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9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:
A. Objectives

The objective of this project was to study rotational to translational
{R-T) energy transfer in selected halogen molecules. In particular, we aie
examined R-T transfer in the B(3Hg) states of IF, ICl, and I;. Ve also examine
R-T transfer during inelastic vibrational collisions. The experiments are con-
ducted using a single frequency CVW dye laser as the excitation source. Vith
this laser, molecules can be prepared in a pure guantum state (v’',J'). The
resulting B-X fluorescence is spectrally resolved, and the rate coefficients
for energy transfer are determined using a steady state kinetic analysis. 1In
brief, the ratio of the fluorescence intensity from a satellite collisionally
populated level (J¢) to that of a parent laser excited level (Jj) is directly
proportional to the R-T rate, kjf. Knowledge of the radiative lifetime of the
level J; is required in the analysis. The lifetimes of the states being
investigated have bLeen previously determined.

The R-T rate coefficients are desired for two reasons. First, they are
used to test parent theoretical scaling laws that predict the dependences of
kif upon J; and upon the change in J (AJ) during a collision.l+2 These are of
importance because the scaling laws depend upon the intermolecular potentials.
Thus, fundamental insight is gained from these measurements. Secondly, these
measurements have great practical relevance. Many of the species being inves-
tigated are excellent candidates for electronic transition chemical lasers.3:%
The degree of R-T relaxation in the excited state will in large measure deter-

mine the efficiency of the laser. 1In addition, knowledge of the R-T rates in
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the excited B state is useful for crudely estimating R-T relaxation in the
ground state.

B. Progress (Final)

Inelastic energy transfer collisions are among the most important proc -
esses that occur in molecular laser systems regardless of the excitation
source. The temporal evolution of the excited state manifold will in large
measure determine the operating characteristics of the laser. From a more
fundamental perspective, experimentally determined cross-sections for inelastic
processes serve as sensitive tests for theoretically predicted interaction
potentials.l’2

During the past two decades there have been numerous reports describing
measurements of vibration-translation (V-T) and rotation-translation (R-T) rate
coefficients in excited electronic states of diatomic molecules. Molecular
iodine is perhaps the most extensively studied system. The initial investiga-
tions on Iy B(3HO+) were performed by Steinfeld and co-vorkers3 in the mid-
1960s. They applied the C-W resolved fluorescence technique and demonstrated
its versatility by determining numerous V-T and R-T cross-sections for more
than ten collision partners. McCaffery et al. extended the I studies by
examining polarization effects in the resolved fluorescence.%»5 They also used
a circularly polarized excitation laser to optically pump Zeeman sub-levels in
ground state I;. This technique is analogous to the more traditional optical
pumping of atoms that has been such a valuable tool in atomic physics.

More recently, Pritchard and co-workers have used a CW dye laser to deter-

mine literally hundreds of rate coefficients for V-T and R-T transfer in Na2,6
Liz7 and 12.8’9 They alseo made comparisons of theiv data to several scaling
3




and fitting laws that have been developed to predict trends in R-T rate
coefficients.

The previously reported studies of R-T transfer using resolved fluores-
cence techniques have been performed predominantly on homonuclear molecules.
Thus, the diatomic interhalogens are relevant since they offer the opportunity
to compare R-T cross sections for polar species, e.g., IF and ICl to non-polar
species such as I;. State resolved energy transfer data for the interhalogens
are sparse. Although Is has been studied extensively, only a small data base
exists for R-T transfer for other diatomic halogens and interhalogens.

Indeed, in addition to Iy, state resolved R-T transfer studies have been
reported only in Brz(B)lo and IF(B).H“13 Clyne, Heaven, and DavislO performed
a preliminary CV resolved fluorescence study on Bry and obtained estimates for
R-T rate coefficients for Brp collisions with Ar. Wolf and Davisll reported
some rate coefficients for total removal of specific J’ levels in IF(B) by rare
gases, but they were unable to extract detailed, state-to-state R-T rate
coefficients from their data. Dorko et al.l2 have observed state-to-state R-T
processes in IF(B) and have reported some R-T rate coefficients for the
collision partner Kr. 1In a recent study Clark and Littlewoodl3 used a pulsed,
twvo photon technique to extract R-T rate coefficients from IF(B) + He
collisions.

The halogens and interhalogens are particularly relevant systems to study
because optically pumped lasers have been demonstrated on the B-X systems in
some of these molecules: e.g., 12,14‘17 Br2,18v19 and IF.20,21 In addition.
some interhalogens are attractive candidates for short-wavelength chemical

lasers. Consequently, R-T transfer is important in these molecules since this
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process plays a major role in laser performance. From a more fundamental
perspective, however, there is a reed to establish the data base for R-T
transfer rate coefficients so that scaling laws can be established and tested.
The premise of these scaling and fitting laws is that, for a given collision
eystem, an entire matrix of R-T rate coefficients can be expressed in terms of
only a few parameters.

In this report we describe the results of a systematic study of R-T
transfer in IF, ICl, and Ip. We have used several collision partners and have
determined over 1000 state-to state cross sections. We also show comparisons
of our data to predictions of several scaling laws.

B.1 Experiment

B.1.1 Methgg

The technique of CW resnlved fluorescence is simple, but can be quite
susceptible to systematic error=. The fundamental concept is that, upon
population of a single excited gquantum state, spontaneous emission can be
nheerved from both the initially populated (parent) level and other adjacent
(=atellite) levels that are populated by collisional energy transfer. In the
ab~enre of any collisions during the radiative lifetime of the relevant excited
<tate, emission is observed exclusively from the parent level. On the other
hand, if energy transfer collisions take place, then emission is obzerved from
hoth the parent and satellite levels. As we show later, concomitant measure-
nents of both the parent and catellite line intensities can be used to
detornine the 1are cocfficicent tor BT transfer if the Yifetime of the excited

catellite =mtate i known.  Tope ta commetpy pestyictions, the 0 branch is absent
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in the B3mu*) » xlg+ system of the interhalogens, and the spectrum consists of
only simple P .. doublets; overlaps of spectral features are thus minimal.

B.1.2 Apparatus

A block diagram of the apparatus is shown in Figure 1. The experiment
consisted of three major components: a) the laser source, b) the reaction
cell, and c¢) the detection system. For clarity we describe each of these

camponents below.

BARATRON
OPTICAL MULT!CHANNELI
FLUORESCENCE CELL ANALYZER DISPLAY

‘ ARGON ION LASER
DIODE ARRAY—, E 1
[ G= 0 =—— MONOCHROMATOR

Oas % DIFF
O~ PUMP

e— GAS

HANDLING
O=®= SYSTEM

A-4734Q
Figure 1.

Block Diagram of Experimental Arrangement

6




B.1.3 Laser Sources

Ve employed spectraliy resolved CW laser-induced-fluorescence (LIF) as the
primary experimental method. Excitation of single quantum states (v/, J') of
the molecules studied was facilitated using a Coherent Radiation CR 699-0% ring
dye laser. This device provided powers of several hundred mW with subdoppler
linevidths. Although our laser was only passively stabilized, we were able tn
remain at absovption line centers for several minutes which was adequate for
the required data collectionf For most experiments Exciton LD-590 dye was
used. However, a series of runs on IF B(v’'=6, J'=72) was performed using the
476.5 nm line of the Ar* ion laser that usually was used to pump the dye laser.
This Ar® line is resonant with the R(71) line of the IF(6,0) band. The Ar*
laser was run in a single mode configuration using a temperature stabilized
intracavity etalon.

The wavelength of the dye laser was determined with a Burleigh WD-20
wavemeter. A Tropel Model 240-03 spectrum analyzer was used to confirm that
the ring dye laser was operating in a single longitudinal mode.

B.1.4 Reactant Preparation

Iodine monofluorids is an unstable molecule and must be chemically pro-
dinced in the gas phase. Since it rapidly disproportionates on cell walls, the
IF source must be close to the volume in which observations are made. Iodine
monofluoride is most efficiently produced by reacting F atoms with an iodine
containing compound such as Ty or CF3I. Fluorine atoms were produced by
paczing CF, o through an Evenson microwave cavity opevating at 2.45 GHz and at a
power of 600, The CF, discharge flow tube was constructed from 14 mm o.d.

alumina, aud the CFy, pressure in the flowtnbe was maintained at approximately




100 mTorr. The pressure in the observation region was required to be at least
an order of magnitude less so that the experiment could be performed under
essentially single coltision counditions. This was accomplished by inserting a
Teflon piug in the end of the discharge tube. The plug had a one mm diameter
hole, and tnis caused a pressure drop of approximately an order of magnitude.
The typical operating pressure of CF, in the reaction cell was 8 mTorr.

Molecular iodine was introduced through a small ring injector (2.5 cm
diameter) that was placed 0.5 cm beyond the end of the CF, discharge tube.
This configuration allowed the fluorine atoms and Iy to mix and react for 2 cm
prior to the observation region. The room temperature I) was contained in a
small 300 ml flask that was connected to the ring injector. This source
provided an Iy pressure of approximately 1.0 mTorr in the reaction cell.

The reaction of Iy + F is fast, k = 4.1 x 10-10 cm3 molecule~! s-1,23 and
produces an inverted vibrational distribution?4 of ground state IF with
v* < 19. Ve observed no visible chemiluminescence that could have caused spec-
tral interferences. The IF(X) concentration in the present experiment is
unknown but an upper limit is defined by the I; concentration to be
3.2 x 1013 molecules em=3. The hard sphere rate coefficient for IF+IF colli-
s1ons is 1.80 x 10-1? ¢m3 molecule-l Q'l, and the IF+IF collision rate at
[IF] = 1 mTorr is 5.8 x 103 s‘l. The radiative lifetime of IF(B, v'=6) is
8.2 ps22 and is independent of J’'. This implies that the average time between
IF+IF collicions is twenty IF(B) lifetimes. Consequently, IF+IF collisions
were negligible under our conditions.

For I, and ICl studies, Iy and ICl vapnrs were introduced directly into

s

the reaction/fluorescence cell since they are stable compounds,
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The bath gas collision partner was introduced into the reaction cell
thrvcegh a 6 mm diameter tube. The pressure in the reaction cell was measured
wvith a 0-1 Torr model 220 Baratron capacitance manometer.

B.1.5 Fluorescence Detection System

The laser beam was introduced through a sidearm that contained a series of
light baffles, and it exited the cell through a similar sidearm. The laser
beam was approximately collimated (diameter = 2 mm) in the chamber by means of
a single lens. The laser induced fluorescence (LIF) was collected by a 30 mm
diameter f/0.7 aspheric lens situated approximately 2.5 cm from the beam
interaction region. The fluorescence was dispersed with a Spex 1.26 meter
monochromator. Previously reported R-T transfer studies using LIF have been
performed by mechanically scanning a monochromator over the bands of interest.
An unavoidable difficulty with this arrangement is that power variations or
frequency drifts in the laser during the scan cause drastic variations in the
signal. One must then normalize and correct the fluorescence intensities to
account for these variations. Since a scan often requires 10 to 20 min to
record, the corrections can be significant and add to the systematic
uncertainty of the overall result.

In order to minimize these prcoblems we employed a Princeton Research Inc.
Model 110 optical multichannel analyzer (OMA). The detector head consists of
1024 diode elements, each 25 pum wide. The spectral resolution for all
experiments was 0.80A which gave 5 pixels per resolution interval, an adequate
compromice between sensitivity and resolution. The OMA detector head is an
intensified reticon array with an extended S-20 response and a quantum

efficiency of approzimately N.2. The readout time of the diode array is




16.2 ms and was the rate limiting process for acquisition of a single spectrum.

