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I. INTRODUCTION

Energy transfer studies of selectively excited diatomic sulfur,
investigated by fluorescence techniques, have been known for many years.
Using fluorescence progressions excited by mercury line radiation, Rompe
observed that changes in the vibrational and rotational levels of the
excited state took place prior to emission, if He, Ne or N, were mixed
with the sulfur vapors. He found little quenching to occur, and noted
that Av = -1 changes were more likely than Av = -2 changes. Heil
verified these results using He as a collision partner, and also showed
that ground state S, was an efficient quencher of the excited state fluor-
escence. Durand,> employing magnesium line excitation, observed changes
in vibrational and rotational state due to collisions with rare gases.

1

While these early studies have clearly established some qualitative
features of relaxation processes in B3§J S,, quantitative rates for a
series of gases is lacking. Using photoelectric measurements of inten-
sities of fluorescence, we have determined rates of vibrational and
rotational relaxation from a single initially excited state: v'=4,
N'=40, J'=41. The collision partners investigated are H2, N,, and the
five rare gases. Selection of the single excited level 1s made possible
due to the fortuitous overlap of an atomic zinc line at 307.6 nm with
a molecular absorption line in the S,. Although atomic line excitation
has the obvious disadvantage, compared to tunable laser excitation, of
limiting the generality of the results to only a single initially pumped
level, it does offer the advantage of a highly frequency-stable source,
allowing intensive measurements of a very reproducible nature to be made.
The B-X system is both congested and extensive, requiring long, drift-
free scans of low signal intensity for which this lamp stability proved
important.

Interest in 5, lies partly in its suitability as a model molecule,
a prototype 3 I state, for collisional studies; this is largely due to
its easy accessibility with selective excitation. Here we report total
vibrational transfer rates out of v'=4, the vibrational rates for 4-+3
and 4-5, and total rotational transfer rates out of N'=40, J'=41 within
v'=4. Measurements have also been made of final-statesspecific rotational
transfer rates from this same initially excited level, and of the degree
of retention of orientation of the J-vector following a rotationally

1. R. Rompe, Z. Phys. 65, 404 (1930).
2. 0. Hetl, Z. Phys. 74, 18 (1932).
3. E. Durand, J. Chem. Phys. 8, 46 (1940).

4. T. A. Caughey and D. R. Crosley, to be published.
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inelastic collision.5 All of these results form component pieces of
the picture of the collisional dynamics experienced by B-state S,.

In addition, the B-X system of S, is important from a morec applied
point of view. It is an ideal candidate for probing combustion systems
via laser-excited fluorescence,® providing information on the rcaction
networks for sulfur-containing fuels. Recently, an optically pumped
laser operating on the B-X system has been constructed.’ This offers
near-continuous tunability over a wide range using different pump wave-
lengths; efforts are commencing to obtain laser action using chemical
pumping (via inverse predissociation) of 52-8 In both of these applica-
tions, diagnostics and lasing, data on energy transfer within the B-
state is needed not only for a quantitative understanding of the processes
involved, but also for less detailed models used to assess and predict
proper operating parameters.

II. EXPERIMENTAL DETAILS

The apparatus necessary to carry out this experiment is quite simple
in principle. It consists of a light source, a cell containing S, which
can be filled with the collision partner gases, a monochromator for
dispersing emission at right angles to the exciting beam, and a photo-
multiplier with its associated electronics. As already alluded to, a
good deal of care was necessary in the design and operation of these com-
ponents to ensure reproducible results. In this section are described
the lamp, the cell, and the monochromator/detector used for the vibra-
tional and rotational rate measurements. Further details may be found
in Ref. 9. Two other cells, used in an investigation of quenching, are
briefly described in the section dealing with those measurements.

A. Lamp

An electrodeless zinc atomic emission lamp was constructed from one
inch diameter quartz tubing with a quartz window fused onto the end. A
cylindrical stainless steel oven within the tube, resistively heated by
nichrome wire wrapped around a boron nitride insert, contained Zn granules
and controlled the Zn vapor pressure. Ar at ~ 1 torr was flowed continu-
ously over the window and through the lamp, by means of a small vacuum

5. T. A. Caughey and D. R. Crosley, Chem. Phys. 20, 467 (1977).
6. S. R. Leone and K. G. Kosmik, Appl. Phys. Lett. 30, 346 (1977).
7. P. Scott, Xonics, Inc., private communication, 1977.

8. C. H. Muller II, K. Schofield, M. Steinfeld and H. P. Broida, Bull.
Amer. Phys. Soe. 23, 74 (1978).

9. T. A. Caughey, Ph.D. Thesgis, University of Wiseconsin, 1977,
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pump. The window was also kept warm by heater wires; these precautio?a
prevented Zn deposits on the window. An A-type antenna coupled power
from a 2450 mHz generator into the Zn-Ar mixture. The harmful microwave
radiation was shielded by a surrounding mini-box wrapped with aluminum
foil covering the lamp; three layers of fine wire mesh screen provided a
window through which the Zn 307.6 nm radiation was taken.

The lamp was capable of continuous operation for several days before
needing restocking with Zn. Besides the Zn atomic line emission, impurity
bands due to CN and ZnH were observed. Though these did not excite the
S,, they occasionally appeared as scatter in the fluorescence spectrum
nécessitating either corrections or ignoring some wavelength regions in
the data analysis.

A small portion of the Zn radiation was split off and its intensity
monitored throughout the experiments with a 0.45 m McKee-Pedersen mono-
chromator equipped with an RCA 1P28 photomultiplier. The intensity
of the lamp would slowly drift during the fifty-minute scans of the
vibrational transfer data. The drift ranged from 2 to 10% of the mean
intensity; the recorded monitor output was used to correct the data to
conditions of constant excitation intensity. Shorter term fluctuations,
over the minute or so required to scan over the rotational structure of
a single band, were smaller, 1 to 2%.

B. Cell

A T-shaped sulfur cell was made of one inch quartz tubing with the
three quartz windows fused into place. A reservoir sidearm containing
sulfur was attached to the bottom of the cell; heater coils maintained

the temperature (at typically 140°C) to regulate the sulfur vapor pressure.

The cell body itself was heated to 630°C, a temperature at which all

(> 99%) of the sulfur is in the form of S,. The collision partner was
admitted through a filling port connected to a gas handling manifold,

via a graded seal and Kontes high vacuum teflon stopcock. To prevent
condensation of sulfur, the stopcock was maintained at 200°C (necessi-
tating operation with no seating o-ring on the stopcock). The reservoir
temperature is the only one whose control was crucial; its heater windings
were powered by a regulated DC supply while Variacs sufficed for the cell
body and stopcock coils. Thermocouples provided constant monitors of

the temperatures of the three regions.

The cell was filled, at room temperature, with a particular pressure
of the collision partner and then heated. With less than a torr of fill
gas, the reservoir and body heated up to operating temperature of 140°C
and 630°C within a half hour. With higher fill gas pressures in the cell,

10. Efficient coupling was difficult to achieve with this lamp, and it
was necessary to force-air cool the connecting cable to prevent it
from melting.
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the body continued to heat up to the operating temperature quite rapidly,
but the reservoir approached its steady-state temperature sluggishly.

The heating period required to attain a constant reservoir temperature
increased to a little over one hour with 20 torr and up to three and a
half hours with 250 torr pressure.

During the fifty-minute scans, fluctuations could be noted in both
the reservoir and body temperatures. The body temperature drifted as
much as 5 K and could affect the amount of light absorbed by as much as
1%. The reservoir temperature was constant to within about 0.5 K. This
small variation, however, causes about a 5% variation in the sulfur vapor
pressure and must be considered a major cause of noise in the data.

The pressure of the fill gas was measured using an NRC Alphatron
gauge calibrated for each gas against a cold-trapped MacLeod gauge or
mercury manometer. This pressure measurement was made at room tempera-
ture, with the fill gas at uniform number density throughout the cell.
The experiments are carried out, however, with different regions of the
cell at different temperatures. The fill gas pressures are high enough
such that the pressure is uniform over the cell, but then the number
density is not. We calculate the number density in the cell body by
artificially dividing the cell into two distinct regions, one at 200°C
and the other at 630°C. While there actually exists a smooth temperature
gradient, and three distinct regions corresponding to cell body, reservoir,
and stopcock, the fact that the body comprises over 85% of the total cell
Ypdume suggests that this approach should be sufficiently accurate.

C. Monochromator/Detector

For the vibrational and rotational relaxation rate measurements,
fluorescence was focused onto the slit of a 0.75 m Spex monochromator
operated in first order. Spectra were taken using a 100 u wide entrance
slit and a 200 u wide exit slit. These settings produced an instrumentally
determined bandwidth of 0.2 nm, furnishing a reasonable compromise
between intensity and resolution of individual vibrational bands. Although
individual rotational lines emitted by molecules which have undergone
energy transfer collisions are not resolved with these slit settings, the
main rotational branches due to the initially excited level are separated
by about 0.4 nm (at 300 nm) and are easily resolved.

