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A deperturbation analysis of the B 33 (v'=0-6) and the
B” *II,(v'=2-12) states of S ,

M. E. Green and C. M. Western
School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, United Kingdom

(Received 1 August 1995; accepted 10 October 1995

Laser-induced fluorescence spectra B8, have been obtained, covering’=0-6 of the

B 3%, —X 33 transition andv’'=2-12 of theB” *II,—X *3 transition, using static cell and
supersonic free jet techniques. The spectra include transitions to the previously Bﬁsﬁéﬂu
components. Analysis of the many perturbations between the two upper electronic states has been
carried out using a Hamiltonian matrix including all tBeandB” states simultaneously rather than
deperturbing individual pairs of vibronic states. This takes into account longer range interactions
and gives deperturbed molecular constants that vary smoothly with vibrational state. Our model for
theB"” v'=2-12 andB v’'=0-6 levels covering up to 100 can fit all 3320 observed transitions

with an average error of 0.064 ¢rh The widely ranging fluorescence lifetimes of tB& state
vibronic levels provide independent information about the state mixing and confirm the model, since
the observedB”—X fluorescence arises almost entirely via this mixing. However, lifetime
measurements of the newly obsen@d-2 components of th8” state showed little variation in
lifetimes, about an average of 4:8.4 us. This indicates a small intrinsB”—X transition strength

as the(=2 components are essentially not mixed with Biastate. A model for the perturbation
parameters is developed, based on Franck—Condon factors between the two states. The magnitude
of the perturbations and transition moments are discussed in relation to the electronic configurations
of the B andB" states. ©1996 American Institute of Physids$S0021-960606)01303-5

I. INTRODUCTION The B—X absorption bands in,Sare analogous to the
extensively studied Schumann—Runge bands in The

TheB °%, —X 325 transition of  in the ultraviolet is a transition may be readily observed as a strong absorption in
strong transition which should be ideal for laser-induced Y y 9 P

fluorescencéLIF) probing of S. However, despite the fact 2 vapor, anc_j appears as a long progression OT bands.. The
that this transition has been studied for over 80 yéargyll coarse wpraﬂonal structure of theSfe bands is fairly straight-
rotational analysis has never been carried out. This is hindeFprward with the bands becoming diffuse abave-9, due to

ing work on dynamical studies involving the measurement oithe'r being above _the d_|ssomat|on I'm't as shown in Fig. 1,
internal state distributions of ,Sas a reaction product, as and therefore predissociaté@he rotational analysis of these

mentioned in investigations into the photodissociation of CsPands, however, has proved to be far from trivial. Early
(Ref. 2 and the reaction of OCS with(®) atoms® The  WOrk, as summarized by Barrow and du Parowginly con-

recent observation of this transition by the Hubble Spacéist_ed of partial rotational ana_lyse_s of relatively unperturbed
Telescope in the perturbed stratosphere of Jupiter after tH&9ions of the system. Investigations into the perturbed na-
collision of the comet Shoemaker—Levy*$ias also illus- ture of the system were first carried out by Meakin and
trated the need for an accurate model of theaBsorption Barrow, who found many rotational perturbations in the vi-
bands. The problem with the analysis lies with the extensivdrational levelsv’=7 and 8, and suggested that they were
perturbations in the system which are now known to be dudlue to a perturbing state dfl, symmetry, now labele®”.

to a single state, thB” 3II,. The potential energy curves of Further investigations by Meyer and Crosigjustrated the
the B andB” states are given in Fig. 1, where the two stateserratic behavior of some of thB state molecular constants
can be seen to overlap over a wide range of vibrational levdue to the extensive perturbations in the system. For example
els. The interaction between tlBeandB” states is analyzed they found that the spin—spin splitting constanbf the B

in detail in this paper and provides a model for understandstate, which would normally vary smoothly with vibrational
ing highly perturbed systems. It also provides some intereststate, behaved anomalously having valuessf-4.7 cni'!