Typically we exposed the detector head to the dispersed LIF for 15s and stored
the resulting signal in the OMA memory. This process was repeated ten times
with each record being averaged with the previously recorded runs. This
technique produced a composite spectrum which required only severali minutes to
record yet represented the average of several thousand scans. The individual
spectra were stored on floppy disk for subsequent analysis. A major advantage
of using the OMA is that a single scan is obtained nearly instantaneously and
consequently laser intensity drift is an insignificant source of error.

B.2 Kinetic Analysis

B.2.1 Method
The R-T rate coefficients were determined using a steady state analysis.
Under single collision conditions, the steady state population of any final

level J¢, formed by R-T transfer from the laser excited level J; is given by

Eq. (1)
I[N ] |
o - M) kgGoD - N = 0 1
Rearrangement of Eq. (1) yields Eq. (2).
Ne]/ [y = [Mikg(iof) T, (2)

In Eqs. (1) and (2)

;]

[M! = bath gas concentration

population of laser pumped level

!

kR(iéf) = rate coefficient for transfer from Ji to Jf

and Tr = radiative lifetime of Jt'

10
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Consequently, a plot of [N¢[/[Nj] versus ([M] 7T,) should yield k(i-f).
However, if the number density of M is too high, secondary collisions can occur
and Eq. (2) is no longer an adequate description. If the bath gas pressure is
high enough that two or more R-T events occur during the period T, then the
ratio [J¢]/{J;] no longer depends linearly upon the pressure. For example, in
the extreme case of complete rotational thermalization, this ratio will be
independent of pressire. Departure from linearity in the plots of [Jg]/[J;]
versus [M]t indicates that multiple collisions are occurring. (Ve noted small
departures from linearity at pressures greater than 40 mTorr.) The treatment
of multiple collisions can take on varying levels of complexity and indeed can
become computationally unwieldy. Ideally one would always work at pressures
sufficiently low that the probability of two or more collisions during one
radiative lifetime is negligible. Unfortunately, these conditions are not
alwvays compatible with an adequate signal strength, and the possibility of mul-
tiple collisions must be considered. For IF(B), a bath gas pressure of approx-
imately 25 mTorr would cause one collision per lifetime assuming a gas kinetic
collision cross section. We obtained most of our data at pressures lower than
this. Nevertheless, we explored the effects of multiple collisions.

Secondary collisions have the effect of shortening the lifetime of the
final state, Jg. The first order correction is accomplished by accounting for
non-R-T processes such as collisional quenching of Jg, collisional predissocia-
tion of Jg, and V-T removal from v;. Consideration of these effects leads to
Eq. (3)

kR(iaf)[M] T

[N_]/[N.] = < , (3)
f i 1+ (kO[M] + kp[M] + kv[Ml)Tr

11




vhere kg, kp, and k, are the respective rate coefficients for electronic quench-
ing, predissociation, and V-T transfer. ©Note that all removal processes refer to

the final rotational level, J¢. From Eq. (3) we observe that a plot of [NgJ/[N;]

versus [M] can be used to determine kg if T, kq, kp, and k, are known.

Electronic quenching of IF(B) by most of the bath gases used in this
study, viz.: He, Ne, Ar, Kr, Xe, and N; has been previously shown to be uni-
formly irefficient and this process is negligible under our conditions.2® The
correspondng V-T rate coefficients have also been determined previously,11 and
the appropriate values are used in Eq. (3). However, since the V-T rate
coefficients are all < 10-11 ¢m3 molecule-l s‘l, and since bath gas pressures
were always < 25 mT, the first order V-T rate was always less than 10 percent
of the radiative rate.

The quenching rate coefficient for IF(B) by I was estimated by Wolf and
Davis?® to be on the order of 3.9 x 10-10 cm3 molecule-! s-1. This was later
confirmed by Berman and Vhitefield?/ who determined a value of (3.5 + 0.3) x
10-10 ¢pm3 molecule"1 s~1. Since the Iy pressure was less than 1 mTorr,
quenching of IF(B) was essentially negligible. Although there have been no
reported measurements of IF(B) electronic quenching by CF4, we expect it to be
weak since the molecule CF, is inert and non-polar. The quenching rate
coefficients for such partners are small,26 ~10-14 ¢m3 molecule-l s-1 for He,
Ne, Ar, Kr, Xe, Nj, and SFg. We expect CF4 to exhibit similar behavior. 1In an
effort to confirm this we observed total, spectrally unresolved LIF as CFy was
added to the reaction chamber. No diminution of the fluorescence intensity was
observed over the pressure regime 0 to 40 mTorr. We conclude that the

quenching of IF(B) by CF, is ncgligible under our conditions.

12




Until recently,28 collisional predissociation in IF(B, v=6) had never been
observed. Indeed, in detailed LIF work, Clyne and McDermid concluded that the
manifolds of v’<8 are all essentially stable.25 Predissociation first occurs
in v*=8, J'=52. Although Clyne and McDermid only measured lifetimes for
J’ <57 in v’=6, the very significant rotational barrier should insure
stability for J' considerably greater than 57 in v’=6. For example in v’'=8,
predissociation is first observed at J'=52 which is 230 cm-1 greater than the
IF dissociation energy. Predissociation is also observed for (v’=9, J'=7).25
A linear extrapolation of these two predissociation energies versus J(J+1)
implies thet the rotational barrier for J’=85 is at least 600 cm-1 greater than
the IF dissociation energy of 22333 em-1, Thus, predissociation in v’=6 is
expected for energies greater than approximately 22933 cm-1, However the
energy of v’'=6, J'=85 is only 22732 em-1, Consequently all v’=6, J’ £ 85 are
expected to be stable, and we observed no anomalous intensity distribution from
any of these levels. 1Indeed, very recent work by Girard et al.28 has shown
that all J’<120 are stable in v’=6. For the data reduction we used an average
radiative lifetime of 1y = 8.2 us for all J < 85 (Ref. 25).

The next level of approximation allows for R-T removal from J¢ to all
other rotational levels within vj. This treatment, first described by
Steinfeld and Klemperer3 in their pioneering I; studies, yields Eq. (4)

k. (i~»>f) [M] T
R 3 , (4)

[N.]/IN.] =
f i T
1 4 (kR[M] NIRRT kQ[M]] T

N

[ed

vhere
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T . .
kR = total rate coefficient for R-T transfer from Jf to all wiber J
within v,.
i
This correction does not allow for the potentially important channel of repopu-
lation of Jf via a secondary collision from intermediate rotatinn:! levels.
Bergmann and Demtrdder accounted for these secondary collisions in their

analysis of Najp data.29 Using a similar approach we find that 1{ we call these

intermediate levels , then the term o becomes

[N ]
o = [kE[M] . Z k€ —)f){mg [M]} kMM v koM T (5)

wvhere ¢ # 1.

This additional term has the effect of counteracting the removal of Jg via
the k;[M] term. In practice, multiple collisions are treated using Eq. (6) in
an iterative fashion

(N /N T(140) = kp(iof) (M) T . (6)

First, one examines plots of [Ng]/[Nj] versus [M] at the lowest attainable
[M] and extrapolates a linear slope. If this is done for each J¢, then a £irsi
order set of kg(i-f) can be obtained. Using these kg(i-f), one calculates «
and modifies [Ng¢]/[Nj]. New kgp(i-f) are obtained and compared to the original
set. The process is repeated until the kgr(i-f) converge. Several groups
have used this approach when |4J] < 15. For example this treatment was applied
to Na2,29 and OH.30 Even though our Stern-Volmer plots displayed little
discernable curvature, we constructed a code to treat the corrections, through
one iteration, using Eq. (6). After one iteration, this treatment resulted in
large corrections (> 50%) being indicated for some of the k(72-f) produced with

the single collision analysis. It was clear that many iterations would have to
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be performed in order to arrive at a converged set of rate constants. We con-
cluded that in IF(B) where |[&J] < 60, the iterative trcatment introduces large
uncertainties. A large portion of these uncertaintivs arises troum the need to
determine [N;]/[N¢] for each iteration. This approach appeared to be very
laborious and impractical. Rather, we performed several tests to examine
empirically the potential problem of multiple collisions. The first test is
simply the observation that, for all bath gases, plots of [Ng]/[Nj] versus [M]
were linear to within approximately + 10 percent for pressures up to 20 mTorr
for all gases studied.

For the case of Jj=72 we also carefully examincd the populations of all
Jg €19 as a function of [M]. We chose this region since it represented an
exchange of rotational energy of nearly 5 kT (at 300 K) and the effects of two
consecutive collisions would be most prominent for these large 4AJ. Multiplc

19
collisions would be manifest in these plets ol (L J¢]/[J4] versus [M] as a

quadratic Jdependence on [M]. In all cases we obgerved a linear dependence upon
M} for pressures < 20 mTorr. At higher pressures a non-linear behavior was
observed. This is illustrated for Ar in Figure 2. From similar plots we
empirically determined pressures below which the dependence was linear for the
other collision partners. All analyses were completed using only those data
with [M] below these "critical" pressures.

We also performed a third test to determine whether our (essentially)
single collision model was adequate. Using the kp(i-~f) determined from the
treatment described above, we predicted resolved LIF spectra as a function of

[M] using the single collision model. Tn Figure 2 we compare the predicted

spectrum to data using He at the relatively high pressure of 34 mTorr. The
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Stern-Volmer Plot of [I N;j]/[Nj=72] versus [Ar]. Note linear
o

behavior for pressure less than 20 mTorr.

agreement is excellent, supporting our contention that multiple collision
effects are insignificant at these low pressures. It appears that if multiple
collisions are taking place, the depopulation of J¢ is balanced by repopulation
of the level from nearby levels. We cannot discern the difference between
these two cases. However, either case is adequately described by our analysis.

B.2.2 Population Determinatinnrs

vi,v" . . . . .
J"J" of a rovibronic emission line is related to the
b

The intensity I

'

37 through Eq. (7)

population in the upper state N
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S
V',V" _ v’ 3 2 JI,J"
IJI,J” - NJI A ’Re’ q\/,,V" 2J+1 ’ (7)
vhere v is the frequency of the transition,

IRel2 is the electronic transition moment,
Qyr,vy" is the Franck Condon factor,
and Syr, g is the rotational line strength.
The determination of Nj: from an intensity measurement is very difficult
because absolute photometric techniques are required, however, we need only

the ratio [Nf]/ p%] to determine kR(léf). (Note that the index denoting

the initial vibrational level will be suppressed because Ve o= Ve in this

study.) Consequently,
IJ (ZJf+1) (SJ, J,,] v?
[Ne) _f Vi) !
N. 71~ 3

N1 1 J.1Y (5., v
3, (21*)[Jf,Jf) f

In principle, either peak intensities or integrated intensities can be

(8)

used to determinz [Nj] However, if one employs peak intensity measurements to
determine Nj, then complete resolution of each rotational feature is required
to insure that contributions from adjacent levels are negligible. This
presents a difficulty in IF(B-X) bands because there are many near coincidences
between P(J) and R(J+n), where n depends upon the particular v’,v" band being
observed. For example, in the (6,10) band, P(J) and R(J+9) are nearly
coincident while in (3,11) the overlap occurs for P(J) and R(J+14). 0One can
minimize this problem through judicious choice of vibrational band, but there
is an additional problem that is unavoidable. Neav the bandhead spectral

resolution is lost since the emission lines are very closely spaced. Where
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resolution of features is inusmplete, the better approach is to use a specftral
fitting routine. We have uso! fhis rechnique as described below.

The fitting of the cuperimental spectra to determine rotational level
populations was carried out by first creating very high resolution synthetic

spectrum for each of the indiridual rotational levels contained in the

expevimental spectrum. Th~ 1ine positions were calculated using the Dunham

expansion coefficients ! I:i 1 and Wanner.3! A triangular slit function was
then convoluted with e & » run giving "basis set” spectra with the
appropriate resolution arsi v ith intensity corresponding to unit population.