The detector was an EMI 9558QA photomultiplier tube, cooled to between
0 and 10°C. This cooling slightly increased the sensitivity and, more
important, lowered the dark current. It also prevented the hot sulfur
cell from increasing the pmt dark current due to convection heating. If
the dark current is constant, an accurate baseline can be determined.
. Since overlapping vibrational bands may obscure the correct baseline for
runs in which a moderate amount of vibrational relaxation has occurred,
maintenance of a constant temperature photomultiplier is crucial for
meaningful intensity measurements.

12




Values for the quantum cfficiency as a function of wavelength for
the monochromator and detector were obtained from Meyer's relative
intensity calibration of this same system.11 This quantum efficiency
determination was carried out using the unpolarized output of a tungsten-
halogen secondary cmission standard. In the present experiments, using
unpolarized exciting light and viewing fluorescence at right angles to
the exciting beam, the fluorescence is polarized in an amount of about
3.5%. 1< Using the manufacturer's curves for grating response as a func-
tion of polarization shows that the calibration using unpolarized light
introduces less than 1% error for the extrema of the range of wavelengths
encountered, and is hence adequate.

III. STEADY-STATE EQUATIONS

Fig. 1 exhibits several typical spectral scans recorded to illustrate
the evolution of the emission spectrum as the pressure of the collision
partner - in this case, argon - is increased. At zero Ar pressure, the
spectrum consists entirely of those fluorescent lines emitted by the
initially pumped level; the (4,5) through (4,12) terms, with their charac-
teristic Franck-Condon pattern, can be seen in this region. Each term is
observed as three lines. The two stronger ones are the Ry brﬁnch and
the blended P; and "Ry3 branches, while the weak line is the “Pj3 branch.
The scan at 5.5 torr exhibits substantial filling in of the (4,v")
bands, due to rotational transfer, and the presence of other (v', v'")
bands emitted by molecules which have undergone vibrational transfer
collisions. However, a substantial number of molecules still remain
in the initially excited level, as can be seen from the characteristic
pattern in the (4,v') bands. As the Ar pressure is increased, further
relaxation occurs until at 170 torr most of the molecules are in v'=0 or
1. Even at this pressure, however, there remains noticeable emission
from the initially excited level, most evident for (4,6) and (4,10).

From measurements of these intensities, one may obtain relative
populations of individual vibrational levels, and of transferred rotational
levels in v'=4 (Av'=0, AN'#0) as compared to the population of the initially
excited level. This procedure is described below in the pertinent sections.
These populations, as a function of pressure, may then be used to extract
rate constants for the energy transfer processes.

We here present short derivations of the equations used for the rate
constant analysis. Definitions of the notation utilized are collected

11. K. A. Meyer, Ph.D. Thesis, University of Wisconsin, 1976.
12. K. A. Meyer and D. R. Crosley, J. Chem. Phys. 59, 1933 (1973).
13. K. A. Meyer and D. R. Crosley, Can. J. Phys. 51, 2119 (1973). The

spectroscopic notation is ag follows, with AJ = J'-J" and AN = N'-N":
Rys BJ=MN=1; Py, MJ=MN==1; “Riz, AJ=-1; aN=1; NPjgz, 8J=-1, aN=-3.

13
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Figure 1. Scans at several pressures of argon showing the evolution of

the fluorescence spectrum of S, due to rotational and vibrational transfer.

The large number by each scan is the pressure of argon in torr, measured
at the time of filling the cell (see text; the actual pressure in the
hot cell is about three times as much). Several of the bands in this
spectral region are marked at the top. The characteristic three lines
in each band, seen in the zero-pressure scan, are faintly evident even

at the highest pressures. The lines marked with an X are impurity lines
from the lamp.
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R,

In Table 1. All of the equations are obtained by a straightforward
steady-state approximation applied to the population of each excited level.
This treatment closely parallels that developed by Steinfeld 14 for the
analysis of energy transfer in selectively excited I,

In the absence of any foreign gas, the balance of absorption with
radiation and quenching yields

k S =
a

r-l|>-

S* + QSS*. (1)

Defining the fluorescence intensity as the number of emissions per cm3
per sec, or I0 = S*/1, we may rearrange to obtain the working equation

I, =Kk, S/(1+Q8). (2)

This will be used to obtain the sulfur self-quenching rate, which enters
into all of the rate equations. While we do not actually measure an ,
absolute value for I, only relative values are needed to determine Qs

1]

Were they to be significant, terms similar to Qs would need to be
included to account for vibrational and rotational tfransfer within B-state
S, due to collisions with X-state S However (see below), quenching
15 the only experlmentally observab%e result of an S - S, collision;
so we shall ignore such self-transfer in the ensulng set o% equations.

In the presence of some added gas, another term added to Eq. (1)
describes the total excited state density:

1
kaS = ;—S* + QSSS* + QAS*, (3)
This is rewritten as

1
k,S/I, =1 +Q S+ QA

and combined with Eq. (2) to obtain the working equation used to extract

Q'

Io/Ig = 1+ [Q'/(1 + Q, S)IA. @)

14, 7. 1. Steinfeld and W. Klemperer, J. Chem. Phys. 42, 3475 (1965).
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In order to investigate total vibrational transfer from the initially
excited (v'=4) level, the steady state approximation is applied to
that level:

= l * * * *
k,S = = S * + QSS,* + QAS * + VAS *. (5)

This may be combined with Eq. (3), after multiplying each through by
T, to yield

' [ * _ Q *)} = y! *
a + QS S + Q'A) (S SV ) =V ASv
or, in the form used to determine V',
(1 + QS'S + Q'A)(S*/SV* - 1) = V'A (6)

since both Q_' and Q' have been measured.
s

In practice, for the pressure regimes over which the experiments
are carried out, we must consider the effects of "back-transfer,'" that
is, secondary collisions which transfer the S* back into the initially
excited v'=4 level from other levels populated by the first collision.
This requires consideration of vibrational transfer rates specific to
final vibrational levels. We apply the steady-state balance to vibra-
tional level v.. It is not pumped by the light source, but is assumed
populated only by collisions from v'=4.

' * = ' ' '
vvi’vasV (1 +Q'S + QA+ V'A)S

We have set the total vibrational relaxation rate of level Ve equal to
. . -
V' and imposed the same constraint on Qs’ Q and 1. Then

(1 +Q,'S+ QA=+ v-A)(s;f/sv*) Vi v A (7)

We may now use these values to obtain a back transfer correction to Eq.
(6). It is found experimentally (see below) that transfer to adjacent
levels (v¢ = 3 and 5) constitutes a large fraction of the total
vibrational transfer (between 62 and 83%, depending on the collision
partner). We thus consider only back-transfer from these levels, and
include it explicitly. This adds to the left hand side (the input side)
of Eq. (5) the terms
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*
V3, 453™A + Vg 4Sg7A.

We rearrange and combine to obtain the version of Eq. (6) with back-
transfer

(1 + Q'S + QA)(S¥/5 *- 1) + (Vg ¥/s,* + Vg */S,*) = (8)

3,4 3 5,4 S

(recalling that Sv* is equivalent to Sy*). Vi , and V are approximated
by V4 5 and V4 5, respectively; the results aré cycled through Eqs. (7)
and (8) until é&onsistent values are obtained.

In a completely analogous way, the total rate of rotational relaxa-
tion, within v'=4, of the initially excited N'=40, J'=41 level is obtained.

KS=1g %+ QSS;* + QAS,* + VAS

*
a T 55 + RAS . *.

J J

This is combined with Eq. (5) and rearranged.
a « QS'S + Q'A + V‘A)(SV*/SJ* - 1) = R'A.,

This equation does not need modification for rotational back transfer,
since only a small fraction of the molecules transferred out return to
the initially pumped level. However, vibrational back transfer must be
taken into account. While the vibrational transfer out of v'=4 affects
all rotational levels equally, vibrational back transfer in will most
likely populate a rotational level other than the one initially pumped.
Hence, it should be included in the steady state expressions as an input
term to SV*, but forms a negligible portion of the total input for the
population SJ*. Making this correction then yields the actual working
equation

(1 +Q,'S + Q'A + VIA)(S,*/S;* - 1)

- (V] 4Sg*/Sy* + V& Sc*/S;*)A = R'A. (9)

3, 4 3 5, 4 5

The negative sign in front of the back-transfer term (in contrast to the
positive sign in Eq. (8)) is due to this consideration of it as an input

* Y
to SV but not SJ .
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All of the above equations are written such that the experimentally
determined quantities are measured on a per radiative lifetime basis.
This emphasizes the fact that it is this unit which defines the observa-
tional time scale, so that events occurring on the order of tens of nano-
seconds are readily probed. In order to obtain absolute rates, however,
a value for this radiative lifetime is necessary. We use the value
obtained from recent Hanle effect measurements on the same initially pumped
state, v'=3, N'=10, J'=41, of 36 nsec. ! While it is clear that the life-
time is similarl® for a similar value of J' in v'=3, it appearsls»ll to
be different for a smaller value of rotation (J'=13) within v'=4. It
1s not known whether this is a general trend, or if there is some pertur-
bation in the lower lying rotational level. Our analysis equations
presume the same value of lifetime (as well as rates) for all levels
involved. A time-domain experiment,16 which averages over many levels,
has obtained a value of 45 nsec; so we consider the value of 36 nsec
more representative of the levels probed in our experiments. This value
is then adopted as the single 1 used in the analysis.