ing insights into the electronic configurations of the statedor v'=0,2,4 and\~+9.5 cm * for v'=1,3,5. This alterna-
involved, which turn out to be not entirely straightforward. tion gives a quite different appearance to vibrational bands
The traditional molecular configurations of the three statesvith odd and even as the satellite branches such "&;

involved are given below having significant intensity whene has the opposite sign to
3y—  ...&.20 3o 3 the ground state.
B X, Sog2m 2y, Although spin and orbitally allowed, thB”"—X transi-
B" 31, ...50527,32773503 , tions are much weaker than tlge-X transitions and were
. o 4 o not seen directly for many years. Bondybey and English
X°%y --5og2m2my. were the first to directly observB”—X transitions in their
848 J. Chem. Phys. 104 (3), 15 January 1996 0021-9606/96/104(3)/848/17/$6.00 © 1996 American Institute of Physics
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\ SCR) + S(3R) interaction strengths between the two states were evaluated.
36000 | B z ! It was assumed throughout these calculations that the intrin-
< 350001 \ sic transition moment for th8”—X transition is negligibly
- small and therefore that thB”—X transitions are only ob-
O 34000, % B" served due to the borrowing of transition moment from the
L 33000 Y B-X transition.
320001 AN . In this paper we describe rotationa_lly cold LIF spgctra of
I B”"—X and B—X bands of $ produced in a supersonic free
31000t 57 27 25 285 3 35 jet and rotationally hoB—X spectra from § produced by
r/A photolysis. In analyzing the spectra we also use the results of

earlier work by Barrow and co-workérst® who obtained
FIG. 1. RKR potential energy curves of tiieand B” states of $. Vibra-  absorption(plate) spectra of sulfur vapor at 1025 K using a
tional levels in theB state above’'=9 are above the dissociation limit and Jarrell-Ash 3.4 m Ebert spectrograph. The rangd abv-
et o et ™= BFed I his work s therefore extensve wih Iavermn

P P ' values for bothB”—X and B—X transitions being obtained

from the molecular beam spectra, and higimformation on
study of S isolated in rare gas matrices. By studying fluo- the B state being provided by both the room temperature
rescence emission and excitation spectra, they reassign@fiotolysis work and the higher temperature work of Barrow
fluorescence that had previously been attributed to transition&nd co-workers. A particular feature of this work is the ob-
from the B state as being from thB” state and tabulated a servation of the formerly unseed=2 bands which has led
vibrational progression of this state fof=0—6. Quick and 0 @ more complete picture of the system, including the de-
Westort® measured fluorescence lifetimes foy @apor ex-  termination of theB” spin—spin constants and hence the
cited to theB state and observed additional low intensity modification of the band origins and spin—orbit constants.
peaks with increased lifetimes and attributed these to perturche measurement of the fluorescence lifetimes of tibs@
bations by theB” state. The first deperturbation analysis of States also indicates some intrinsic transition moment for the
the B—X system was carried out by Patimnd Barrow! for ~ B”—X transition which was previously assumed to be negli-
thev’=1 levels of theB state. They derived constants for the gible.
perturbing state confirming that it wakl, and, by measur- The above data are deperturbed to provide a model for
ing isotopic shifts of the deperturbed levels, they estimatedhe position and intensity of all the observed transitions. Al-
T, for the B” state to be 31 070 cit, which was found to be  though in previous work individual states have been
consistent with the matrix workA deperturbatlon analysis deperturbed}** the states involved were treated as though
was also carried out by Heaven a|_12 on theB v’'=2 state they existed in isolation, so that interactions with more dis-
for J<30, again obtaining constants for the perturbing statetant states where there are no avoided crossings were not
They used supersonic free jet methods to produce moleculddcluded in the calculations. As there are large homogeneous

with low rotational temperatures, leading to less congestef independentinteractions which can mix distant states,
spectra. this type of deperturbation is incomplete and yields only ef-