These =spectra were taen used in o linear least squares fitting procedure in
vhich the populations avsocinted with each rotational level were varied to

prodiuce a peint by point best fit to the data. Prior to fitting, a constant
background signal was ~ubriaored from each experimental spectrum and then a

nment spectral respoiise was made. Using the

correction for relati—« ins!
resulting rotational Lol populations, Nj, ratios of Nsatellite/Nparent vere
catiulated,

In order to determine ac-nrately the population ratios from recorded
cpectra, one must know the response function of the entire detection system
which inecludes the len~, wonnchiromatoer, and diode array. Typically one would
nee a standard {rradiance lamp. However, our 100W lamp was so intense that
nentral density filter~ would have been required to prevent saturation of the
oMy detector.  These filter —on)d not have been used during actual data
Aacqnicition and the calibiation of theqe filters wounld have introduced

additinnal uneertatnticr . Concequentlyy o we zelected the NO/ZO afterglow as owm

) . . . . .
peference comren. > The b i lominescence from this rteaction, in the 4700 to
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48004 region, is well characterized and no (ilters were required. This
spectrum wa= iecorded using the same monochromator slit widths a3 used in the
actual R-1 experiments. The response fuaction obtained using this technique
was very uniform, and only a 20 percent variation over the entire range of tne
TF (6,0) bard was observed.

The possibility that laser saturation could affect the results was
checked by monitoring [Ng]/{Nj] as a function of laser power. No changes were
ohzerved frr a variation in the laser power of over an order of magnitude. Ve
note that this is expected from Eq. (2) which predicts that [N¢]/IN;] depends
only upon the lifetime of J¢ which should not be a function of laser saturation
of J;.
analogous spectral fitting analyses were used to determine [Ng]/[Nj] in
the 15 and ICl studies. Since the radiative lifetime IC1(8)54’36 is

considerably shorter than that for IF(B) we could work at considerably higher

bath gas measures.

C. Results

C.1 IF(v'=6, J'=72) Data Reduction

We succeeded in recording spectrally resolved fluorescence from 0 < Jg < 87

subsequent to laser excitation of J'=72 using the collision partners He, Ne,
v, ¥r, Xe, Ny and, CF4. We recorded and averaged 4000 individual spectra for
each buffer gas pressure, and typically 10 to 12 pressures were employed for
each bath gas,

It ee reaolved LTIF spectra are shown in Figure 4. These data clearly

demanstrate the BT trausfer that occurs upon the addition of helium. In
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Figure 4 the light lines represent the experimental data and the bold-faced
lines are the spectral fits from which the population ratios are determined.
The data in Figure 4a, obtained in the absence of helium, show the strong
parent P-R doublet and a few weak satellite features caused by collisions of
IF(B) with CF,;. Figures 4b and 4c show the results of adding helium. While
the (6,0) band is far from being rotationally thermalized, extensive rotational
relaxation has occurred.

We observe from Figure 4 that reproduction of the individual P and R lines
in the (6,0) band is excellent even near the bandhead. The position of the
(5,0) bandhead is also shown in Figure 4. With the spectral fitting code, we
can also determine any population that is transferred to v’=5 via V-T colli-
sions. In a future paper we will discuss AJ processes during a vibrationally
inelastic collision.

The spectral fitting program provides the population ratio [Ng]/[Nyy] for
each J¢ as discussed previously. To determine individual kp(72-f), a Stern-
Volmer plot must be constructed for each Jg. 1In practice this is accomplished
by creating data files of [Ng]/[Nyp] and [M] from the results of the spectral
fitting routine. These data arrays are then input into a kinetic code which
performs the required Stern-Volmer analysis.

The total transfer rate coefficient ?; kR(724f) is also obtained from
the analysis. Truncation at J’'=87 is doni ;?nce that is the highest J’
observed in our resolved spectra of the (6,0) band. Due to the 120A bandwidth,

determined by the size of the diode array, obsevvation of higher J’ would not

allow viewing of the bandhead. Ve chose to follow the AJ'<0 processes all the
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way to the (6,0) bandhead. We have also performed experiments observing J’'>87
and the populations become negligibly small.

Typical Stern-Volmer plots for AJ = -12 and AJ = -22 are shown in
Figures 5 and 6 for helium bath gas. The solid lines represent a non-weighted
linear least squares fit to the data. The linearity of the data provides
strong evidence that multiple collisions are negligible. In Figure 7 we show a
Stern-Volmer plot from which the total R-T transfer rate coefficient is
determincd. Again, the linearity of the data is very good which seems to
confirm that, under our experimental conditions, only single collision events
need to be considered.

Ve completed similar studies using Ne, Ar, Kr, Xe, No, and CF, bath gases.
For illustration, in Figures 8(a) through 8(d) we show resolved fluorescence
spectra for He, Ne, Ar, znd Xe all at approximately the same pressure
(~25 mTorr). It is obvious that collisions with the heavier rare gas atoms Ar
and Xe promote larger rotational quantum changes than either Ne or He.

C.2 Cross Section for R-T Transfer

The R-T cross section is a more fundamental parameter than the rate coef-
ficient. While we cannot determine velocity dependent crcss-sections from our
data, we can calculate effective hard sphere cross sections o(i=f) using the
conventional definition given by Lg. (9)

k_(i-f)
R . (9)

GR(I")f) = ,

In Eq. (9) v is the center of mass RMS thermal velocity of the IF+M system. In

Table 1 we present the total R-T cross sections (L o(i~f)) for He, Ne, Ar, Kr,
f

Ze, Ny, and CF4. We also list the ratio of the total R-T cross section (og) to

the effective hard sphere cross section (Ug) obtained from Lennard-Jones Ve
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consider a classical modells3 to aid in the interpretation of the results. The
average amount of angular momentum, L, available for exchange in a collision is
L=rx?P . (10)

In scalar form this equation can be written as

1/2
L = pvb = @‘WT_) w72, (11)

[\P]
(W]
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Table 1.

Rate Coefficients and Velocity Independent Cross Sections
for Total R-T Removal From J;j=72

Rate Coefficient Cross Section
Collision Partner 10-10 ¢x3 mo1-1 s-1 (10‘16 cmz)
Helium 2.94 23.1
Neon 2.29 38.3
Argon 2.16 48.1
Krypton 1.92 55.7
Xenon 2.15 71.1
Ny 3.69 71.1
CF, 2.42 60.7
KT 1/2
where we have used the rms thermal velocity v = G%TJ In Eq. (11) u is

the reduced mass and b is the impact parameter. Figure 9 is a plot of °R/°g
versus ul/Zb vhere b is taken to be the sum of the particle radii.

The data in Figure 9 show that the efficiency of the R-T process does
increase as the mass of the collision partner increases. For example the ratio
of (cR/cg)Xe ’/ (cR/crg)He is approximately 2-3. The analogous ratio3 for IZ(B)

(vi'=25, Ji"=34) is 2-5. Indeed, the relative efficiencies for R-T transfer out of

IF(B, v’'=6, J'=72) are very similar to those out of Io(B, v’=25, J’=34) when the

collision partner is a rare gas atom. This is an intriguing result since IF is polar
and I, is not. At the present time we cannot conclude that the observed increase in
the efficiency of the R-T process as a function of reduced mass is attributable only
to the mass of the collision partner since the heavier particles also have larger
polarizabilities. For example, in an earlier study, Wolf and Davisl! used a
classical model and showed that (cR/cg) for R-T transfer out of IF(B, v’'=3, J'=22)

scaled as (aul/2)1/3, where o is the polarizability of the collision partner.
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Since IF(B) possesses a permanent dipole moment, energy transfer and
quenching studies may lead to a more thorough understanding of the importance
of rhe polarity of the collision partners. Previous studies of these processes
in I9(R) have shown that the efficiency of R-T transfer seems to increase with
the polarity of the collision partner. For example, Steinfeld and Klemperer3

found tha* rthe polar species S0y and CH3Cl were considerably more efficient R T
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partners than non-polar species of comparable mass and they suggested that the
permanent dipoles were active in the R-T process. However, they also found
that the non-polar CO9 molecule was also an efficient R-T partner. At the
present time we are not able to make a definitive conclusion with respect to
the role of polarity in R-T collisions involving heteronuclear halogens since
we have only used one collision partner (ICL on itself) possessing a permanent
dipole. The ICL-ICL results do tentatively support this notion since, for
example, the total rate coefficient for R-T transfer is roughly twice as large
as that for the inert gases helium on argon when J; = 55 is probed. (These
results are described in greater detail in a subsequent section.) It seems
likely that the long range forces associated with two interacting dipoles could
play a major role in the R-T transfer process. In future experiments we plan
to examine rotational energy transfer in IF(B) using polar species such as HF
and Hj0.

It is also instructive to examine the state-resolved cross sections for
R-T transfer, and these are shown in Figure 10(a)-(d). From these data we see
that distributions of the cross sections as functions of AJ become broader as
the mass of the collision partner increases. It is clear that, with greater
collision-partner mass, the cross sections for large AJ transfer increase
substantially. VWhile the cross sections for small AJ are within a factor of
two for all four collision partners in this figure, those for the largest A4l
increase dramatically with greater collision-partner mass. This behavior was
tirst observed in I5(B) by Steinfeld and Klemperer3 and was interpreted by them
using the classical model described above. They argued that the heavier maswes

bring more angular momentum fo the collision and that this angular momentum
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couples into rotation of the I; molecule. We observe a similar behavior in
IF(B) as evidenced both in the spectra shown in Figure 8 and in the cross
sections displayed in Figure 10. Thus, the increase in the total cross section
as a function of the collision partner mass is due to larger AJ processes being
more probable for the heavier particles. Pritchard and co-workers? have
recently reported a similar trend for several initially populated J’' in I,(B,
v=11). They used only two noble gases He and Xe, but the distributions for Xe
were broader than those for He for each initially excited J’. The classical
model seems to give a satisfactory qualitative picture for the general shape of
the state to state cross section distributions for both Iy and IF.

Similar plots for Kr, Ny, and CF, are shown in Figure 11. The CF, data
illustrated in Figure 11 shows that a polyatomic collision partner behaves very
differently from an atomic partner. The individual R-T cross sections are
nearly uniform over a large range of AJ. Thi. ‘mplies that the internal
degrees of freedom in CF, may be efficient acceptors of the rotational energy
in IF. Ve are presently investigating other molecular collision partners.

C.3 R-T Transfer with Jj=13, 27 and 35

A typical resolved LIF spectrum for Jj=35 with the collision partner
helium is shown in Figure 12. Several interesting features are evident.
First, extensive R-T transfer occurs for both +AJ. Secondly, considerable
vibrational to translational (V-T) transfer is observed. Finally, the
satellite vibrational band (5,0) appears to be much more rotationally

thermalized than the parent (6,0) band.

In Figures 13 and 14 we compare resolved LIF spectra for J;=13 using He

and ¥e as collision partners at nearly the same pressure. Two conclusions can
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Figure 12.
Resolved LIF spectrum of IF Subsequent to Excitation of J=35
in v’=6. Helium pressure was 66 mTorr.
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Figure 13.

Resolved LTF Spectrum of IF Subsequent to Excitation of J=13

in v’ =6.

Helium pressure was 35.4 mTorr.
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Figure 1l4.

Resolved LIF Spectrum of IF Subsequent to Excitation of J=13
in v/=6. Xenon pressure was 33.6 mTorr.

be drawn from these data. Collisions causing large AJ are more probable for Xe
than for He. 1In contrast, V-T transfer is more evident for He than for Xe.
Indeed Figures 13 and 14 are beautiful qualitative illustrations of the
different dependences of R-T and V-T transfer upon the mass of the collision
partner.