Our approximations, namely the independence of transfer rates and
radiative lifetimes for different levels, remove the strict validity of
our equations. They should not, however, significantly impair the analysis
since we do not anticipate strong dependencies of any of the quantities.
The state dependence of such processes, of course, is an active and inter-
esting area of current research.

IV. QUENCHING AND RELATED EXPERIMENTS

A. Self-Quenching

The self-quench rate Q_ enters into all of our steady state equations.
Therefore, in addition to tﬁe intrinsic interest in this quantity itself,
it is necessary to first determine the value of Qg in order to use it in
subsequent analysis procedures.

If the S, pressure is low enough, Eq. (2) with a constant value of
the absorption coefficient k,_, describes the intensity of fluorescence as
a function of S. However, a value of Q_' can be determined only
if Io deviates noticeably from a strictfy linear dependence on S.

In practice, this requires operation at high enough values of S such
that significant attenuation of the exciting radiation occurs as it
passes through the fluorescence cell. This may be readily handled if

15. T. A. Caughey, K. A. Meyer and D. R. Crosley, to be published.

€. . H. MeGee and R. E. Weston Jr., Chem. Phys. Lett. 47, 362 (1977).
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we adopt an empirical view of k, as a function of S; we separately
measure k,(S) and then measure the intensity of fluorescence per absorbed
photon. The working version of Eq. (2) becomes, with ¢ some constant,

1/k, (S) = ¢S/ (1 + Q.'S). (10)

k,(S) was determined from measurements of the attenuation of the Zn line
tﬁrough a cylindrical cell of 7.5 cm length. The radiation passing
through the cell at 307.6 nm was measured by a Heath 0.35 m monochromator,
yielding an instrumentally determined linewidth, and the 0.45 m monochro-
mator was used as a lamp monitor. Readings taken with the cell body hot
and the reservoir cold were used as 100% transmittance values, and
readings with the lamp blocked as 0%.17 The fluorescence as a function
of S was measured using a sealed-off T-shaped cell and a filtered 8 Rrca
1P28 photomultiplier detecting the light emitted at right angles to the
exciting beam; .gc.n the lamp was monitored.

Sulfur vapor pressures above the liquid in the reservoir were
calculated »rom data compiled in Ref. 19. Because the reservoir and the
cell body are at two different temperatures, it is necessary to take into
account the floaw conditions (hydrodynamic or molecular) between the two
regions im 3:ri°r to correctly determine the sulfur pressure in the cell
body. As is seen below, the hydrodynamic limit forms a safe approximation
for our cell and sulfur pressures above about 0.1 torr. The pressure
of S, witkin the cell is calculated for this high pressure idealization.
Further details and a discussion of flow limits are given in Ref. 9.

Our measured function ka(S) now may be inserted into Eq. (10), except
for some residual concern about the proper determination of the sulfur
pressure (in particular, the choice of flow conditions). The experimental
results are examined in the following way. First, an absorption coeffi-
cient k, appropriate for continuum radiation is calculated using a
lifetime of 36 nsec,15 the measured Franck-Condon factor for the (4,1)
band,20 the rotational line strength13 and the appropriate partition

17. This procedure allows for a dark current correction and avoids
changes in the quartz window transmission with temperature.

18. 10 em of 0.23N CuS04 plus a glass filter similar to Corning 7-60,
yielding a passband between 320 and 400 nm.

19, A. N. Nesmainov, Vapor Pressure of the Chemical Elements, (Elsevier,
New York), 1963.

20. K. A. Meyer and D. R. Crosley, J. Chem. Phys 59, 3153 (1973).
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functions. The calculated result k_ = 0.33 cm ! torr ! is then compared
to the observed value by a computation of the expected absorption from a
line source, according to the prescription for exactly overlapping lines
given in Mitchell and Zemansky. }1 The comparison indicates9 a line
center mismatch of about 0.03 cm . This is a reasonable result for the
line overlap, and supports the validity of the method used to determine
ka(S), and the sulfur pressure.

In particular, our approximation of hydrodynamic flow is valid.

Were we actually in the molecular flow limit, the k_, as determined from
the experiment would have been higher by a factor o% 3.1 owing to the
different actual S, density. This would be unrealistic when compared
with the calculated value in the manner described. On the other hand,
the apparent k (S) becomes larger below a sulfur pressure of about 0.10
torr,” which i% where the flow is expected to make a transition from
hydrodynamic to molecular conditions. That regime is unimportant in the
determination of Q_', and we conclude that our choice of flow conditions
leads to no uncertainty in Qs'.

For the analysis of the fluorescence data according to Eq. (10),
we consider, using our k (S), the amount of absorption occurring only in
that region of the cell Jiewed by the photomultiplier, since there is
noticeable attenuation through the cell. Additionally, a small correc-
tion (1.4% at the highest pressure used) must be applled to account for
the fluorescence within the filter passband!8 which is reabsorbed by the
S, between the emitting region and the viewing window.

The data, expressed in the form of Eq. (10), is graphed in Fig. 2.
A non-linear least squares fit yields a value of Qs' for this experiment.

The sealed-off quartz cell used to obtain these fluorescence data
was later shown, using Hanle effect measurements,15 to contain a foreign
gas. The effective lifetime in that cell is shorter, by 23%, due to
collisional broadening by the contaminant, compared to collision-free B- o
state S,. Applying this correction to obta1n Qs' on a per radlatlYe
lifetime basis, we obtain as the final result 175 + 0.3 torr”
Alternatively expressed this is a rate Q = (13 + 3) x 10-10 cm3 sec l,
Oor a cross-section OQ of 180 + 40 K

Hanle effect broadening rates, separately measured, for S,S
collisions,4 yielded a coherence destruction cross section Scd o%

210 + R for this level. We have ascribed this to quenching collisions

21. A. C. G. Mitchell and M. W. Zemansky, Resonance Radiation and Excited
Atoms, (Cambridge Univ. Press, Cambridge) 1961.
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number density of SZ' Error bars are indicated, and the curve is a
non-linear least squares fit to Eq. (10).
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only,<<Z given the lack of self-transfer (see below); thus these results
can be directly compared with one another. We feel they exhibit good
agreement for these two distinctl{ different methods of measuring the
same quantity. McGee and Weston,!® on the other hand, have used broad-
band excitation and single photon time correlation to obtain a o5 = 81 *
5 32 from the cffects of S, pressure on the total fluorescence. We can
find no obvious reasons for the discrepancy. In what follows, we adopt
our own value of Q for insertion into the energy transter analysis
equations.

B. Self—EnergZ Transfer *

A complete accounting for S,(B) - §,(X) collisions also requires

terms for self-transfer to be coiisidered™in Eq. (4) - (9). These processes

were studied using fluorescence dispersed by the 0.75 m monochromator.

Now, because the quenching rate is large, little fluorescence from trans- L

ferred molecules would be expected in any case. At relatively high

pressures (> 0.7 torr) of S», secondary (minor) fluorescence series
excited by other Zn lines also appear in the spectrum, further compli-
cating the search for self-transfer. The results are analyzed in the
same way as described below for the experiments with other collision

partners, except that only three pressures of S, were used.

No evidence of vibrational transfer due to Sq S7 collisions could ’

be discerned. Considerations of the noise present permit an upper limit

estimate of 0.25 Q ' to be placed on the rate for this process. Some

slight filling-in 8f the v'=4 terms could be observed at the highest S,

4 pressures. The datad 6101d an estimate of the self-rotational transfer

rate as (4 * 3) x 10710 cm3 sec-l. Some of the emission intensity

attributed to rotationally transferred molecules is likely due to the

secondary series; hence the true value probably lies nearer the lower

error bar limit.

5
Since the degree of self-transfer is small,"1 we will not include
j it in what follows. The resulting uncertainties are also small, since
i we carry out the remaining experlments at as low an S, Pressure as
§ possible (typically 0.15 torr) in order to minimize such effects. At
W this pressure, the uncertainty in Q leads to an uncertainty of 0.4%
in the final absolute rates, and even less in the relative rates from
gas to gas. Our assessment of the effects of the neglect of self-
transfer suggests about a 1% uncertainty in the final absolute rates,
and even less in relative vibrational and rotational rates.