As a consequence of tH®’—X transitions being much fective molecular constants which often vary erratically with
weaker than th&8—X transitions, the radiative lifetimes of Vibrational state and/or parity. An example of this is found in
the B” states are longer than for tiBestates. By combining the work of Pafiio and Barrow! referred to above; they had
supersonic free jet methods with lifetime separation method® fit € andf parity components separately to give a good fit.
Matsumi et al*® produced greatly simplified LIF spectra, It is clear from the analysis performed here that mafy
which enabled the weaB”—X transitions to be seen. By states interact with more than oBestate, and so the deper-
setting a time gate across the fluorescence decay curve tgrbation must be extended to include these long-ranging in-
measure the fluorescence produced a certain time after tigractions. The ideal deperturbation procedure is to fit the
laser had fired, fluorescence fronB4 state could be selec- experimental data for as many states as possible in a simul-
tively measured, while discriminating agairsstate fluores- taneous variation of all the parameters in an appropriate
cence. From the spectra of tB&—X bands, rotational con- combined Hamiltonian matrix. Here we describe such a de-
stants and term values for tH&’Q=0 and 1 states were perturbation of the vibrational levels of th® state from
obtained forv’=3-18. A time-resolved study of th® and v'=0to 6 and of theB” state fromv'=2 to 12. The density
B” states was also carried out by Matsumia|_l4 where of states increases rapldly above this level, and so the hlgher
fluorescence decay rates were measured for individual rovievelsv'=7-9 of theB state and)'=13-18 of theB" state
bronic levels of the two electronic states. They found that thavill be analyzed in a separate fit and form the basis of a
fluorescence lifetimes depended stronglyvoand() but not ~ Separate publication.

J. The measured values for 33 stage varied between

34.2 and 49.3 ns whereas those of Bie°Il, states varied

to a much greater extent, between 106 and 3888 ns. Th]é EXPERIMENT

variation of lifetimes was interpreted in terms of the homo-  Information on theB—X transitions came from three
geneous interactions between tBeand theB” states, and sources. LIF spectra at300 K were obtained from Syen-
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850 M. E. Green and C. M. Western: Analysis of B 33