A typical Stern-Volmer plot for J¢=18 and Jy=13 using helium as the
collision partner is shown in Figure 15. The plot is linear and the slope
yields k(13-18) - 1.01 z 10-11 cm3 molecule~l s-1. The [He|-0 intercept
represents the residual R-T transfer into J=18 caused by the ~8 mTorr back-

ground of CF,. 4 series of Stern-Volmer plots analogous to that shown in
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Figure 15.

Stern-Volmer Plot for Determining k(13-18) Using Helium Bath Gas.
The highest pressure point is approximately 30 mTorr.

of E ([Jf]/[Ji]) - 1 were constructed to produce values for the total R-T

Jg

rate coefficient from specific Jj. A typical plot for J;=13 using He is shown
in Figure 16.

A convenient way to present the measured rate coefficients is to construct
plots of 1n k(J;-2J¢) versus 1In AJ. Ve show a few typical plots in Figures 17
through 22.

Figure 17 shows data for J;=13 using helium. The two data sets shown wvere
obtained over a month apart and indicate the excellent reproducibility of the
erperimental results. The error bars represent one standard deviation in the
slope of the respective Stern-Volmer plot. In general the overlap of the two

runs shown is within this uncertainty which indicates no significant systematic
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Stern-Volmer Plot for Determining Total R-T Rate Coefficient
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Figure 17.

Plots of k(13-Jf¢) versus AJ. Two data sets using helium bath
gas are shown. Arrow indicates an energy change of 1 kT.

38




k (35—Jt) (10-13 cm3 molecule -1 5-1)
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Figure 18.

Plots of k(35-J¢) versus AJ Using Helium Bath Gas.
Arrov indicates energy exchange of 1 kT.
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Plot of k(13-J¢) versus AJ Using Argon Bath Gas.
Arrow indicates energy exchange of 1 kT.
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k(27—Jf) (10-13 cm3 molecule -1 s-1)
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Figure 20.

Plots of k(27-J¢) versus AJ Using Argon Bath Gas.
Arrow indicates energy exchange of 1 kT.
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k(35—Jf) (10-13 cm3 molecule -1 s-1)
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Plots of k(35-J¢) versus AJ Using Argon Bath Gas.
Arrow indicates energy exchange of 1 kT.
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errors. Figure 18 shows a similar plot for J;=35. Here the two data sets are
for AJ < 0 and AJ > O processes. Similar plots using Ar and Xe are shown in
Figures 10 through 13.

Some interesting and important features can be discerned from these plotcs.
Firstly, the fall-off of k(J;2Jf) with increasing &J is greater for He than for
either Ar or Xe. As an example the J;=13 rate coefficients for &J > O pro
cesses with Ar and Xe are nearly constant for AJ > +20 whereas those for He are
essentially a monotonically decreasing function of AJ. It is perhaps signifi
¢ 1t that from J3=13 a AJ = .20 transfer implies that the collision partne:

must supply approximately 1 kT (at 300 K) of energy. Thus upward transfer of

&J > 20 is probably energetically limited and a fall-off is not surprising fm
large 4J. However, for helium the diminution of k(13-J¢) occurs for & much
smaller than 20. This is indicative of some dynamical, angular momentum
constraint.

C.4 R-T Transfer IF During an Inelastic V-T Collision

We also examined R-T transfer during a V-T collision. For theses 1o
only helium was used since it yielded the largest vibrational satellite bands
(5,0) subsequent to excitation of (v’=6). From data such as shown in
Figure 12, we note that the signal level for (5,0) is much smaller than for th.
parent (6,0) band. Consequently the signal-to-nolse ratio was conside: '

degraded for the (5,0) band.

For these experiments -« J; were selected for study: Ji=6 aui 7. Tuo
representative spectra are =how: in Flpgmes 23 and 24 for Jij=0 and o7 1.
tively, each taken with 80 ~Torr of ndded Heo  The rather high He oo
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Figure 23.

Resolved LIF Spectrum of IF (5,0) Band Subsequent to Laser Excitation of

(J'=6, v'=6).

Bath gas was helium at 80 mTorr. Dark line is

spectral fit assuming a 300 K Boltzmann rotational distribution.
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required so that the (5,0) band could be observed. (Even at this pressure the
parent (6,0) band is very non-thermal as shown in Figures 25 and 26.) The
satellite (5,0) band appears quite relaxed and indeed we found good agreement
between the data and a fit to a Boltzmann distribution in each case. The dark
lines indicate the fits to a Boltzmann rotational distribution. Ve note that
excitation of J{=6 yields a much cooler distribution in v=5 than does
excitation of Jy=41.

In Figure 27 we plot the distribution of Nj versus J for the two fits.
Also shown are the positions of the two J;. Since Jyax=21 at 300 K, Jj=6 and
41 present two distinct cases. The v=5 distribution for J;=6 in v=6 is essen-
tially thermal while that for excitation of Jj=41 is not. Although there is
some apparent retention of J; during a V-1 encounter, the degree of rotational

redistribution is dramatic. Perhaps a V-R-T process is operative.
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Figure 25.

Resolved LIF Spectrum of (6,0) Band Subsequent to Laser Excitation of
(J'=6, v'=6). Conditions are identical to those in Figure 23.
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Resolved LIF Spectrum of (6,0) Band Subsequent to Laser Excitation of
(J'=41, v’'=6). Conditions are identical to those in Figure 24.
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Rotational Distribution in TF{B, v-5) Subsequent to a Av=-1 Collision with

Helium at 80 mTorr. The distributions are extracted from the fits shown
in Figures 23 and 7?4 and are normalized to the same area.
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I

For comparison we completed a similar experiment with Iy by exciting two

Ji in TI,(B, v=15) in the presence of helium. We monitored resolved
fluorescence from v=14. Two spectra and the corresponding spectral fits (non-
Boltzmann) are shown for J;=20 and 53 irn Figures ?8 and 29 respectively. Also
shown are the positions of the (14,6) band heads. It is rlear that these two
spectra represent dramatically different rotational distributions. The
relative distribution determined by the spectral fits are presented in

Figures 30 and 31. Ve note that the population v=14 peaks at the same J level

excited in v=15, The retention of J; throughout a V-T collision is dramstic.

14.6 (Vi =15, J; = 20) + He=(Vy = 14, Jp) + He
} He = 99 mTorr

1.00 l
0.80 -]
060 -

0.40 -

NORMALIZED INTENSITY

0.20

0.00 : . :
622 50 623.50 624.50
WAVELENGTH (nm)

AB19Y

Figure 28.
Vibrational Satellite Band (14,6) in I, Subsequent to Av--1 Collision

with Helium at 99 mTorr. 1Initial band excited was v'-=15, J’'=20.
Dark line is spectral fit to the data.
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Vibrational Satellite Band (14,6) in Iy Subsequent to Av=-1 Collision with
Initial and excited was v’=15, J’=53. Dark line is
spectral fit to the data.
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Rotational Distribution Obtained from Spectral Fit to Data in Figure 28
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Figure 31.

Rotational Distribution Obtained from Spectral Fit to Data in Figure 29

The examples presented above illustrate the potential of the experiment to
probe microscopic details of rotational redistribution during both vibra-
tionally elastic and inelastic collisions. Although Refs. 2 and 9 also showed
that in Iy there is preservation of J; during events in which v is not
preserved, our results are the first direct comparisons of this process for
both homonuclear and heteronuclear molecules. These results also furnish the
first convincing evidence of rotational selectivity during a V-T encounter in
an interhalogen molecule.

'

In an attempt to probe, in greater detail, R-T transfer during a VT

encounter we completed a series of runs using the Ar* 476.5 nm line to pump IF
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B(v’'=6, J'=72). Note that J’'=72 is far from the Boltzmann maximum at T=300 K.
For these runs we used helium bath gas and simultaneously monitored both the
(6,0) and (5,0) bands. Representative data and the corresponding spectral fit
are shown in Figure 32. As indicated from Figure 32 there was considerable
overlap of some (6,0) and (5,0) lines. Ve used He pressures in the range of
20 to 80 mTorr and completed a Stern-Volmer analysis as described earlier.
The results of this data reduction are shown in Figure 33. The detailed
state-to-state rate coefficients showv an interesting bi-modal distribution.
The lower Jg levels are very suggestive of a Boltzmann distribution. Indeed,
when we constrained the populations in these levels to be described by a
Boltzmann distribution the spectral fits to the data were excellent. (The rate

coefficients shown in Figure 33 were obtained using no a-priori constraints in

(6.0) P (73)

1.00
>
'.—
@ 0.80]
Z POSITION OF
= (5.0) R (71)
o 0604 p0gmon I[P B0 |

T T

g OF (50) || 7475 1577 3 790
5 BANDHEAD
2 040-
p=
: L
b 020 —/W\/

OOO “rTlflw‘l-uwl»T 7'11Yr‘Tl’Ylljfwj'[m’rTfer‘[!\.u\'T-\T'T—,T‘\'AuﬁﬁrO.AA\‘/-\.,l\‘_AM‘,\r\_b

477.10 479.10 481.10 483.10 485.10

WAVELENGTH (nm)
Figure 32.
Positions of (6,0) and (5,0) Bands. Pump level was J'=72, v'=6. Positions

of (5,0) bandhead and R(71) lines are shown. Note little preservation of
originally pumped J’ remains in v’=5
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Figure 33.

R-T Rate Coefficient for IF(B) (v’'i-6, Jj=72 > vg=5,J¢)
Collisions. Collision partner was helium
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the fitting routine.) There is also a clear peak in the rate coefficients near
J’=60. Our present interpretation of these distributions is as follows. The
peak at nign J° 1n v'5 is consistent with some preservation of the initially
populated J’ in the parent v’=6 level subsequent to a V-T encounter. For some
runs, we had to use He pressures sufficiently high that multi-collision effects
may be operative. Thus the distribution in v’=5 also shows a thermal compo-
nent. At this time we cannot quantitatively conclude how much of the apparent
thermal component is due to multi-collision effects. However, even at He
pressures low enough that multi-collision effects are negligible we still
observed a much broader distribution of k(i~f) in v’=5 then we saw in the
parent v’=6 band. The data shown in Figure 33 are the first detailed
state-to-state R-T rate coefficients for an inelastic V-T process.

C.5 R-T Transfer in IC1(B)

Typical resolved LIF spectra for IC1(B-X) using He and Ar bath gases are
shown in Figures 34(a) and 34(b), respectively. These data are for the
initially populated level (v’,J’) = (1,55). Ve note that analogous to all the
IF results the heavier collision partner is more efficient in causing larger AJ
changes. Plots of the RET cross ~=ctions o(i~f) for Ar and He are shown in
Figures 35 through 40 for several Jj.

An analogous plot for ICl as its own collision partner is presented in
Figure 41. VWhen compared to Figures 34(a) and 34(b) we note that ICl + ICl
collisions seem to give a much more peaked distribution for small AJ. Perhaps
this is evidence for an active role by the permanent dipole moment of IC1
during a &J collision. We plan to test polar collision partners much more

thoroughly in future studies.
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Resolved LIF from IC1(1-8) Band. (a) Ar bath gas; (b) He bath

gas; Ji=34 in each case
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R-T Rate Coefficients for IC1(B) Collisions with Helium (vij=1, J{=55)
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R-T Rate Coefficients for IC1(B) Collisions with Argon (vj=1, J;=55)
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Figure 37.

R-T Rate Coefficients for ICI(B) + He (vj=1, J;=36)
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R-T Rate Coefficients for ICI(B) Collisions with Argon (v;=1, J;=36)
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k(42,Jf) (molecule cm3 s-1)
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Rate Coefficients for Rotational Energy Transfer from IC1(B) (vj=1, J;=55).
Collision partner was TC1(X)
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C.6 Scaling Lav Tests

There are several motivations for developing und verifying scaling laws to
describe R-T rate coefficients.ls? Perhaps the most important reason is one of
practicality; it is unrealistic to tabulate rate coefficients that describe all
possible R-T processes cven within one electronic state. The situation is
drastically simplified if all R-T rate coefficients can be scaled to a few fun-
damental parameters. Indeed, the goal of this approach is to obtain a closed
form expression that can be used to generate R-T rate coefficients. This would
be particularly valuable in kinetic codes, e.g., chemical laser codes.