22. It could be argued that the presence of non-zero sclf-transfer,
together with a lack of coherence retention for Sq-5, collisions,
ts what causes the o of Ref. 4 to be slightly greater than the
o, measured here. Wﬁtle the difference between them is about the
right size, the two values overlap to within their error bars and
such an interpretation is tenuous.




0 20 40 60
He PRESSURE, torr

Figure 3. The inverse of the fluorescence intensity, in arbitrary units,
versus He pressure, showing the sharp drop in fluorescence at lower
pressure and more gradual fall-off at higher pressure. The straight line
corresponds to the prediction of a Stern-Volmer curve neglecting the
initial sharp fall-off (see text).
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C. Effects of Rare Gases on Total Fluorescence

It was originally anticipated that a conventional Stern-Volmer plot,
in the form of Eq. (4), could be used directly to obtain Q' for the added
gases. It quickly became apparent, however, that the dependence of the
fluorescence intensity as a function of pressure was quite different
from the predictions of this equation.

The essential data is illustrated in Fig. 3 for the case of helium
as a fill gas; plotted is the ratio of the intensity at zero-pressure to
that at some given pressure. As He is added to the cell, the intensity
drops precipitously between zero and about 5 torr, and then falls off
more gradually with further increase in pressure. Very similar behavior
was also directly measured for Ar as a fill gas. In addition, from
similarities in the vibrational transfer data, we infer that the other
rare gases, Ny and H; all cause such behavior of the total fluorescence
intensity, although the magnitude of the sharp rise decreases with
increasing mass of the collision partner.

We consider first the initial sharp rise in I /I . This cannot be
due to collisional quenching of the B state since thef the vibrational
energy transfer plots, described below, would show a significant departure
from linearity. Absorption measurements using the refillable cell quickly
revealed that the sharp fall in I, was due to a sharp (and quantitatively
identical) decrease in the amount of Zn line radiation absorbed by the

S,, upon addition of the fill gas. For example, at Spv 0.15 torr, 14%

o% the 307.6 nm radiation is absorbed at P(He) = 0, but at P(He) = 5 torr
no absorption was detectable above the 3% noise level.

In order to investigate this phenomenon, an extensive series of
experiments was carried out using both the refillable cell described in
the Experimental Details section, and another cell with a stopcock
between the cell body and the sulfur reservoir. This latter cell per-
mitted the body to be maintained with a particular S; nNumber density,
at a nearly uniform temperature and isolated from the reservoir of
liquid sulfur.

The measurements and observations, most of which were carried out
with He as the added gas, are described in detail in Ref. 9. Our con-
clusions from these experiments are several. Neither pressure broadening
nor shifting of the molecular absorption line is sufficiently large to
account for the decrease in I seen in Fig. 3. In the experiments
involving the single-stopcock cell, the gaseous and condensed sulfur
were always in contact. There, I decreased upon addition of He but in-
creased to its original value wheg the He was pumped out, with the sulfur
reservoir always held at the same temperature. The two-stopcock cell
was used in particular in the following way. With the valve between cell
body and reservoir open, I showed the usual decrease upon the addition
of He. The stopcock was then closed, isolating the cell body (containing
both gaseous sulfur and He) from the reservoir. Upon pumping out the He,
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[, remained constunt. This demonstrates that the added gas decreases the
total number density of gaseous sulfur in the cell above the reservoir
containing condensed sulfur, but does not affect the molecular composition
of the sulfur vapor.

For the cases of Ar and the heavier gases, a change in flow conditions
(molecular to hydrodynamic) can account for the bulk of the change observed.
For He, at least, this effect is not sufficient and another phenomenon
is contributing. We speculate that the added gas might affect the phase
composition within the reservoir, thus changing the total sulfur vapor
pressure above the condensed phase at a given temperature. However we
have no data bearing directly on this point.

We recall that it was earlier established that the change in I was
caused directly by a change in the amount of absorption. Thus thes
experiments have demonstrated that the number density of gaseous sulfur,
above a reservoir containing condensed sulfur, is decreased upon the
addition of a foreign gas. We emphasize that the observations have not
provided an unambiguous explanation for this phenomenon. Most important
for the current purpose, however, is that these experiments combined with
observations on the vibrational energy transfer data show that the only
effect is the lowering of the sulfur number density. Identical after its
removal; and the total intensity at a given pressure is simply scaled
as the curve in Fig. 3, in the presence of He. Thus we conclude that
this phenomenon has no effect on the energy transfer results, when
analyzed in terms of population ratios by means of the equations listed
above.

The more gentle rise in the IO/I plot of Fig. 3, and the corres-
ponding rise for the Ar experiments, gould be due to quenching of the
B-state S, by the rare gases. They are of a size well .onsistent with
an upper gound estimate to Q' based on vibrational relaxation data
described below. 1In fact, Q' values obtained directly from this slow
rise, treated in a Stern-Volmer manner, are ~ 0.2 0 txose upy..r bounds.
Due to possible problems in so interpreting only %, ¢ uigh pressure portion
of Fig. 3, in view of our lack of understanding of the low pressure
part, we prefer the much larger upper bounds with this suggestion that
the true Q' may well be much smaller.

V. VIBRATIONAL TRANSFER

In this section, transfer spectra such as those shown in Fig. 1 are
analyzed to determine steady-state vibrational populations as a function
of fill gas pressure. This information is then used to calculate vibra-
tional transfer rates using Eqs. (7) and (8), and to follow the overall
evolution of the population distribution with increasing fill gas pressure.
The data are used to set upper bounds on quench rates, and rotational
contours of transferred vibrational bands are examined for information
about rotational memory following a collision which alters the vibrational
state,
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A. Population Determinations

Fig. 4 shows a portion of the fluorescence spectrum emitted in the
presence of 18 torr Ar. The band heads are identified by the tabulated
positions given by Pearse and uaydon,-° which are based mainly on the
classic work of Fowler and Vaidya. 24

The areca under each identifiable vibrational band was determined
graphically. Because of overlapping, as is evident in Fig. 4, it was
necessary to extrapolate the tails of some bands past the heads of those
adjacent bands at longer wavelength. In other cases, it was necessary
to consider only total contributions from more than one band. The con-
sistency of the band shapes, the inclusion of different overlapping com-
binations, and the overzll redundancy of the data compared with the number
of fitted populations (see below) give us confidence that this is a
reliabl: procedure tor determining vibrational populatioas. In this
connection, Fig. 4 illustrates the requirement of maintaining a constant,
definable baseline throughout a run.

For an isolatable band (v',v'"), its area a_,_ ,, is related to the
population of the v' level, noys through the equa¥1on

3
P BT e/t = gy n - (11)

Here, q, vy is the Franck-Condon factor for the band in question, v

is the transition frequency, and ¢ is the detector quantum efficiency
at v, on a current per photon basis. As before, the radiative lifetime
T is assumed independent of v'. For the situation in which more than
one band contributes to a given area, the area is a sum of the approp-

riate terms2> on the left-.and side of Eq. (11). Values of q_, , are
taken from the measurements of Meyer11 20 for v'=3,4 and 5; ci1dulations
by Brabson26 using RKR potentials furn;shed q.,.n for v'=0,1 and 2.
These parameters, and the product?Z5 fv' N ﬁvvv”ev3 for each band

23. R. W. B. Pearse and A. G. Gaydon, The Identification of Molecular
Spectra, 3rd Ed. (Chapman and Hall, London, 1965).

24. A. Fowler and W. M. Vaidya, Proc. Roy. Soc. A_132, 310 (1931).

256. The notation following implicity labels each area by the (v',v")
band forming the dominant contribution.

26. G. D. Brabson and R. L. Volkmar, J. Chem. Phys 58, 3209 (1973); G. D.
Brabson, private communication (1973).
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measured, are collected in Ref. 9. 1In all, in the wavelength region
monitored by the spectrometer, we measure areas corresponding to
contributions from between 9 and 12 bands for each v' in the range

0 <v' <5,

At least squares determination of the populations is suggested by
the redundancy of the data together with the fact that several areas
represent contributions from more than one band. In matrix notation,

F_s_L

'\'A =A,

where N is the column vector of the populations Novs A 1s the column
vector of the areas a_, ., and { is the matrix of the fV v The

unweighted least squares solution is

-~

(FtF) Fta

where t denotcs transpose and -1 signifies inversion.

Depending on the spectral scan and degree of vibrational overlap,
the problem consisted of from 14 to 22 equations in the six unknown n,
As a gauge of the goodness of the fits, the least squares solutions
were used to calculate the band areas and usually reproduced the measured
values to within 10%.