erated by a photoinitiated reaction of$lin a static cell. A were set across the fluorescence decay curve, allowing the
25% mixture of HS in argon at a pressure 6f10 Torr was  fluorescence produced at different times to be sampled. In
photodissociated by 266 nm light from a Nd:YASpectron this way discrimination could be obtained between the short
Laser Systems SL8020 produce $, most probably via the lived (~30 ng fluorescence from thB state and the longer
radical-radical reaction mechanism described by Heavelived (>100 n3 fluorescence from thB” states.
et all? The S produced was then probed by the frequency  Wavelength calibration for both supersonic free jet and
doubled output of a dye lase{Spectra Physics PD)3 the static cell experiments was obtained by simultaneously
pumped by a Nd:YAGQuanta-Ray GCR 18SThe spectral recording the laser-induced fluorescence spectrum of iodine
width of the UV light was approximately 0.1 cmand its  vapor (using undoubled light from the dye lageand inter-
power was adjusted to avoid gross saturation. A delay oference fringes frm a 1 cmi ! free spectral range etalon. The
~10 us between the photolysis beam and the pump beartine positions were taken directly from the spectra by using a
was needed to allow time for secondary photochemical reagenter of mass algorithm on the digitally recorded data. This
tions to occur and produce,SBy varying this delay, the allowed line positions to be determined to better than the
degree of collisional cooling and hence the rotational temexperimental linewidth of-0.1 cm L. The iodine calibration
perature could be controlled to some extent. The fluoresspectra were typically fitted to 0.01 rhin the visible, lead-
cence produced was collected at 90° to the laser beams aiftl) to a measurement accuracy of 0.02°crin the ultravio-
detected with a photomultipliefThorn EMI 9125QB. The  let for strong, unblended lines.
signal from the photomultiplier was sent directly to a Lecroy In order to measure the fluorescence lifetimes, the laser
(9400A) digital oscilloscope where a gate was set across th#as tuned to the frequency of a single Idwransition and
fluorescence decay curve. The time gate was set to start cdhe fluorescence collected as before. The output of the pho-
lecting signal~10 ns after the laser had fired to minimize tomultiplier was sent to the digital oscilloscope where the
scattered light and had a width 6f50 ns. The spectra ob- fluorescence decay profile was averaged over 100—2000
tained in this way gave information on the rotational levelsshots. For each lifetime measurement, a recording of the
of the B state up taJ~50. The congested nature of the spec-background light was obtained by recording the same num-
tra often resulted in the overlap of vibrational bands makingPer of shots of the output from the photomultiplier with the
assignment difficult. In these cases a monochromator walaser slightly detuned from the transition of interest. This was
placed before the photomultiplier which allowed discrimina-Subtracted from the fluorescence decay profile, leaving a re-
tion between transitions to different lower vibrational states sultant decay curve from which a lifetime value was obtained
thereby allowing individual vibrational bands to be observed Py least-squares fitting to a single exponential.
Information on theB—X transition also came from static cell
absorption spectra of,%t temperatures over 1000 K, taken
by Barrow and co-worket$'®some years before. These ro- || RESULTS
tationally hot spectra provided term values for levels with
up to 100, allowing many higld avoided crossings to be LIF spectra ofB—X bandsv’'=0-6 andB"—X bands
observed. The lowest levels, which could not be obtained v'=2-12 were taken. Transitions to tile=0 and 1 levels of
from the static cell spectra due to the high level of congesthe B” state were observed as well as transitions to the very
tion around the bandheads, were taken instead from the lesgeak and hence previously unobsenfed 2 levels. The su-
congested molecular beam spectra. personically cooled spectra of tH&’ bands had rotational
Rotationally cold laser-induced fluorescence spectra ofemperatures typically in the range of 5-30 K and hence
both theB—X and B”"—X transitions were obtained using gave information up td~20. The vibrational cooling in the
supersonic free jet methods. A mixture of,$in argon supersonic jet was not as efficient as the rotational cooling,
(~1%) was passed through a pulsed electric discharge nozzleith the result that many of the observed bands were hot
and then throug a 1 mmpinhole to a region of low pressure bands. This proved advantageous as many of the Franck—
(10™* Torr). The pulsed electric discharge nozzle has beerCondon factors between low vibrational levels of the ground
described in detail by Westeet al.” but basically consists states andB vibrational states are very lotf.A typical spec-
of a plastic(Delrin) piece with a~1-mm-diam, 1-cm-long trum showing theB"—X (10-0 and theB—X (7—1) bands
channel for the gas, mounted on a pulsed molecular beamvith a rotational temperature of 15 K is given in Fig. 2. The
valve. The electric discharge is provided by a pair of tung-upper trace was taken using a time gate set to collect fluo-
sten electrodes mounted halfway down the channel, acrossscence produced 200—2000 ns after the laser was fired, and
which a voltage(<1 kV) is applied as the gas is passed hence shows only thB” state with a long fluorescence life-
through. The pressure behind the nozzle was variable in théme. The time gate for the lower trace was set to collect
range of 0—40 psi and this gave some control over the rotauorescence produced immediately after the scattered light
tional temperature in the supersonic free jet. A probe beanfrom the laser, and hence shows both Bfe-X band and the
produced as before, crossed the molecular beath mm B state with a much shorter fluorescence lifetime. Although
downstream from the nozzle and the fluorescence was cothe two bands in the lower trace have similar intensity, this is
lected at 90° to both the molecular beam and laser beam. Thaisleading as th&—X transitions are many times stronger
signal was again collected by a photomultiplier, and senthan theB”—X transitions. The apparent similarity in inten-
directly to the digital oscilloscope, where various time gatessity is due both to saturation of tig—X transition, and the
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Fluorescence after 200 ns

3 R
TIDR,

6

(b) B"-X (10-0) B-X (7-1)

Prompt Fluorescence

L 1 1 L 1

1 | L | L L i
33860 33870 33880

Wavenumber / cm™!