From a more fundamental perspective, there are also reasons for testing
scaling laws. Some of the parameters in the scaling laws that have been
developed can be related to physically meaningful quantities such as the
interaction potentials. Consequently one can gain fundamental insight into
some of the physics of the R-T collision.

There are several scaling laws that have been developed over the past two
decades in order to predict all k(i-f) given that a few can be measured. For
brevity we do not discuss the derivations of these scaling laws but instead we
emphasize the important features of them and compare each to our data sets.
There are two basic types of these laws: 1) those based upon the amount of
energy exchanged and 2) those based upon the amount of angular momentum
exchanged.

C.6.1 Energy Based Fitting Laus

The oldest and simplest fitting law is the exponential gap law given by

Fa. (9
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EGL
k(i~>f) = a e © R(OE) (24 +1) (%)

i
—~~
®
E>
(]
N

where a and © are fitting parameters and R(AE) is the ratio of the final
density of translational states to the initial density of translational states.
This form was developed by Polanyi and Woodall37 in their studies of HF(v)
reiaxation and has been applied to a number of other species.

Pritchard and co-workers38:39 developed an alternate formalism that scaled
the R-T rate coefficients to a power gap law given by Eq. (10)

SPGL o
k(i-f) = aIAE/BV|_ © N (I T (R(AE)) . (10)

In Eq. (10) a, « and A are fitting parameters, B, is the rotational constant,

H

and Ny is a factor that allows for a restriction on &4 or a change in
orientation of the molecule during the collision.

C.6.2 Angular Momentum Based Laws

The S-matrix formalism was applied to the R-T process by DePristo and
co workers’ and led to two scaling laws that have been successfully applied to
R-T transfer in several homonuclear molecules such as I and Nap. For illus-
tration we present the expressions for these two scaling laws in Egs. (12)
and (13). The salient point is that the rate coefficient, k(i-f), for the R-T
process J; » Jgf is expressed in terms of a basis rate coefficient k( 20). The

infinite order sudden (I0S) law s given by

T0S
beiaf) = (2 thl) e,-:p[(F;I ~EJB)/kT]

(1)




larger of (ji,jf)

3j symbol

7 o
. .
. .

—

[]

and

k(%£%0) = a[a(e+1)]7Y

The sum over & is tak:n over |jj-jfl < % < |jj+jfgl and a and y are the fitting

]

parameters.

The underlying principle of the IQS approximation is that the R-T colli-
sion is essentially instantaneous and consequently the molecule cannot rotate
during the collision. If the perhaps more realistic assumption is made that
the collision does take a finite time, then additional terms are added to the

I0S expression and we have the Energy Corrected Sudden law (ECS) given by

Eq. (11)
ECS,. . .
k™77(3503g) = (234D exP[(Eji—Ej>)/kT]
(11)
— (i i’
X [ Z [1 f] (21+1)[AJ>]2 k(maO)}
O 0 0
In Eq. (4)
. 1 + T2/6
3>
AT = 7
1 3 Tj>/6

where T, = 4mg. cB(j+1/2)/v. The parameter %. is interpreted on the collision
Jength and v is the mean relative velccity, and T, is an effective collision
rtime, Since %, is a fitting parameter, we see how this law can give some

phvnical insight into the R-T process.
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C.7 Fitting Law Analysis in IF(B)

We compare the four fitting laws described previously with particular
emphasis on Jj=72 and some of these results are shown in Figures 42 through 44
using He, Ne, and Xe bath gases. Figures 42(a-d) show fits using the four lavs
for He, Figures 43(a-d) show similar comparisons for Ne, and Figures 44(a-d)
show the same comparisons for Xe as the collision partner. We note that the
simplest description, the energy gap law, is inferior to the other three
fitting laws. Interestingly, the power gap law compares favorably with the
angular momentum based laws. This same result was also observed by Pritchard
and co-workers in IZ(B).B’7

The predictive power of the scaling laws is of critical importance to
incorporation of any law into a kinetic code that includes rotational energy
transfer. We have begun to test these laws and present some preliminary
results below. In Figure 45 we show data for R-T rate coefficients with helium
where J;=27. The solid line is the prediction of the I0S law using the param-
eters obtained from the J;=72 data in Figure 42. 1In Figure 45 the seclid line
is not a f£1t to the J;j=27 data. Rather it represents the R-T rate coefficient
for J;=27 predicted from the parameters determined from the J{=72 data. This
is an extremely encouraging and exciting result. A similar prediction of the
Ji=13 data is shown in Figure 46.

The practical importance of the results shown in Figures 44 through 46 is
that we have shown rhat one of the commonly used scaling laws I0OS appears to
give a good quantitative description of the R-T rate coefficients for IF(B)
ncing He as a bhath gas. It is likely that He wvould be the carvier gas in any

IF chemical laser.  Thus R-T relazation can be analyvtically predicted.
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Figure 42.

Comparisons of Four Fitting Laws to IF + He Data for J;=72
a) EG Law, b) SPG Law, c¢) 10S Law, d) ECS Law

66




f--‘---_----t-

k(72.J1) (cm3 molecule-1 5-1)

k(72.J1) (crn3 molecule-1 s-1)

10-10
a=619x10-14
@ =2.42 x 10-3

¥TTTUTTTYTTYTYT
—— A

1

|
1
i

1oy S P
b- n"' \.3\ ~i
- S
P
t |
|
|
|
-
-70 -50 -30 -10 10
AJ(Jf - Jj)
a<ay
a)
10710 .
t a=1.088€E - 11 j
} o = 7.503E - 01
| J
I |
10-11 E 2 :
L f. . d
i » 1
i AR
, L e
L R ) . O :
- . o..:‘.‘ ‘_-"J. . -
! AR
10-12 - L Y -
T e /( h
- L. -
A A
L. 4
10-13 [
-70 -50 -30 -10 10
AJ(Jg - i) s
c)

k(72,Jf) (cm3 molecule-1 s-1)

k(72.J1) (cm3 molecule-1 s-1)

10-10 —
a = 2.485E - 11 d
| o =6.386E - 01 ]
A =7.216E + 00 ;
L .

1011 S z
" 07 ."' -
L oY "“ -
!_ 'To ; .-. i ‘;. j . B

‘e o::(}.‘/'l.- )
10-12 i e -
- -
[ ] -
E ‘ _
10-13 ‘ ‘
-70 . 50 -30 -10 10
AJ(Jg - Jp) ros
b)
10-10 ~——— ‘
a=1.813E - 11 -
. «=7.933E - 01 ;
€. = 1.158E- 08 ;
10-11 - »
- ,. -
b . =
FAR
- 'y » -
- J ‘
f ¢ . - 2o \
- . ’:,..AX? . =
. ;:T.‘.. ".

10-12}- o -
Lo )
| /

/e -
|
L ] -
10-13 —
.70 50 -30 -10 10
Ad(dt - Jj) oo
d)
B-2944

Figure 43.

Comparisons of Four Fitting Laws to IF + Ne Data for J;=72
a) EG Law, b) SPG Law, c¢) I0S Law, d) ECS Law
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Comparison of Prediction of I0S Law to Data for IF + He, J; = 27.
Solid line is the prediction for Jj=27 based upon parameters
observed from J;=72 data.
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70




A similar comparison using Xe is shown in Figures 47(a) through 47(c). Ve
see that the statistical Power Gap Law gives a reasonably good description.

In contrast to the above results, in Figures 48(a) through 48(c) we
present results using the Energy Gap Law to predict R-T rate coefficients using
Ar as a collision partner. We see that the rather simple EGL is not adequate.

We are continuing the comparisons of scaling laws to other species such as
ICl. In addition we will be determining R-T transfer in IF using polar

partners as part of a follow-on effort.
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(a) SPGL Fit to J;=72 Data; (b) Prediction for Ji=27; (c) Prediction for J;j-13.

Xenon was the collision partner.
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(a) EGL Fit to J;=72 Data; (b) Prediction for J;=27; (c) Prediction for J;=13
Bath gas was Ar.
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AFPENDIX A
SAMPLE LIST OF R-T RATE COEFFICIENTS

DETERMINFD IN THIS STUDY




IF(B) + He '
(Jj=72, v'=6)
Jp k(72,J) (sigma) Jp k(72,J) (sigma) .
(10‘12 em3 molecl! s-1) (10“12 em3 molec~l s-1)
0 - - 45 2.0 10.2) .
1 - - 44 1.6 10.2)
2 - - 47 2.4 0.3
3 - - 48 2.7 0.3
4 - - 49 2.2 0.3
5 - - 50 2.8 10.4) I
5 0.5 0.3 St 2.6 {0.2)
7 -0, {0.3) 52 3.z {0.2)
8 0.1 {0.4) 53 3.0 10.2) '
15 0.6 {0.7) 55 3.8 10.3)
11 0.6 {0.5) 36 4,0 {0.2)
:2 0.8 0.5 37 4.8 0.2}
13 0.2 (0. 4) 38 4.9 0.3 '
14 0.5 (0. 4) 59 4.9 10.2)
15 0.3 0.3 60 5.8 (0.4)
16 0.7 {0.6) 61 6.5 (0.4
17 0.0 (0.3) 62 6.9 0.3 l
18 -0.5 10.8) &3 8.2 10.3)
19 0,5 {0.5) 64 9.1 10.3)
20 0.7 (0. 4) 65 10.0 0.3)
21 0.0 (0.} 66 9.5 (0.8 '
22 1.1 10.2) &7 12.3 0.3
23 0.4 10.3) &8 13.6 {0.4)
28 0.5 10.3) 69 16,5 (1.0)
25 0.5 (0.4) 70 21.7 (1.3 ‘
26 0.8 10.2) 7 18.8 11.2)
27 1.0 10.2) 72 - -
-3 0.6 10.4) 73 17,0 10.8)
29 0.8 10.2) 74 16,2 10.8)
30 0.6 (0.3 75 11.5 10.4) .
31 0.6 0.3 76 8.4 10.4)
32 1.2 10.2) 77 .3 0.2)
3 0.4 (0. 4) 78 4,5 (0.3)
34 0.6 0.3 79 3.0 0.7 l
k3 0.8 0.3 80 .z 10.4)
36 0.7 (0.2 81 2.6 0.7
37 1.6 0.3 82 2.0 TH
33 1.2 0.3 83 1.9 0.7
39 1.3 0.3 84 1.2 10.4)
40 1.7 (0.3) 85 1.9 (0.6)
41 1.6 0.1 86 1.5 0.5
4z 1.3 0.4 87 L 0, 4)
43 1.6 0.2 '
44 2.1 {0.2)
Ir = 3.0 10 10 o w1y ' 1 l
.