Several comments concerning possible systematic errors in this method
can be made. The largest uncertainty, insofar as transfer rate determin-
ations are concerned, must be in S, pressure fluctuations and the Franck-
Condon factors since the transition frequencies, detector efficiency,
and errors in the measurement of the areas lead to a combined uncertainty
of only two or three per cent. Although the RKR Franck-Condon factors
for v'=0 and v'=1 agree fairly well with the experimental values of
Meyer,11 especially for the more intense bands, the calculated q_, ,, do
deviate significantly from those of many of the weaker bands meatuted
by Meyer. However, since primarily the strongest bands will determine
the population calculated for the state, the uncertainty in the q_, ,,
for the weaker bands are of less significance. Since we have no measured
values for q, vt it is more difficult to assess the accuracy of these
RKR- calculated terms. However, we expect the vibrational overlap integral
to be more sensitive to the more rapidly varying vibrational wavefunction
of the v'=2 state than that of the v'=0 or v'=1 state. Indeed, we find
that the least squares fits vield a vopulation of v'=2 often lareer than
can reasonably be exnected. Also, the lack of a smooth trend in the
population of v'=2 with increasing mean nressure (in contrast to the
smooth variations found for the rest of the vibrational levels) makes
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us believe that n, is not as well determined as the others. The cause

of this instability is that nowhere in the spectrum is a strong vibrational
band of v'=2 free irom extensive overlapping with other bands or lamp
emissions. Hence, the anomalous size of n, found in some of the fits
should be considered spurious.

We have earlier remarked about the assumption that 1 is independent
of v'. Another quantum level dependence of concern here is that of the
qyrym on J'.  Meyer has found for v'=5 that differences of as much
as 50% exist for the strongest vibrational bands, when comparing J'=13
and 69. However, much less dependence on J' should be noticeablell for
J' < 50, which is the range of rotational quantum number significantly
populated here.

Although a small amount of fluorescence was sometimes observed
emanating from v'=6 and v'=7, we could not calculate the population of
these levels since we lacked reliable Franck-Condon factors. Based on
a measurement of the V} ¢ rate constant (see below), the assumption
that Vg 5, and the fitted n., we expect the largest value of ne
to be on?y a ew per cent of the total B-state population, while n- is
yet smaller. Checks using estimated but realistic 96, 1 and 7,1 values,
and measured areas for these bands with N, as a fill gas, show, e.g., a
maximum?’ ng = 1.9% and n, = 0.7% of the total.

B. Relaxation Rates

The population data, as a function of fill gas pressure, are used
in two ways. The first is a quantitative measurement of three vibrational
transfer rates; the second, described in the Discussion, is aimed at a
qualitative picture of the multi-quantum nature of the relaxation and
requires mathematical modeling.

In order to extract relaxation rates from the vibrational population
data, we calculate ratios of the v'=4 population S4* to the total B-state
population S*, and ratios of S4* to the populations in the adjacent
levels, v'=3 and 5. This enables us to determine V', the total rate of
transfer out of v'=4 and the rates V} ,3 and V4 c Correspondlng to single
quantum transfer. The appropriate ratios among “these three levels, and
the sum S*, are better determined at low fill gas pressure than ratios
involving populations in v'=0, 1 and 2. Consequently these results
yield directly quantitative rates, in contrast to those considered in
the next section, which utilize all the data but require some modelling
for their interpretation.

The data are first plotted versus A, according to Eq. (6), with
*=§,* and Q' set equal to zero. Thus we begin by explicitly neglecting
txe etfects of back-transfer into v'=4, An obvious curvature is observed

in each case, indicating that either or both of these phenomena must

27. That is, the highest value attained by this pressure~dependent
fraction.
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be taken into account. From other observations concerning the quench-

. 78 . . -

ing,~° together with the good fits obtained by the back-transfer correc-
tions described immediately below, we are confident that the back-transfer
is fully responsible for this curvature.

Using the initial (low-pressure) slope from these plots as a first
estimate of V', the data are then plotted according to Eq. (7), with
ve=3 and 5. This permits a first determination of V4 < and V) 5 again
from initial slopes.

The assumption is then made that Vi ,=V) ¢ and \5 -V& . This is
quite reasonable for our use of these rafes a8 correction térms, since
(1) the anharmonicity in B-state S, is not large, and (ii) our modelling
results indicate no strong dependence of the single-quantum transfer
rates upon vibrational level. These values are then fed into Eq. (8)
in order to redetermine V' with initial corrections for back transfer.
The V' so obtained is used for a recycling through Eqs. (7) and (8),
which produces a consistent set for V', V& 3 and V 5

The final transfer plots, i.e., the left-hand side of Eq. (8) vs.
fill gas pressure, are shown in Fig. 5. The values of V' extracted from
these plots, and the values for Vi 3 and V4 g are collected in Table II.

Unfortunately, final-state-specific rates, other than these two,
cannot be reliably determined from the data, The low intensity of the

v'=6 bands, at all pressures, and the problems mentioned earlier con-
cernlng n,, preclude direct determinations of V4 and Vg . While the
values of n, are fairly well determined in general, a separatlon of
the VA rate from vibrational cascade through v'=3 and/or 2 requires the
use of’ 11m1t1ng slope data at quite low pressure; we feel the data is
not of high enough precision in that region to yield a meaningful Vi 1

C. Vibrational Population Evolution

As the pressure of the fill gas is increased to successively higher
values, the vibrational population distribution within B3 undergoes
an evolution from a near-delta-function population of the initially pumped
level to a near-thermal distribution over all levels. The fractional
populations of vibrational levels v'=0 through v'=5 are plotted at
several pressures of argon in Fig. 6. Each successive frame shows the
steady-state population distribution after an approximately three-fold
pressure increase over the preceding frame. The populations are calculated
from transfer spectra like those shown in Fig. 1. For the two lowest
pressures shown, the absence of values for v'=0, v'=sl, or v'=2 result
from the undetectability of transfer bands from these levels. (Although
v'=2 probably has a population between those shown for v'=1l and v'=3
at 1.7 torr of argon, lack of a strong v'=2 band in a good viewing region
prevented a direct calculation of its population.) The experiments
exhibit a surprising similarity among the relaxation distributions found

28. That quenching does not cause the curvature is discussed further below.
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Figure 5. Plots of V'A (left-hand side of Eq. (8) vs. A, for each of
the gases studied. The error bars are estimates from the data. The
straight lines are the fits obtained with the quoted V' result, and the

shaded area corresponds to the limit using the error bars quoted also in
Table III.
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with He, Ne, Ar, Kr, \e¢, H, or N, as the collision partner.

One can follow quite readily the thermalizing of the vibrational
levels within B3: . The population distribution first spreads and then
piles up in the 10west vibrational levels with the v'=4 level alwavs main-
taining a larger population thanqits nearest neighbors, as is character-
istic of a steady-state problem."9 At the highest pressure shown, the
steady-state distribution is nearly Boltzmann; the dashes in the last
frame indicate equilibrium populations for an ensemble of harmonic
oscillators with the S, excited state fundamental vibration frequency
of 434 cm~! in contact with a 900 K heat bath. Of course, there is no
information about single collision dynamics by the time the system has
reached such an advanced stage of relaxation. However, such a result
further indicates that quenching is a much less likely process than
vibrational relaxation.

Computer modelling of the relaxation process, and a comparison of
the model's outputs with data such as that in Fig. 6, was performed to
extract information on the effects of multi-quantum transfer and level-
dependent transfer rates. These results will be treated in the discussion
section.

D. Quench Rate Limits from Vibrational Relaxation Data

Information concerning quench rates for the rare gases, N, and H,
as collision partners comes from three sources. The gentle slope of ~
Fig. 3, at pressures of 10 torr and up, suggest quench rates for He and
Ar of only about 1-2% of V'. The fact (see Fig. 6) that the upper-state
population distribution evolves to a near-thermal distribution, a process
requiring the occurrence of several transfer collisions before the S, mole-
cules leave the excited state, demands that vibrational relaxation is
significantly faster than quenching for all the gases.

The vibrational transfer plots constitute the third source. The

observed curvature in the initial plots (Eq. (6) with Q'=0) could,

a priori, be attributed to either quenching or back-transfer. However,

29. It is perhaps conceptually easier to consider a time-domain exper-
iment at fixed pressure, in which the exciting lamp is pulsed and
the time evolution of the population is measured. In this, the
pulsed, case, one would see an initial broadening of the narrow
distribution with a movement of the peak of the population toward
lower values of v' at inereasing times, and, at very long times,
a near thermal distribution., The steady-state experiment exhibits
stmilar features as a function of pressure, though they are not
quantitatively identical, due to the continuous source term in this
case. The problem of vibrational relaxation with a puleed source
and a multi-level system is treated in E. W. Montroll and K. E.
Shuler, J. Chem. Phys 26, 454 (1956), while that of rotational
relaxation i8 discussed in R. Herman and K. E. Shuler, J. Chem.
Phys. 29, 366 (1958). For the relationship between the pulsed and
steady-state experiments, gee T. Carrington, J. Chem. Phys. 35,
807 (1961).
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the amount of curvature is much too great to be attributable to a quench
rate as small as that established by the data discussed in the preceding
paragraph. The transfer plots themselves (Figure 6), after incorporation
of the back-transfer correction determined with independent Sz* and Sg*
data and Eq. (7), are clean straight line fits to within the error bars
of the data (with the exception of H,; see below). The back-transfer
correction thus fully accounts for the original curvature.