FIG. 2. LIF molecular beam spectra of tB8—X(10-0 and theB—X(7-1) bands; a time gate was set to collect fluorescence prodag@00—-2000 ns after
the laser was fired an@) immediately after the laser was fired.

fact that the time gate was set to discriminate against scaFABLE I. Fluorescence lifetimes of thB” °I1, state of $. The figures in

tered Iight which therefore cut out much of tBestate fluo- parentheses for the data of Matsughial. are three standard deviations. The
’ estimated errors for the lifetimes measured herezat8%.

rescence.

Spectra of the mixed isotopS 3°S specie$8% natural rins rins
abundancewere not observed in this work. This is perhaps v’ Qo (this work) Matsumiet al®
surprising, given the high signal to noise obtained in most 5 o 623
spectra(see Figs. 2 and)6However the**S32S species has 5 1 182
twice the number of rotational lines &S, because of the 2 2 4167
nuclear spin statistic§The symmetric isotope has alternate 3 1 322 296(24)
rotational levels missing.With our resolution this means 3 2 4375

X . . . . 4 0 125 155(42)
that vibronic bands from the mixed isotope will have poorly 4 1 1025 1126(99)
resolved rotational structure, and will appear as a weak con- 4 2 b
tinuous background under the strongés, signals. 5 0 247 204(21)

Fluorescence lifetimes d&"” bands were measured in the 5 1 738 717(93)
molecular beam and are given in Table I. We found the same Z (2) 4??2 810(57)
wide range of lifetimeg100—1600 nsas Matsumiet all* 6 1 118 108 (©)
for the =0 and 1 levels. Measurement of the lifetimes of 6 2 4042
the Q=2 levels required particular care; not only were the 7 0 495 556(72)
signals weak because of the weak excitation transitions, but 7 1 1039 1057(99)
also the fluorescence lifetimes are sufficiently long that mol- 7 2 4243

S . . 8 0 167 164 (9)

ecules can fly out of the viewing region before fluorescing, 8 1 887 896(75)
artificially depressing the apparent fluorescence lifetime. The g 2 4123

=2 state transients were therefore recorded with all the 9 0 907 947(45)

normal fluorescence collection optics removed, so there was 9 1 154 139(12)
only a flat window between the photomultiplier and the mo- ° 2 3982

. 10 0 393 393(36)

lecular beam. To check that this arrangement allowed accu- 1 1729 1660222

rate measurement of the fluorescence decay we performed 19 2 b

two tests. First we measured lifetimes of he0 and 1 of 11 0 338(21)

the A °I1, state of SO; these are known to have very long 11 1 358(39)
11 2 4076

lifetimes®2° of 39.2 and 17.1us, respectively. Measure-
ments on our apparatus gave lifetimes of 29 and 135  acorrected value—see the text.

though the picture was slightly confused by the observatiofiStates with stronglyi-dependent lifetimes.
of strong quantum beats. These figures suggest the requirdeference 14.

J. Chem. Phys., Vol. 104, No. 3, 15 January 1996
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(a) .

> Bz X2, (5-0)
@
c i
‘GE, Ar
- He ‘

-5 0 5 10 15 20 25 30 ‘ |

Time / ps i [ it

— (b) 1 I 1 L 1
> A 33550 33600 33650 33700 33750
‘@ r 1
5 He Wavenumber / cm
[
:_g’v FIG. 5. LIF spectrum of th8—-X(5-0 band, produced by the photolysis of

H,S in a static cell.

