence (z=0) 
A A wavelength interval or linewidth FWHM 
A v D Doppler width 
Avj laser linewidth FWHM 
Am variation in etalon mode number 
Ar spatial FWHM of SO concentration 
Ar 0 initial spatial FWHM of SO concentration 
Cj'j« Honl-London or rotational line-strength factor 
r\ viscosity 
6 angle of Littrow mode w.r.t. grating normal 
A, wavelength 
A magnitude of A-type doubling 
A projection of L on internuclear axis 
X ^ wavelength in air 
Xe constant coefficient of A v expansion 
Xm mean free path 
A v rotational level splitting term value 
Xvac wavelength in vacuum 
/i(r) dipole moment operator 
v frequency 
v vacuum wavenumber 
v L laser frequency 
v. pump laser frequency 
VjQ SO laser frequency 
vv<v» frequency of vibrational band 
$ number of data points 
ir constant = 3.14159 
a cross-section 
E projection of S on internuclear axis 
o t standard deviation of r 
a a absorption cross section 
o d absorption cross section of dissociating molecule 
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ffeff effective cross-section 
as stimulated emission cross-section 
T lifetime 
T\ lifetime of lower pump level and reservoir 
r 2 lifetime of upper pump level/upper laser level and 

reservoir 
r 4 lifetime of lower laser level and reservoir 
r c laser cavity decay time 
T„ collision-free radiative lifetime 
T p laser pulse duration (FWHH) 
r r effective collisional rotational mixing time 
rv' lifetime of upper vibrational level 
X angle w.r.t. etalon normal, angle w.r.t. grating face 
f total molecular wavefunction 
• e electronic wavefunction 
• r rotational wavefunction 
• v vibrational wavefunction 
O sum of X and A 
ft magnitude of 12 
u e linear coefficient in anharmonic oscillator term value 
u ex e quadratic coefficient in anharmonic oscillator term value 
u ey e cubic coefficient in anharmonic oscillator term value 
u ez e quartic coefficient in anharmonic oscillator term value 
%R percent reflectivity 
%T percent transmission 
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