In fact the lack of residual curvature in the plots of Eq. (8),
for all gases except H,, prevents the determlnatlon of Q' from these
data. Upper limits are set by replottlng using trial values for Q'.
In this manner it is found that, except for Xe and H,, the data are quite {
consistent with Q' < 0.1 V'. For Xe, an upper bound of 0.2 V' could be
set by this procedure. ?

&

Only for H, did residual curvature remain after the back-transfer
correction. Fits to Eq. (8) were made using trial non-zero values of Q'
until the straight line plotted in Figure 6 resulted._ The resulting {
value of Q' thus determined is (1.0 + 0.5) x 10710 cm3 sec-

This quench rate is, however, not necessarily attributable to H»
quenching collisions, but is more likely the result of quenching due to
HpS formed by reaction between H) and S;. Studies® using H,S directly as
a fill gas show only small transfer even at several hundred torr. This
shows that, as with S§5(B) - S>(X) collisions, quenching is the predomi-
nant fate of S,(B) - H,S encounters.

Although thermodynamics favors a [H, b]/[H ] ratio of 6.6 under our
cell conditions and S, pressure, the k1net1cs dre slow enough that only
a small amount of H, is converted to H,>S during the actual measurement.
Pressure data’ taken before and after the experimental runs indicate
that the quoted Q' was obtained in a mixture containing < 14% H,S. If

)Y
all of the quenchin 15 attrlbutable to H,S, this corresponds to a rate

constant of 7 x 10~ ec-l, or a cross section o, = 80 A The
Hanle effect meaqurementsS y1e1ded for H,S - used thege dlrectly as a
fill gas - a coherence destruction cross sectlon of 82 A It is argued

in Ref. 5 that o.4q should be the same as o
agreement in this case, as with that of S
so in view of error bar considerations).

for S,, SO, and H,S. The
is close (here fortuitously

Q

E. Band Contours and Rotational Memory ‘

Contours of transferred vibrational bands contain information about
the possibility of the retention of the pre-collision rotational state
distribution in the post-collision vibrational level. As mentioned
earlier, the main rotational branches of the originally pumped level are
easily resolved by the detector. Thus, if the rotational memory were
quite strong, one would expect to see definite features, atop the overall
contour of vibrationally transferred bands, which could then be attributed
to emission from a single or a very few rotational levels having J' close
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to that of the initially pumped level.

Since a secondary fluorescence series is simultaneouslv excited
in v'=5 at about 1.5% of the intensity of the v'=4 series,30 it was
best to look for rotational memory in a strong v'=3 band. Of course,
even if complete rotational information were transferred to this adjacent
vibrational level, a v'=3 band would appear more rotationally relaxed
than a v'=4 band because the v'=3 state would have inherited a partially
relaxed rotational distribution from the v'=4 band and would have experi-
enced further relaxation on its own. Even so, we have never seen, with
any gas, line-type features attributable to complete retention. The
sensitivity of the detection apparatus and the cleanliness of the spectrum
from other interferences would clearly reveal the peaks down to at least
20% of their anticipated size were the rotational memory perfect.

While a perfect rotational memory is a limiting case and not really
expected to occur, evidence of partial memory would be revealed in the
contour of the transferred bands. We do observe a non-Boltzmann distri-
bution in the v'=3 bands after collisions of S, with H,. The over abun-
dance of high-J emitters give a rounded looking band without a strongly
developed head. However. we were not able to conclude whether the distri-
bution was skewed to either higher or lower J-values than the original
J'=41. H, is the best gas to use when looking for rotational memory
since the oR/o ratio is small (see below), rotational relaxation within
v'=4 occurs mainly by small changes in J (see next section) so that the
initial J-distribution does not spread quickly, and the slight quenching
by H,S also favors observing the effect. With all the other gases we
could not definitely claim to have made even this qualitative observation
of strongly nonthermal transferred bands. We attribute this to a lack
of detection sensitivity and not necessarily to a total lack of rotational
memory.

VI. ROTATIONAL TRANSFER

Using the same wavelength resolution as for the vibrational transfer
experiments, measurements of the total rate of rotational relaxation from
the initially pumped N'=40, J'=41 level were made. For this total rota-
tional relaxation rate, post-collision states are specified only as
different rotational (or fine structure) levels within v'=4. For a
specification of final states and a determination of state-to-state rates,
intensity measurements with a higher resolution are required; these are
described in a subsequent paper. As in the preceding section, data
analysis first involves extracting populations from intensity measure-
ments and then the use of this information to caiculate relaxation rates.
Finally, band contours are examined for trends in the degree of multi-
quantum transfer among the different collision partners.

30. Exetited by the Zn 303.6 nm line.
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A. Population Determinations

The data analysis, Eq. (9), requires the ratio of the population of
the initially pumped rotational state, S.*, to the total population
within v'=4, Sv*. The latter was determined as in the vibrational transfer
experiments, using Eq. (11) and the areas of the v'=4 bands having v" =
2, 3, 6, 7 and 10. Because some vibrational relaxation occurs within
the pressure range used here, small corrections were necessary to account
for overlapping v'=2 bands.

A measure of Sj* was obtained from measurements of the height of
the R,, and the blended P, and PR, . lines of the initial rotational level
at a series of foreign gas pressurés together with a calibration measure-
ment at cero pressure. Since rotational relaxation may appear as a slight
broadening of these fluorescence lines, causing a measurement of the area
of the lines to include intensity from rotationally transferred levels,
a height measurement is more indicative of the true population of the
initially pumped rotation state. Heights were measured as the distance
from the peak of a line to a baseline estimated from the amount of signal
lying to the high and low wavelength sides of the nontransferred lines
(i.e., the baseline was not the zero-intensity baseline as used for vibra-
tion measurements). While some rotationally transferred levels may still
emit fluorescence contributing to the height of the lines, such contamina-
tion should not be large. Indeed, measurements based on higher resolution
spectra4 always confirmed the measurements made at this lower resolution
to within a random 10% variation. The calibration consisted of a measure-
ment of the height and area of these lines for each band, in the absence
of foreign gas. This provided the conversion factors connecting the
peak height measurements of SJ* and the band area measurements of Sv*.
The slit width settings on the monochromator were untouched (not merely
reset) from one gas to another so that good statistics resulted from
averaging together the calibration scans run for each gas.

The ratio S _*/S:* was calculated separately for each band used at
each pressure of'the collision partner. Good agreement among all five
bands was found, indicating no systematic errors in our analysis pro-
cedure and the absence of any effects due to reabsorption of the fluores-
cence. Also, since there seemed to be no systematic difference between
the areas computed on_the basis of the height of the R, line and the
height of the P1 and RP13 combination, the average of %he values was
used.

B. Relaxation Rates

The data are analyzed according to Eq. (9), again with the quenching
rates Q' set equal to zero (except for H,) and using the values of V'
determined above. Initial plots neglecting the effects of vibrational
back-transfer showed a noticeable curvature. The back-transfer term is
calculated at each pressure using the previously determined rates Vi
and Vé 4 and the previously measured population ratios S;*/SJ* and '
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S5*/Sy*; it is not fitted to the present data. Hence, the only parameter
extracted from Eq. (9) is R'. Plots of the data and the range of the
predicted values are shown in Figure 7, and the results are presented in
Table III.

The major causes of the uncertainty at the high pressures is the
uncertainty in V', and some uncertainty in the experimental ratio
S,*/S;*. As a gauge of the latter, we consider the standard deviation

v ' "J - . . .
on the average of the 10 determinations (5 bands each with the R; and
the P, -Rp 3 lines). At 0.77 torr, the deviation is 5% while at i0.4 torr
it is79%. "This lower uncertainty at lower pressures, a general trend,
is however magnified by the near-unity ratio of 54*/SJ* at low pressures.

Rotational back-transfer has not been included in the analysis, and
the lack of any downward curvature in the plots of Figure 7 indicates that
it is unimportant at these pressures. This is consistent with expecta-
tions. Although the rotational levels are much more closely spaced,
compared with the vibrational levels, the strong multi-quantum flavor
of the rotational relaxation? spreads the population out over such a
large number of levels that transfer back into the initially pumped one
is relatively improbable. In addition, the competing vibrational transfer
inhibits the likelihood of rotational back transfer.

C. Band Contours and Multi-Quantum Transfer

As mentioned earlier, the spectrometer slit width was untouched
between spectral scans with different collision partner gases. The
reproducible bandwidth obtained with this procedure allowed a comparison
of the v'=4 band shapes as a function of inert gas. In particular, we
compared band shapes produced by different gases at pressures which caused
nearly identical degrees of rotational relaxation.