' IF(B) + Ne
(J1=72, v'=6)
Jp k(72,J) (sigma) Jp k(72,73) (sigma)
l (10‘12 cm3 molec—1 s-1) (10‘12 em3 molec-l s-1)
' 0 - - 45 2.0 0. 1)
1 -~ -— 46 2.7 {0. 1)
2 0.9 10.2) 47 2.1 10.2)
3 .- -— 48 2.3 (0. 1)
4 - -— 49 2.3 {0.3)
5 0.% 0.2 50 2.4 10.2)
& 0.4 t0.3) 51 2.5 0.2)
7 - - 52 2.2 0.2
8 1.3 0.7 53 2.3 0.2
' 3 0.0 {0.6) S4 2.9 (0.2)
10 0.2 (0.4) 55 3.0 (0. 1)
11 0.7 10.5) 56 3.z {0.2)
12 1.6 10.2) 57 3.5 (0.2)
' 13 0.4 (0.3 58 3.4 (0.2)
14 2.3 {0.4) 39 3.7 (€.2)
15 1.6 10.4) &0 4,4 0.2)
16 1.4 (0.3) 61 3.9 10.2)
u 17 0.6 10.5) 62 4.5 0.2
18 2.3 10.4) &3 5.7 0.1
19 1.3 10.4) b4 5.7 0.2)
20 1.0 0. 4) &5 b1 (0.2)
' 21 1.2 (0.2) bb 6.0 0.3
22 1.4 (0.3) 67 7.0 (0.3
23 1.0 0.2) 48 B.1 {0.4)
24 1.0 (0.3) 69 9.4 {0.3)
25 1.5 10.2) 70 10.8 10.64)
l 2& 1.9 10.4) 71 10.4 (0. 4)
27 1.3 0.3 72 - -
28 1.4 0.3 73 9.6 (0.4)
29 1.8 0.3 74 8.7 10.5)
l 30 1.6 0.3) 75 4.3 (0.2)
31 2.0 0.3 76 5.0 0.3
32 1.6 10.2) 77 4.0 {0.2)
33 1.9 {0.2) 78 3.0 10.2)
34 1.4 0.2} 79 1.8 0.4)
35 1.6 0.3 80 2.3 0.3
35 1.7 {0.2) 81 2.2 10.3)
a7 1.7 10.2) Bz 2.4 0.3
38 1.3 0. 1) 83 1.8 (0.4)
l 39 1.7 (0.3) 84 1.3 6.3
40 1.8 0.2) 8s 1.5 0.3
41 1.7 0.2 86 1.0 {0.3)
42 2.0 0.2 87 1.1 {0.2)
l 43 2.3 0.3
44 2.0 (0.9
' I - 2.2 = 10 10 gl mo]eculo'l a1
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IF(B) + Ar '
(Ji=72’ v'=6) l
Jp k(72,3) (sigma) Jp k(72,3) (sigma) '
(1012 ¢p3 molec-1 s-1) (10~12 cm3 molecl s-1)
2 — - 45 2.3 (0.2) .
1 - o 46 2.5 (0.2)
2 ) - 47 2.0 ©0.1)
3 .- - a8 2.4 0.2
4 - - 49 2.5 0.1
S 0.5 0.4) 50 2.1 0.1)
& - - 51 2.7 0.2
7 0.6 (0.8 52 2.7 0.3
] 1.1 0.9 53 3.0 0.2 I
9 1.6 0.7 sS4 2.6 0.2
10 1.6 0.9 S5 3.0 0.3
11 1.6 €0.5) 56 2.9 0.1)
12 1.8 10.5) s7 2.8 0.3 '
13 1.9 (0.4) 58 3.t 0.1
14 1.9 0.3 59 3.4 0.3
15 L7 0.3 60 3.4 0.3
16 2.4 0.4 61 a7 0.2
17 1.5 {0.4) 62 4.3 0.3) '
18 1.7 (0.6) 63 4.2 {0.2)
19 1.6 0.3 &4 4.5 10.2)
20 1.6 ©.2) 65 a.7 (0.3) '
21 1.9 0.3 b4 4.8 0.3
22 1.5 0.3 67 5.3 0.3
23 1.7 (0.4) 58 5.3 {0.4)
24 1.9 0.1 &9 6.3 0.3
25 2.2 0.3 70 &.6 0.2 .
26 2.3 (0.5 71 6.9 (0. 8)
27 2.6 (0.4) 72 - ‘e
28 2.4 (0.4) 73 5.8 (0.5)
29 2.4 0.3 74 s.1 0.4 '
30 2.4 0.3 75 4.3 0.3
3t 2.9 (0.2) 76 3.4 0.3
32 2.6 0.2) 77 2.5 0.2) i
33 2.3 0.3 78 2.5 (0.2)
34 2.1 (0.2) 79 0.8 0.3
35 2.5 0.3 80 ‘= (0.2)
36 2.2 0.2 81 . 0.2)
37 2.1 (0.1 : .5 0.8
kl:} 2.2 0.2 83 0.7 0.3 l
39 2.0 (0.1) g4 1.4 0.4
40 2.5 0.1 8s 0.8 0.2
41 2.3 0.3 86 0.5 (0.2)
42 2.0 0.2) 87 1.1 0.2 '
43 2.3 0.3
43 2.1 0.2
d
Tk = 2.1 % 10-10 emd molecule ! s 1 '
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IF(B) + Xe

(J;=72, v'=6)

Jp k(72,J) (sigma) Jgp k(72,3) (sigma)
(10‘12 em3 molec-l s-1) (10‘12 em3 molec-l s-1)
¢] . i 45 2.3 0.2}
1 - . —~ 44 2.8 {0.3)
2 0.8 {0.4) 47 2.2 (0.2)
3 . — 48 2.7 10.2)
4 —e ~e 49 2.7 {0.2)
S 0.3 10.2) S0 2.9 (0. 1)
5 .o — 51 3.z (0.2
7 0.7 (v.3) s2 3.0 {0.4)
8 0.3 10.8) S3 2.8 10,3}
9 1.7 10. &) 54 2.8 0.3
10 G.7 (0.3 S5 3.1 (0.3)
11 1.3 {0.48) 56 3.9 {0.3)
12 1.7 {0.9) 57 3.4 (0.2)
13 1.2 {0.4) 58 3.7 {0.9)
14 2.8 {0.4) 59 3.7 {0.1)
19 1.7 G, 4) &0 3.6 {0.2)
16 1.7 (0.4) 61 3.9 10.2)
17 1.7 (0. 4) 62 4.0 {0.4)
18 2.2 {0.4) &3 4.2 (0.2)
19 1.2 {0.4) &4 4.4 10.2)
20 1.3 0.9 &5 4,5 0.3
21 2.3 10.) &b 4,6 (0.4)
22 1.5 (0.5 &7 4.6 (0. 4)
23 1.8 10.4) 58 S.8 £0.4)
24 1.7 0.7y &9 5.2 10.4)
25 2.3 t0.4) 70 4,7 (0. 4)
26 1.5 {0.3) 71 2.9 0.7
27 2.0 (0.3) 72 . -
28 2.0 (0. 1) 73 3.0 {0.4)
29 2.8 {0.4) 74 3.3 0.3
30 2.0 0.3) 75 4.1 {0.2)
" 2.4 (0.3 76 3.2 {0.J)
32 2.8 {0.4) 77 2.7 0.
33 2.8 10.4) 78 2.1 0.3
34 2.1 $0.3) 79 2.1 0.3)
S 2.2 (0.3 80 2.0 (0.2)
36 2.1 10.3) 81 1.8 (0.3)
37 2.4 0.3 82 1.8 0.5
38 2.3 0.3 g3 1.5 10.4)
39 2.8 (0.2 84 0.9 0.3
40 Z.8 0.3 85 1.5 10. 4)
41 2.5 10.3) 86 0.4 10.3)
42 2.4 0.3 87 0.6 0.3
43 2.8 0.2
aa 2.4 0.2

I = 2.01 » 10 10 () molecule b -1
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Jp k(72,7J) (sigma)

(10‘12 em3 molec™ ! £-1)

DO~NO UGN~ O

IF(B) + CFy

(Ji=72, v'=6)

— - 45 3.2
- = 46 3\1
2.0 (0.7) 47 3.3
1.1 0.7) 48 3.4
— - 49 3.4
1.0 (1.1) 50 3.0
- - 51 3.3
- -— 52 2.8
0.8 (0. 6) 3 3.1
- - 54 3.1
3.0 (1.1 55 3.3
0.3 (1.1 36 3.0
3.4 (1.0} 57 3.6
2.2 (0,4} 58 3.2
3.4 (0.6 39 3.7
2.4 (0.9 60 3.5
3.7 (0.7) -} 3.7
3.8 0.2} 62 3.3
3.7 (0.4) &3 3.7
2.7 (0.5) b4 3.7
2.8 0.5 65 3.3
3.4 0.4 6b 3.8
3.0 0.3) 67 4.0
2.6 0.3 &8 4.0
3.1 0.3 &9 4.0
2.8 10.2) 70 4.0
2.1 (0,7) 71 5.4
3.é 0.2) 72 -—
3.5 0.3 73 5.4
3.7 0.4) 74 3.6
3.6 0.3 75 3.2
4.2 0.2) 76 2.7
3.7 0.2} 77 2.4
3.8 (0.4} 78 2.2
4.0 (0.4) 79 0.7
3.9 0.4} 80 1.6
3.1 (0.2) 81 1.7
2.9 (0.2) 82 1.9
2.9 0.2) 83 1.9
2.7 0.3) 84 1.9
2.3 (0.2) 83 1.7
2.8 (0.4) 86 1.7
2.8 0.3 87 1.6
3.1 0.3

3.0 0.3:

Ik = 2.5 = 10-10 ¢p3 molecule-l 51
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Jp k(72,J) (sigma)

(10‘12 em3 molec1 s-1)

(0.2}
0.
0.2)
(0.3)
0.2)
(0.4)
0.1)
0.3
0.2)
©0.2)
0.3
(0.2}
.2)
0.2)
0,3)
0.3)
0.2)
(0.8)
0.2)
0.2)
0.2)
0.2)
(0.4)
(0.4)
0.
(0.8)
(0.6}
0.3
(0.4)

0.2}
C.2)
0.3
(0.2

0.2

(0.1}

(0.2}

(0.2)

0.3

0.5
(C.4)

(0.3)
(0.3}




F__

IF(B) + He

(Ji=27, V’:b)

Jp k(27,3) (sigma) Jp k(27,J) (sigma)
(10-12 cm3 molec-! s-1) (1012 ¢m3 molec~! s-1)
0 - - 35 6.8 0.3
1 2.3 a.9 38 6.1 {0.2)
2 - - 37 3.5 0.2)
3 2.9 (2.8) 38 5.3 (0.7)
4 - -— 39 4.1 0.7
s -0.5 u.n 20 3.2 0.4
& 3.2 (3.2) 4 2.7 0.7
7 -— -— 42 2.5 0.3
8 -0.3 (4.4 43 2.4 (0.8)
9 2.6 (4.5 4 2.7 (1.0
10 3.2 (3.1 43 1.3 0.%)
11 3.8 3.7 246 0.0 (0.8)
12 2,7 3.2) a7 0.1 0.9
13 2.1 3.2) 48 2.0 0.9
14 8.7 2.2) 49 0.3 0.7
15 -0.3 (3.4) 50 0.7 0.9
16 8.0 (1.3 st 2.0 0.8
17 bob 2.0 52 0.9 ©.5
18 3.8 3.2 53 0.6 (0.8)
19 9.9 (3.8 54 1.4 0.8
20 3.0 (1.4 55 0.9 0.8
21 13.9 1.6 56 0.3 (0.5
2 10.1 (1.7 57 0.7 0.3
23 11.4 1.4 58 0.2 (0.5
24 16.5 (1.9 59 0.0 (0.0
25 18.7 (1.4 40 -0.1 {0.5)
26 13.8 (2.5 61 0.9 0.4
27 - - 62 0.4 10.4)
28 13.5 (1.2) 63 -0.2 0.3
29 14.2 1.0 b4 0.3 0.3
30 13.6 1.2) 65 0.4 (0.4
3 12.2 (1. 64 0.7 (0.4
32 10.56 . 67 -0.1 (0.8)
k=t 7.1 0.9 68 0.1 0.7

34 6.5 {0.4)

Ik = 2.8 = 10-10 ¢p3 molecule‘1 s-1
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IF(B) + Ar

(J1=27, v'=6)

Jp k(27,J) (sigma) Jp k(27,J) (sigma)