-5 0 5 10 15 20 25 30
Time / us

FIG. 3. Fluorescence intensitg) and the log of the fluorescence intensity me.asyrements t(? b? 0{~45- Given this Uncertainty the Sm.a”
(b) plotted against time for 8" 3I1,;—X 3%, (9-0 transition recorded Variation shown in lifetimes for th€ =2 states in Table | is

using both helium and argon mixtures. probably not significant and the most useful number is the
average over all th€l=2 measurements, 4.16s.

" f— f— i i -
ment for some corrections to lifetimes much longer than_. ForB"v=2, (=2 the 5|gn§1| was so weak that the life
those we observed for any of tig¢ states. time could not be measured without the fluorescence collec-

Second somB” Q=2 lifetimes were recorded using two tion optics. The value quoted in Table | was therefore mea-

different carrier gases for the molecular beam, helium, and ured - with tthch,,o ptlcss '?rr:dth corrected i by V\;:orgpanr:g
argon. As the gas mixtures were very dilute this implies amee;sulf;ar?en Sf B”v __4W' d 1% San:ﬁ op 'CrS]' ed 0 no
velocity difference of~3 between the two mixtures, but nev- quote fifeimes fors™ v =4 an as these showed a very

ertheless very similar fluorescence decay curves were o trong variation with). This is readily understood in terms of
served, as shown in Fig. 3. This shows the same transitio e model developed below as both these states undergo a

[from the B *[1, X 329_ (9-0) band recorded using he- strong,J-dependent mixing at low with B state levels that

: : . lose in energy.
lium and argon mixtures. Note that the helium curve showd'€ Very € < " L .
nonlinearity in the log plot after 2@s; this corresponds to a A spectrum of al}=2 band[B"-X (6-3] is given in

distance of around 3 cm. The lifetimes obtained from thesé:ig' 4a), taken using a time gate set to collect fluprescence

. produced 1630-4130 ns after the laser had fired. A simula-
two curves are close, being 3.9 (Ar) and 4.16us (He). tion of this band is shown in Fig.(8) using the model de-

This sort of variation was also typical of repeated measure- ibed bel
ments taken with the same gas mixture, and probably arise€" Aet € olw. ¢ f B—X band of duced by th
from incomplete subtraction of background light, and prob- ypical spectrum of 8—X band of $ produced by the

lems produced in the photomultiplier by the very strong sig-phc’t?IySIS of '%Skm a §tat|c cell is showrl[ n F'g'dS' -trhz.
nals att=0 from strongB state fluorescence. Taking these spectrum was taken using a monochromator in order o dis-

factors into account we estimate the error on these lifetim riminate aggunst over_lapplng bands, and shows BreX
5-0 band with a rotational temperature 6300 K. A por-

B"*1L,; X°x2,(6-3)

" T y P13
) 5 1 Pa BX(10:0)_ % . % i
T T T T 1 R, 30 28 2
13 11 9 7 5 3
! : ' ' ' Q.. , : , . —R
1| L T ! T i T 3 —1 R B-X(5-0) 24 22 20 18 5
12 10 8 & 4 s 20 18 16 14 I3 oA
(a) @
Mmmmml L.
30955 80560 30965 30670 © 33740 33750 33760
(b)
b
/\_/\_/\ R A e i A T b X
30955 30960 30065 30070 33740 33750 33760

Wavenumber / cm-1
Wavenumber / cm™’
FIG. 6. (@) A simulation and(b) the observed spectrum of part of the
FIG. 4. LIF molecular beam spectrurta) and simulation(b) of the B-X(5—-0 band shown in Fig. 5. Assignments are shown for some of the
B” 3l'[z,u—X 325(6—3) band; the spectrum was taken using a time gate setbranches present in the spectrum; note that some weak transitions from the
to collect fluorescence produced 1630-4130 ns after the laser had fired. B”"—X(10-0 band also show in this region.
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34500,

340000

3.