In Figure 8 is shown a comparison of the contour of the (4,2) band,
for each collision partner at a pressure such that about 30% of the v'=4
population is that of rotationally transferred molecules. The actual
values are listed in Table IV. For these scans, vibrational back transfer
is insignificant.

The lighter collision partners show more emission from the rotationally
transferred molecules occurring in the region of the fluorescence lines
from N'=40, J'=41. This corresponds to rotational levels in the general
vicinity of these quantum numbers. In contrast, the heavier gases show
a spreading of the emission over a larger wavelength range. For N, and
Kr, and especially for Xe, a marked band head is noticeable; this corre-
sponds to emission from levels with much lower J'. Since the degree of
total rotational relaxation is the same in each case, one may immediately
draw the qualitative conclusion that the average change in J per collision
is greater for the heavier collision partners, while small mass of the
collision partner favors a small change in J. These inferences from the
band contour examinations are borne out by the state-to-state rates
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Figure 7. R'A plots (left-hand side of Eq. (9)

vs. A for each collision

partner. As in Fig. 5, error bars are estimates from the experimental
data, and the straight line and shaded areas are predictions using the

quoted results for R' and its error limits.
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Figure 8. Scans of the (4,2) band for each collision partner at similar
degrees of rotational relaxation, showing the difference in rotational
contours: in the lighter gases, the relaxation is more to rotational
levels in the neighborhood of the initially pumped level, while for the
heavier gases the rotationally relaxed molecules are spread out over a
larger range of J'. The pressures and actual fractions of rotational
relaxation for each scan are given in Table IV.
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reported in Reference 4.
VII. DISCUSSION

Quenching has been seen to be the most probable outcome of an encounter
of B-state S, with ground state 52 The fact that S, is a stable molecular
entity suggests that S,-S; collisions could well be long enough lived to
lead to a fairly equal sharing of the total energy between the parting
pairs of diatomics.

On the other hand, quenching is a relatively unlikely process when
B3:~ S, collides with a rare gas or N, (or, we suspect, Hp). While
an ﬁpper limit for Q' of 0.1 V' can be estimated by using the vibrational
transfer data, the measurements of total fluorescence intensity with
increasing pressures of He and Ar suggest a significantly smaller
Q', of the order of 0.02 V'. The primary result of a collision, then,
is to transfer the S, into another energy level of the B-state. Since
quenching is small, we can follow the changes in population from that
of the single initially pumped level to that of a nearly thermal distri-
bution over rotational and vibrational modes.

In this discussion section, we examine some discernible trends in
the cross sections for total rotational and vibrational transfer, and
we consider some aspects of state-to-state vibrational transfer, chiefly
via a model of the population evolution. We conclude with a brief com-
parison of the present results to prior studies on B3 5 Sz.

A, Trends in the Cross-Sections

The cross sections o_ and o, for total vibrational and rotational
transfer are all relativeYy large, of the order of gas kinetic values.
This is rather common (though not universal) for relaxation cross sections
within excited electronic states, and has been attributed to the high
polarizability of excited states. While the present results bear no
direct evidence on this point, they do show a smooth increase in cross
section with increasing mass of the collision partner.

In Figure 9 are plotted the cross sections as a function of the square !
root of u, the reduced mass of the 7gllision pair. In general, both ]
o, and o increase smoothly with u For Oy» such behavior might be
anticipated by a picture of the transfer process occurring during a
relatively brief encounter, whose eff}giency increases as the collision
duration (which is proportional to u/“) approaches the vibrational period.

The relative efficiency of the diatomics vs. the monatomics, for
both o, and op, also suggests a brief collision. While H, and N, have
somewhat larger cross sections than a rare gas of equivalent y, the
difference is much smaller than would be expected from a statistical
partitioning of the energy into the available internal levels of the
diatomic.
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A simple 1nterpretat10n of the smooth variation of o, with ul/2 is
also supportive of such a view. Steinfeld, 4 observing similar behavior
in I,, noted that the cross-sections may reflect simply the amount of
rotational energy available in a collision. If it is assumed that the
average impact parameter b does not change drastically upon going from
one gas to another, then the amount of angular momentum L available in
a collision varies as the square root of the reduced mass of the
collision pair.

1/2 _ 1/2

L= uvb « p/u w'e,

where v is the mean relative velocity. Such a simple interpretation may
be true only when the interaction period is shorter than the rotational

period of the molecule. For example, Bergmann, et al. “ave studied
the J-dependence of cross-sections for AJ = #1 transfer> . major con-
stituent of the total rotational transfer cross-section i.. their case)

in Bln Na,, excited by argon ion laser lines. They find a mass depen-
dence for o, at small J qualitatively similar to the one found here.
However, atRhigh J the op for collisions of the heavier rare gases with
Na, is lowered, producing little variation in og with mass. They explain
such behavior by saying that the faster rotation rate presents a more
spherical potential to the perturber when the period of rotation becomes
less than the interaction time. The interaction remains anisotropic for
the lighter gases since they quickly zip past the diatomic sodium. In
fact, the slight decrease in o, which we find for Xe compared to Kr
could be a manifestation of this rotational averaging, and were one to
initially excite near N'=60, this idea could be tested.

B. Vibrational Transfer Rates

The fact that the sum of VA and VA 3 is less than V' for each
collision partner constitutes a strong argument for the presence of multi-
quantum vibrational transfer. Here we examine, via computer modelling
of the data represented in Figure 6, some possible assumptions about
relative rates.

Before that, however, we note the similarity, for all the collision
partners studied, of the fraction of the total vibrational transfer rate
constituted by |av| = 1 transfers, and the remarkable constancy of the
ratio V4 /V (see Table V). This has the implication that the phenome-
nological mechan1sm describing relative rates is similar for each gas, so
that the conclusions below pertain to all. In addition, there is here a
suggestion of a similar collisional mechanism for each gas, in accord
with the views of the preceding section.

31. K. Bergmann, W. Demtroder, M. Stock and G. Vogl, J. Phys. B 7, 2036
(1974).
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In addition, some information on the level dependence of the Av = -1
rates is available from the experiments together with the invocation of
detailed balancing,

/

9 .47%,3 ~ (°4,5/°4,3)(°5,4/°4,5)'

The application of detailed balancing to obtain the second ratio on the
right hand side must be approached with some caution. The vibrational
rates we measure are those of a single initial rotational level under-
going vibrational transfer into a particular final rotational distribu-
tion. We use for the og 4/04 ratio, however, the value exp [(ES—E4)/kT]
which is appropriate to fhermé? distributions in each vibrational level.
We justify this by noting that our initial value J'=41 is close to the
most probable value of J' (viz., 37) for a thermal distribution at 873 K.
The rotational contour studies (Figure 8) indicate a final state distri-
bution somewhere between rotational memory and a thermal distribution,
which are similar for the current purposes. In particular, isoenergetic
transfer (to N'~0 in v'=5), for which this detailed balancing expression
would be wholly inappropriate, does not predominantly occur.

We use the average value o, s/04 5 = 0.46 to obtain og 4/04 3=
0.88. ’ * ’ ?

Computer modeling of the relaxation of the initial vibrational dis-
tribution was performed in order to gauge the effect of multi-quantum and
vibration level-dependent transfer rates on the relaxing distribution.
These studies were qualitative, in the sense that exact agreement with
experiment was not expected; rather, matching the observed relaxation
pattern was sought by varying the rate constants. The experiments show
a surprising agreement between the relaxing distributions found with He,
Ne, Ar, Kr, Xe, H,, or N, as collision partner; and so the modeled results
are compared to ofie experimental relaxation pattern.

The model calculation solves for the steady-state populations of

twelve vibrational levels. It is constrained to the initial condition

that when all transfer rates are zero (i.e., at zero pressure), all of
the population resides in v=4. Given as input are the rates of transfer
of population between any two levels. While there are only ten bound
vibrational levels in the B-state, and population data for only six of
these, the calculation involves a larger number for mathematical conven-
ience. This prevents any pileup of population in the highest level
included in the model, and permits a more general set of relative rates
to be used as input. The calculation involves solving twelve linearly
independent equati. s in twelve unknowns by matrix inversion.

The model, carried out to simulate a series of steady-state experi-
ments, confirms the general features of the development of the vibrational
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distribution as shown in Figure 6, namely that the initial distribution
first broadens about v=4 and then population piles up in the lower vibra-
tional levels until a thermal condition exists. Variation of relaxation
rate constants and the relative importance of multiquantum events do not
alter these gross features of the relaxing distribution. However, notice-
able differences (compared to experiment), dependent on the relative

rates chosen as input, do exist for the rate of increase of the lower
vibrational populations relative to the population decrease of v=4.