(10-12 ¢m3 molec-1 s-1) (10712 em3 molec! s-1)

¢] - - 3 £, £0.8)
: - - Z s.r 10.8)
z - - 33 5.3 11.4)
3 — -~ 5 2 11.2)
4 3.0 3.7 = 3, 10.4)
5 4.9 13.9) 3¢ 2,5 10.5)
& 1.0 15.5) 37 2,1 10.8)
7 -— —— 3 4.7 ‘0. 56)
8 .7 1.9 3 2, 10.4)
= -— - 490 z £0.8)
10 14,4 3.3 41 3,7 1.0
11 - — 32 .5 11.9)
12 Z.6 £3.2) 42 $2 11.0)
13 2.4 :2.4) 4 2.5 16.8)
14 1.7 P 45 3.8 10.8)
15 7.7 1.3 aé Z.2 :0.5)
1& 4,7 12.6) 47 1 0.3
7 -— - 48 0.5 t0.7)
18 7.0 10.7) 47 .z 10.6)
12 7. 10. 5) S0 4.3 10.5)
2 7.2 10.5) 2 t.e 0.8
21 8.5 11.4) 32 G.1 0.9
22 £.7 10.4) 53 t 0.9
23 7.7 0.7 54 -G8 10.9)
24 G0 11,10 55 .5 10,4}
25 7.5 1.5 36 0.7 10.9)
2% £.2 1.3 57 b.e 10.6)
27 - - 38 -0z 10.6)
28 2.4 12.2) 59 0.8 (G.3)
22 4.4 11.3) L1g -7 0.7
30 5.9 10.8)

Ik = 2.0 x 10 10 o molecule 1 =1
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IF(B) + Xe

(J1=27, V,=6)

Jp k(27,73) (sigma) Jp k(27,7) (sigma)
(10-12 ¢m3 molec-l s-1) (10-12 cm? molec—l s-1)
0 0.7 (1.1} 35 5.0 0.2)
1 - - 36 S.1 0.2
2 -1.4 2.5 37 5.2 0.3
3 6.1 2.5) 38 6.1 (.5
4 0.6 2.2) 39 5.9 0.7
5 4.8 3.7 40 4,5 0.7
6 2.9 Q.7 41 5.3 0.5
v - - 42 4.1 0.6)
8 15.5 2.2 43 3.8 0.4
9 — — 4‘4 2-9 (0.7)
10 13.3 u.n 45 2.5 0.2
11 - -— 46 1.0 0.5}
12 10.6 1.9 47 2.2 0.
13 2.9 2.4) 48 1.1 0.8)
14 7.9 3.0 49 0.9 0.6)
15 5.4 (2.08 50 0.4 0.7
16 e.e (1.2) 51 1.8 (0.3)
1y 5.0 (1.5) 52 1.3 0.5
18 9.2 2.9 S3 1.7 0.3
19 5.4 2.9 54 1.4 0.3
20 9.4 2.7 55 1.3 0.3
21 9.6 .4 Sé -0.1 (0.4)
22 9.9 0.8} 57 0.4 ©0.4)
23 10.0 (1.3 38 1.0 0.2)
24 8.2 0.7 59 1.1 0.4)
25 8.7 0.7 60 ~0.2 0.4
26 6.7 (1.4 61 0.3 (0. 4)
27 0.0 0.0 62 0.6 0.2)
28 2.4 (1.4} &3 0.3 0.4}
29 5.9 (1.6) 64 0.5 0.3
30 5.8 (1.0 65 -0.2 0.0
3t 7.3 0.9 bé6 0.2 (0.5}
32 3.6 0.9) &7 -0.4 0.4
a3 s.1 (0.8) &8 -0.8 0.9
34 3.5 (1.0

Tk = 2.6 x 10-10 3 molecule‘1 51
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IF(B) + He

(J;=13, v'=6)

Jr k(13,J) (sigma)

;

\10‘12 em3 molec-1 s-1)

£ — —
- -
z — —
3 -——c —
E ~F. :5.58)
€ 2.0 17.4)
& - -
’/' w—— —
3 7.5 3.9
3 11LE 17.5)
[T - Fhe (7.0
11 17.% 14.9)
1z 7.1 i4.4)
1‘5 - —
-2 d— —

o
n

—

ir

[
~

—

%]

~

. e s
S 0Y s

U

e {0 g B S L Rl g o b

IS TR S I S O T S P PR S o]

(b G Gl God Daf € (o Gd Gl BD o B B2 B 10 B3 TG Ry

& 10.9)
i 10.3)
= 10.9)
3 i1, 1)
4 10, 8)
= 10.4)
£ iG.4)
? i (0.3
2 [ i0.5)
7 1.7 $0.5)
40 foi $1.0)
4 -0, )
4z Gu 10.7)
a1 - —
12 H 10,3}

Ik = 1.9 x 10-10 ¢m3 molecule”
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IF(B) + Ar

(J;=13, v'=6)

Jg k(13,7) (sigma) Jp k(13,J) (sigma)
(10-12 ¢p? molecl s-1) (10-12 cm3 molec™! s-1)
0 - - S 2.1 10.3)
1 - -~ 36 3.6 10.3)
2 - -— 37 4.4 {0.2)
3 ¥,a 14.1) 33 3.4 10.3)
4 “Fe 15.6) 39 3.7 10. 4)
s oL 12.6) 40 2.5 10.4)
6 — - 41 2.4 0.3
7 - z 5 10.3)
8 17, t1.2) 43 1.8 0.3
] - -— 44 .2 {0.3)
10 14,9 i 3) 5 1.z 0.3
13 4.4 11.3) 45 1.4 10.2)
12 4. 12.2) 47 1.1 10.2)
13 - —_ 48 1.1 10, 1)
14 - - 47 0,9 (.2)
5 15.8) 50 4.9 10.2)
16 s 11.4) S1 0,7 £0.4)
17 . PRy Sz 0.9 {0.2)
18 5.5 1.3 5 0.7 10.4)
19 5.7 11.8) 54 0.9 10.2)
20 L9 1.1 bits] 0.7 {0.3)
21 5,5 10.3) 56 0.7 £0.3)
22 3.7 £5.4) 57 0.7 0.3
23 ChL0 10.9) S 0.6 0. 1)
24 3 10.8) S 0.4 10.2)
< £, 10, 8) &0 0.3 10.2)
26 .k 10.8) &1 -85.7 {C.2)
27 z,0 10, 4) 6z 0.1 10.2)
28 £.7 10.4) 63 0.3 10.2)
29 6.7 10.5) 64 a1 0. 1)
30 Lt £0.4) &5 9.0 £0.2)
kS| 4.6 0. 4) b .3 0.2
3z 3.6 (0.3 &7 ¢,z {0.2)
33 5.0 0.6 8 -0, 4 0.3

34 4.6 10.4)
ok = 2.4 10-10 ¢pd molecule-1 s-1




IF(B) + Xe

(J1=13, V'=6)

Jp k(13,J) (sigma) Jgp k(13,3) (sigma)

(10-12 ¢p3 molec-1 s-1) (10‘12 em3 molec—! s-1)

) 28 7.2 10.9)
M z9 5.2 10.9)
! 3 2.5 0.7
: 31 &2 11,0
2 3z z, . 10.86)
4 33 =, :0.9)
|4
= . a4 4 10.5)
s s a, £0.7)
7 3 a, 10,3
g 37 4 10.9)
‘ﬁ 3 ry 10.5)
14 39 5. 10.5)
1 40 2.z 10.3)
12 41 a, 10.5)
12 4z z.a 10.5)
14 43 .7 (0.3
12 44 z £0.2)
& 45 i
17 a
12 47
if 4z 10.2)
s 43 0. 1)
2 S0 0.3
2% S1 0.3
23 52 1.3
=2 :_C\,:'
SA H i0.2)

Ik = 1.9 x 10 16 ¢p3 molecul,e'1 s 1
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IC1(B) + He

(J3=55, v'=1)

Jp k(55,J) (sigma) Jr k(55,J) (sigma)
(10-+2 cm3 molec™1 s-1) (10-12 ems molec—! s-1)
0 -— 44 1.4 0. 4)
1 — 47 12,4 0.&)
2 — 48 12,4 it.0
3 - 49 14.% 0.9
4 ad 50 1&.7 (0.68)
s = =1 16.7 (0.5
& - 52 16,3 0.9
7 0.3 53 16,9 (1.3
8 — 54 167 1.0
q 10,4} 55 - —
10 0.3 sS4 2.0 1.0
11 0.3 a7 17.1 0.
12 -— — 58 14.0 (0.9
13 2.2 (9.8) 59 14.2 (0.6)
14 S (1.5 AO 1.7 (1.0}
13 4.1 (2.0 [} 12.2 (0. 4)
16 4.1 (1.4 62 2.9 0.9
17 3.4 1.9 &3 q.8 0.2)
18 [N 2.3 &4 8.3 0. 1)
19 4.0 (1.9} &5 7.4 0.3
20 4.7 1.9 &6 £.8 0.3
21 7. 10.8) 67 S8 0.4
22 4.3 10.8) &8 a4 0,3}
23 3.3 (1., &9 9.3 {0.9)
4 3.7 it 70 4.7 i0.3)
29 4. (0.7} 71 3.0 iG.5)
26 1.0 (0.9 72 3.1 (G.3)
27 3.2 1.3 73 1.4 0.4)
i 1.2 (1.0) 74 .6 (0.2
29 I )] 75 3.2 0.8)
30 3.7 (0.7 76 2.7 0.3
31 &l 0.3 77 2. 0,8}
32 7.0 (0.8) 78 1.9 Q.2
33 a7 0. &} 79 2.7 (0.3}
24 7.5 0.4 80 2.7 (0.3}
35 7.4 (1.1 81 1.8 0.3
RE 9.2 1.1 82 204 9.5
37 Qo 10.9) 83 1.3 0.3
38 o 1.0 84 1.4 10.4)
39 in.7 D.7 85 2.t 0.8)
40 3.2 0.4) 24 2.2 Q.4)
41 g Q.h) 87 1.2 0.9)
42 8.5 0. a8 1.6 9,86)
43 10,9 1.3 87 2.3 (0. 8)
44 3.2 w,. a2y 0 2" 10.3)

45 16,7 1.