Of course, with so many rate constants to specify, the starting
point is to use only 'reasonable'" rate constants, avoiding unnecessarily
complicated schemes. The first model limited vibrational transfers to
Av=%1 events only and took the up-transfer rates to be independent of
vibrational level (the down-transfer rates being determined by detailed :
balancing). Such a model clearly failed to mimic the experimental findings. 4
The v=3 population attained too large a population while the v=0 and
v=1 levels did not grow in population fast enough. Still limiting
transfers to Av=t1l, one would need to have the lower vibrational levels
relax very much faster than the upper ones for the model to exhibit the
proper trends. Nonetheless, we could never satisfactorily match the
experimental data under this constraint.

o .

One can more quickly build up the population of the lower lying
vibrational levels by allowing multi-quantum transitions. This also leads
to a slower build up of v=3 for a given decrease in v=4. The addition of 1
Av=+2 improves agreement with experiment, but still fails to simulate
the data unless the Av=+2 rate is significantly greater than the Av=+l
rate, which is physically unrealistic. However, inclusion of a Av=+3
rate, of one-half the Av=+2 rate (which in turn is one-half the Av=+1
rate) for a given level, yields quite good agreement with experiment.
Adding a Av=+4 rate of one-half the Av=+3 rate produces even slightly
better agreement with experiment. Thus, if vibrational transfer rates
are assumed independent of v, Av=*3 transfer must be invoked to explain
the experimental results and including Av=#4 transfers produces even
further improvement. Higher-order multiquantum transitions were not
modeled since they would produce negligible changes in the modeled dis-
tributions.

We note two direct comparisons of the model's final input figures
with experimental results. The experimental Av=+1/Av=-1 ratio is 0.46,
on the average, while the model uses 0.50; Av=*]1 transfers constitute
69% of the total measured vibrational transfer rate while the corresponding
figure for the model is 59%.

We conclude from this phase of the study the qualitative result
that significant rates of multiquantum transfer are necessary to explain
the data exemplified in Figure 6. While this is unambiguous, the data is
not of sufficient overall quality to warrant extraction of quantitative

individual V4 rates for v_. other than 3 and 5.
Ve f

49




A uscful viewpoint mav be gained by examination of the model rate
constants used in onr master equation approach, in terms of information
theoretic analysis.®- We found satisfactory agreement (we make no claims
as to uniqueness) using rates independent of v, and scaled by successive

factors of one half. In terms of the rate constants k(vi - vf) s k(Aav),
this may be cxpressed as
k(1) = 2k(2) = JK(3) = 8k(4) , (12}

For a series of rate constants of this nature, the surprisal Ip is
dsfined in terms of the ratio of k(Av) to the 'prior' rate constant
K (Av):

-_ ’O
]Av = - an{h(AV)/k (AV)]

k%(Av) is the rate constant expected were the rates to be determined

solely on the basis of statistics; that is, it represents the density

of final states available to the system for a collision in which a change

Av occurs. Hence a non-zero I reflects a 'dynamic bias' in the collisional
. . A . ..

encounter, vielding a measure of the degree to which the collision

dynamics - not just statistics - influcence the outcome of the collision.

It has been found3® that a large number of collisional processes have

surprisals which arc linear functions of the amount of energy transferred.

In terms of the surprisal parameter ),

IAv = const + X[E(vi) - E(vf)/kT], (13)

where T is the temperature of the heat bath into which the vibrational
energy is transferred.

We have calculated the ko(Av) from the prescription in Rubinson
and Steinfeld,33 using anharmonic oscillator to represent the S, Vibra-
tion. From these and the set of model rate constants of Eq. (12), we
make the surprisal plot of Eq. (13). It is linear with a slope A=1.3.
Thus our model sct of k(Av) is in neither the statistical limit (A=0) 3
nor the adiabatic limit (A>>1). The "effective width" of a transition,’

2. . Do Levine and R. B. Bernstein, Ace. Chem. Res. 7, 395 (197:).
38, M. hubinson and J. [. Steinfeld, Chem. Phys. 4, 467 (1874).

ad. I. Procaceia and R. D. Levine, J. Chem. Phys. 63, 4061 (1976).
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a measure of the amount of energy transferred in a collision in which

some transition occurs, is kT/A = 470 cm~l, a bit larger than the single
quantum spacing of 434 em L. The value of ) obtained is in accord with
our earlier and independent arguments about the duration of the collisional
encounter, which were based on the variation of 9 with mass of the
collision partner.

Other sets of rate constants scaled by a constant ratio, as in
Eq. (12) where the ratio is 2, have also been tried in the model. We
can reproduce the qualitative features of the data with a ratio between
1.5 and 3, although the models with these limits are clearly inferior
to the set in Eq. (12). These limits would yield values of X of 0.9
and 2.0 respectively.

We recemphasize that A=1.3 is not a surprisal parameter extracted
directly from our experimental data, which we feel is unwarranted.
Rather, it is a surprisal parameter descriptive of our model rates in
Eq. (12), which are in turn consistent with the data. (We have not
explored sets of rates with a non-constant ratio, and thus Eq. (12) is
probably not unique, only adequate.) Nonetheless, this A provides a
useful gauge, and categorization, of the vibrational energy transfer
within B3Z " S..

C. Comparison with Other Investigations

The earliest studies of energy transfer in selectively excited S
have already been alluded to in the introduction. Rompe's findingsl
that transfer dominated over quenching, and that Av=-2 changes occurred
though more slowly than Av=-1, for collisions with He, Ne or N5, are well
confirmed by the present work, as is Heil's? result that ground state
52 efficiently quenches excited 52‘

Heil's foreign gas quenching measurements were designed much like
our own initial attempts to obtain these quantities, except for slight
differences in handling the sulfur. His results for He quenching of the
fluorescence correspond to an upper limit o, < 0.6 &2, which is slightly
higher than the value suggested by the gent?e slope of Figure 3. What
puzzles us greatly is why he did not observe the sharp decrease in
fluorescence intensity at low He pressures.

Durand3 employed the Mg II lines at 292.8 and 293.7 nm to excite
fluorescence in S,. These lines fall in the region of the (8,1) and
(6,0) bands; on the basis of the observation of an anti-Stokes fluores-
cence term - the (8,0) band - he quite reasonably assigns the excitation
to v'=8., In actuality however, his excitation is an admixtuz- of v'=8
and 6. An examination® of his relative band intensities shows that the
dominant excitation is to v'=6.

Durand finds a sizeable decrease in fluorescence intensity upon
addition of each of the rare gases. This he attributes to quenching,
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and suggests collision-induced predissociation as the explanation for

the large cross sections he obtains. This mechanism seems tenuous, in

view of the fact that v'=6 is some 1500 cm-1 from the predissociation

limit. Rather, we feel that he may have been observing the same kind of 1
sharp decrease in intensity as we have seen. While his experimental

setup is quite similar to ours, he operates at much higher S, pressures

(1.1 torr) than do we, so that the hydrodynamic limit should be applicable

to his experiments. Thus, if he is observing the same kind of fluorescence

decrease as we did, one would expect it to be of somewhat smaller magnitude.

The quenching rates which Durand gives are larger, by a factor of
six, than our upper limits from the vibrational energy transfer plots, &
and thus a factor of sixty larger than those corresponding to the gentle
slope of Figure 3. We feel his values are not correct.

While Durand also observes and analyzes vibrational energy transfer
data, a meaningful comparison is difficult. Suffice it to say that his !
transfer results are explicable only by transfer rates of the general
size found here, that is, of gas kinetic size.

Fair and Thrush35 have made measurements of the chemiluminescence
produced by S-atom recombination in a discharge flow system containing
H, H>S and Ar. Their results for Ar quenching correspond to a rate con-
stant 2.5 x 10-10 ¢pd scc'l, twice as large as our Ar vibrational transfer
rate. This is completely incompatible with our results although we do
not know why. It should be noted that Fair and Thrush observe primarily
much higher vibrational levels than we study here, but even for high v'
it seems large. While they remark on the fact that it is a large value,
they also note that systematic errors, if present, would likely make
their reported value low.

McGee and Westonl® have made 1ifetime measurements of Sy fluorescence
following excitation by a broadband (9.6 nm) pulsed source; they excite
a mixture of vibrational levels with a most probable value near v'=7.
Their reported self-quenching cross section of 81 Kz is much smaller than
our value of 180 32- Even though they and we work with different vibra-
tional levels, that is not likely to be the cause of the discrepancy,
since Hanle effect measurements® point to an even larger Q_' for v'=9.
We can find no reason why these measurements and ours should disagree.
On the other hand, we take comfort in the agreement between our two inde-
pendent methods - intensity of fluorescence and Hanle effect broadening -
for obtaining Qs'. The only systematic error which would affect each
of these determinations in the same quantitative way is the manner in
which we extract the actual S, pressure from the thermodynamic data and
the cell flow conditions. In“turn, we have confidence in this procedure
from the absorption measurements, as described earlier.

35. R. W. Fair and B. A. Thrush, Trans. Far. Soc 65, 1208 (1969).
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