Ik = 5.3 = 10-10 ¢p3 molecule~1 gl
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IC1(B) + Ar

(J1=55, V':l)

Jp k(55,J) (sigma) Jg k(55,7J) (sigma)

(10-12 ¢m3 molec! s-1) (10-12 ¢m3 melecl s-1)

¢ - - 46 10,7 10.3)
i - - 47 11.2 10.4)
- - - 48 1. 10.8)
g r— - 49 12,7 10.6)
3 - - 50 12,7 0.9
€ - — o1 1.7 10.8)
; 3.5 10. &) 52 1t. 8 10.7)
7 - - S 1,7 10,8)
8 — - 54 &% (1.4
e ~4, 3 £10.5) EZ ;— ::;
f i ] L 7%,
;? = o8 57 V.o 10.5)
12 - - 58 10,4 :0.6)
13 - -~ 59 10,7 10.5)
14 3.7 10.8) o0 $5, 0 10.9)
E 2o 1.9 61 g.é 0.3
16 14,4 2.0 62 7.E 10, 8)
17 5.5 11.2) 63 7.8 :0.4)
18 15. 2 1.4 b4 &, 10.3)
19 1. 11.7) &5 z.T iQ.3)
26 125 12.0) &6 £.7 t0.3)
z1 12, ¢1.0) &7 &, 10.3)
22 12,0 t1.1) &8 4.7 10.3)
23 7.8 0.7 &9 .0 10, &)
24 5.7 11.3) 70 4.7 10, 4)
pas) s.7 (1.3) 7% 3.7 ‘.0.:2)
26 5.4 10. 6} s 4.6 10.3)
o 7.5 10.8) 73 2.0 (0.3}
Z38 2,0 {1.0) 74 L 10.3)
9 4.3 11.1) o] 3.0 (0.4)
Y] 4.7 10.9) 76 Z.7 0.3
31 a.0 10.8) 77 o0 40.4f
32 12,3 (0. 6) 78 Z.2 0.5
33 11,7 £0.8) 79 1.7 10.3)
34 1Z2.0 {0.8) 80 1. 0.0
S 12.¢ 0.8) 81 1= 20.4)
36 11,4 10.8) z 1,4 0.8
7 11.7 11.0) 83 1.5 10.55')
38 1&.¢ 10.7) 84 1~ ;?.)J
39 1S, (0.4) 25 s .u.?
L3 17,5 0.9 86 At 0.-:)
41 11, 10.9) 87 } {1-:‘
4z 1 10.6) 88 G, g f“f
43 14,2 10.8) g7 . 0,3
44 15,0 0. 4) 30 [ .
S 10,0 10, 4)

R

Sk = 5.7 x ]0'10 cn? mol?cnlé’l <1
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ICl + He

(Ji=42, V':l)

Ik = 6.4 x 10-10 ¢m3 molecule'1 s-1
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l Jg k(42,J) (sigma) Jp k(42,7J) (sigma)
(10-12 ¢m3 molec~! s-1) (10-12 cm3 molec~! s-1)
' Y .- - 45 15.4 {1.8)
4 ~e -— as 15.1 0.9
2 - - 47 14,7 {1.4)
3 - - 48 14,0 10.3)
. 4 - - 45 13,0 10.9)
S - - 50 12.7 10.4)
6 6.6 {1.2) St 12.4 0.2
7 - - 52 11.5 0.2
. 8 = i 53 8.8 10.8)
9 . - 54 12.2 10. 6}
10 -- -~ o5 10.0 {1.0)
1 3.5 1.3 56 8.6 10.4)
12 1.8 {2.8) 57 7.7 t0.3)
13 8.3 {2.6) S8 8.0 10.4)
14 7.9 {1.3) 59 7.4 10.2)
15 13.1 13.0) 50 5.4 10.2)
16 8.6 13.0) 61 5.5 0.5
17 5.G 11.6) &2 5.9 10.4)
18 19.4 2.4 63 5.1 0.7
19 4.3 13.4) 64 4,3 0.3
20 13.2 {3.8) &5 5,4 0.3
' 21 10.0 2.1 ) 3.5 £0.1)
2z 13.1 2.2 67 5.2 0.3
23 g.4 .1 48 5.3 10.3)
24 b.b 2.8 69 z.8 0.2
l 25 11.4 1.7 70 3.3 0.2)
26 12.4 {1.8) 7t 2.5 10. 4)
27 7.3 1.8 72 3.1 10.4)
28 8.9 1.8) 73 2.6 10.5)
l 29 7.4 1.6 74 z.1 0.3
30 12.5 1.5 5 2.2 0.2}
31 12.7 t.n 76 1.5 0.3
32 16.9 1.5 77 2.3 10.2)
l 33 17.6 (3.0 78 1.2 0.3
34 11.1 (.4 79 1.7 0.2)
35 14.5 (.9 80 1.2 10.2)
36 20,0 10.7) 81 1.2 0.2
37 18.6 1.2 8z 0.6 10.2)
l Kt 18.3 (0.1 83 0.7 0.3
a5 17.6 t1.4) 84 6.5 0.2
40 16.2 t1.86) as 0.3 10.2)
43 9.3 a.7n 86 -0.1 0.3
42 — — 87 0.0 0. 1)
' 43 12.8 11.8) 38 -0.1 10.2)
44 17.7 0.9 89 i, 0.3




Jp k(42,J) (sigma)

(10-12 ¢m3 molec-1

o -

1 -

2 —
3 e
4 —
S &.3
& -

7 —

a -

9 -

10 -

it 2.4
12 7
13 4.6
14 14,7
13 12.7
16 13.7
17 7.1
i8 23.1
19 3.3
20 18.2
21 2.3
22 14.5
23 7.8
24 10.2
25 9.9
26 13.5
27 3.3
28 8.6
29 13.0
30 12,9
31 13.5
32 20.8
33 16.4
34 15.8
35 15.2
36 22,

37 19.:
38 14.7
39 19.0
40 13.2
41 4.3
42 -

a3 11.2
44 13.7
43 e.n

0.7
(2.8
(1.8)
1.6}
.7
.M
2.8
(1.2}
(1.4)
(2.0)
(1.3
(1.9
.9
0.9)
(0.3
0.4}
(1.1)
(1.0}
(1.2)
(t.9
(1.3
2.0
(1.5}
1.0
0.7}
0.7
0.7
(1.2)
L
(1.0
(1.9)
(2.0

IC1l + Ar

(Jy=062, v’

1)

Jp k(42,J) (sigma)

(10“12 cm3 molec~1 s-1)

44

10.6
14.2
13.4
1t.4
13.1
13.0
13.0
13.0
14,0
11.5

P

.

#
APUOUUAC AP NNDOAD
OQF)P'OO‘P—C-LU#(UU]N\HF)

P

.

P‘EAOI\'J(ANN(J&NO'
L A R LN S ]

5]

(ST V)
O NGO m o U~

.

ONO,C\F‘rs)

‘
PN SRS B

o O

Ik = 7.0 x 10-10 ¢p3 molecule-1 s-1
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0.7)
(0.6)
(0.6}
(0.8
0.3
0.3
0.0
(0.7}
(1.0)
0.5
0.3
(0. 6)
0.8
0.2)
{0.2)
(0.2)
(0.4)
0.3
0.2)
{0.2)
(0.2)
(0.4}
(0. 4)
0.2)
{0.%)
0.
0.1}
(0.2)
0. 9)
0.2}
(0.4)
(0.4}
(0.2}
0.4)
(0.3)
0.2}
0.3)
(0.6)
(0.5}
(0.2)
0.3}
(0.3
0.2
0.2)
(0.5)
0.9)
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IC1 + He

(J;=36, v'=1)

Jp k(36,J) (sigma) Jp k(36,J) (sigma)
(10-12 cm3 molec! s-1) (10-12 ¢n3 molec-! s-1)
22 13.9 1.2 S7 5.3 (0.3}
23 10.56 it 58 4.1 10.8)
28 7.5 11.2) 59 3.6 10.2)
25 13.4 1.0 60 3.7 (0.2}
26 18,4 2.4 61 3.5 10.2)
27 -— - 62 3.4 (0.3)
28 12.3 (4.4) 63 2.6 10.2)
29 16.8 11.2) 64 2.7 10.3)
30 18.3 0.8 &5 2.6 10.4)
Rl 17.4 1.3 bb 2.4 (0.3
32 21.4 {0.5) &7 2.1 10.2)
3 21.7 1.0 &8 1.7 0.3
34 18.1 1.3 69 1.6 0.3
s 16.9 (2.1 70 1.5 10.2)
38 . - 71 1.5 10.2)
37 14.5 1.9 72 0.9 10.2)
38 17.0 .5 73 1.z 10.1)
39 18.0 1.3 72 1. '9.1)
40 16.7 0.8) 75 0.5 10.1)
41 16.0 0.8 76 0.5 10, 1)
42 16.2 (.0 77 0.5 {0.2)
43 13.9 {0.9) 78 0.3 {0. 1)
44 13.6 10.5) 79 0.8 10.1)
45 12.7 {0.5) 80 0.6 0.1
46 11.8 10.5) 81 0.4 £0.2)
47 11.8 0.8) 82 0.2 t0.1)
48 8.7 0.4 83 - -—
49 9.5 10.%) 84 0,2 10.1)
50 8.6 0.4) 85 0.0 10.2)
51 7.4 10.8) 84 0.3 10.2)
52 5.4 10.4) 87 -— —
53 5.7 1.0 88 - —
sS4 5.0 10.8) 89 0.5 0.2}
55 4.3 10.4) 90 0.8 10.2)

56 4.4 10.2)

th = 4.8 x 10-10 ¢m3 molecule-l s-1
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Jp k(36,7)

(10“12 em3

NSlouwmown

<. e W
LT CRWR SN

LI\L!#L"\J_\I\JUJNO-O_

(sigma)

molec-1 s-1)

.1
{1.9)
{1.6)
{1.6)

ym -
Laak)

14.3)
1.7
0.8)
{1.3)
{1.3)
{1.8)
0.9
t1.3)

{1.9
£1.2)
{1.2)
11.48)
11.0)
1.0)
{1.2)
{0.7)
0.7
{0.68)
0.7
0.7
10.8)
{0.7)
10.4)
t0.4)
{0.9)
{1.0)
{0.6)
0.7

Ik = 4.3 x 10-10 ¢m3 molecule“1 s-1

(J1=36, V'=1)

.

.

« s s

D .

'—_(')O?OOOOONH:-»*NN!JMN_NMM!A_UP_“;#!JIU'P‘

R WONNANWQ OG- RRROENNUMRNDDDNIONND

¢

e

-3

Jp k(36,J) (sigma)

(10‘12 em3 molec—i s-1)

10.3)
{0.4)
(0.2
(0.6)
{C.4)
{0.3)
{0.3)
(0.4)
{0.4)
0.2)
10.4)
(0.2}
0.4)
(0.J)
10.4)
£0.3)
£0.2)
10.4)
{0.3)
{0.3)
{0.2)
10.3)
{0.)
{0.3)
0.3
10.3)
0.
{0.3)
{0.3)
£{0.4)

{0.1)

10.2)




IC1(B) + ICLI(X)

(J4=55, v’=1)

Ik = 9.9 x 10-10 em3 molecule~l s-1

95

l Jgp k(55,J) (sigma) Jp k(55,7) (sigma)
(10-12 cp3 molec~1 s-1) (10-12 ¢pm3 molec! s-1)
' 0 - -_— 46 18,7 (.7
1 - - 47 15.4 2.0
2 -— -— 48 12,0 12.4)
3 - - 49 18.7 13.2)
3 - - 50 27.0 10.6)
5 - -— 51 28.5 11.6)
b -_— — 52 35.0 11.0)
7 -— — 53 50.3 (2.4
8 -0.7 11.4) 54 80.5 15. 8)
I 9 -— - 55 -— -—
10 i 1.7 56 74,1 t4.4)
11 - - 7 55.7 12.9)
12 - - 58 31,7 {1.8)
I 13 - oo 59 27.9 1.1
14 13.2 12.5) 60 19.0 11.2)
15 10.7 13.5) 61 19.8 10.8)
16 18,6 {3.8) 62 13,9 1.3
I 17 12.3 14.0) &3 12,1 1.0
18 15.7 12.7) 64 6.9 {1.6)
19 8.7 12.0) 65 0.5 3.1
20 8.9 14.8) 66 2.9 £2.1)
21 16.5 {1.2) 7 8.4 10.9)
22 17.8 3.3 68 6.3 11.0)
23 8.9 12.1) 69 2.8 12.0)
24 8.2 1.9 70 -0.2 2.8
25 8.7 12.0) 71 6.0 1.0
. 26 7.8 1.7 72 7.0 1.1
27 11.4 1.8 73 5.¢ 10.8)
28 10.6 1.9 74 3.5 £1.5)
29 7.3 12.2) 75 -l £3.0)
l 30 5.2 11.5)
31 11.3 1.0
32 15.3 12.2)
3 20,3 2.
. 34 17.4 11.8)
s 18.3 {1.4)
3 11.9 14.4)
37 20.5 12.8)
38 5.6 {1.8)
39 25.3 1.3
40 15.1 13.3)
41 17.3 1.7
a2 13.8 2.0
l 43 17.5 11.4)
44 17.7 (1.3
45 11.1 12.2)