[
(52
Q
o

33000

32500

Reduced Term Value, E-0.2J(J+1) / cm™

31500

[ Y T AT T Y S A Y Y AT ST SO SN TN Y Y S AT N

] 20 40 60 80 100

J

FIG. 7. Observed upper state reduced téenm values—0.2J(J+1)] plot-
ted against] for v'=0-6 for theB state and)'=2-12 for theB". The ¢
and X are observed term values @fandf parity, respectively, and the solid

853

ground state constants taken from Fourier transform infrared
spectrd! for v”=0 and 1 and from emission studt&$or the
other vibrational states. Rotational combination differences
were found within each vibrational upper state, and to con-
firm vibrational assignments, vibrational combination differ-
ences were found for eadd and B” vibrational state. The
reduced term values, the observed upper state term values
minus 0.2(J+1) cm 1, are plotted in Fig. 7 as a function of
J for v'=0-6 of theB state and)'=2-12 of theB" states.
The solid lines in Fig. 7 are term values calculated from the
model described below. The ground state term values re-
quired to convert the observed transitions to upper state term
values were calculated from the refined ground state con-
stants given in Table I, described below.

It is clear from this energy level diagram why analysis of
the B state is so difficult; each vibrational level of tBestate
is perturbed by at least two different vibrational levels of the
B” state. This gives several avoided crossings in the rota-
tional levels of theB state, to a degree that varies dramati-
cally with vibrational state depending on whié€h compo-
nent crosses thB state and thd value of the crossing. An
expanded view of the rotational term values of destate
vibronic level is shown in Fig. 8; note the contrast between
the small avoided crossing from ti¥ (=2 state(shown in
the insel, and the much larger crossing with thie=1 state.

lines are calculated term values, using the model described in the text. The . .
large numbers on the right-hand side of the diagram indicate the position dB- Hamiltonian

the B state vibrational levels. The smaller numbers on the diagram indicate
v and () for the B” states; the numbers on the left-hand side refer to the

The system has been modeled by a computer program

curve immediately below whereas the numbers in the middle refer to thdGOPHER Which uses a fairly conventional effective Hamil-

curve immediately above.

tion of this spectrum is shown in Fig. 6 together with a

tonian for a linear molecule. The major terms include the
spin—orbit couplingAL -S) and the rotational kinetic energy
(BR?);

simulation using the model developed below. This showq:lZB(j_E_é)z+A|:_é

some weak transitions from tH&"’ v’ =10 state, as well as
stronger transitions from thB v'=5 state.

IV. ANALYSIS

A. Assignment

=B[J(J+1)+S(S+1)—I2—L2- S| +AL,S,
—B[(J_L.)+(3:L )]+ (A+B){L.S_+L_S.},
(1)

Rotational analysis and assignment was carried out usingghereJ, L, S, andN have the conventional definitions as
the method of combination differences based initially ongiven in Lefebvre-Brion and Fieléf The minor terms are

TABLE Il. Refined constants for th¥ 325:;”=0—5, 7 levels. Figures in parentheses are three standard deviations.

Xv" T,o(cm™) B” (cm™}) D" (10" ecm™) ¥ (cm™h) N (em™) Ap (10° cm Y
0 0 0.294 592 3(4) 1.96 (2?2 —0.007 157(9)2 11.7931 (42 1.055)2

1 719.99%90) 0.292 997 523 1.97 (22 —0.007 14828 11.865910)2 1.08*

2 1434.2%10) 0.291 423 (55) 1.96 (17) —0.005 93 (91) 11.937 (14)

3 2142.8%11) 0.289 646 (72) 1.97 (12 —0.006 6 (14) 12.021 (20)

4 2845.6114) 0.288 376 (44) 2.04662) —0.007 22 (51) 12.091 (19)

5 3542.9452) 0.2844 (27 212 —0.007 288 12.163

7 4920.0322) 0.283 241 (49) 1.98763) —0.009 62 (59) 12.247 (25)

aReference 21.
bReference 16.
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854 M. E. Green and C. M. Western: Analysis of B 33

wheres is 1 for a3~ state and 0 otherwise. This is consistent

@ Bv=20Q=0 . . X .
%32550 with the phase convention of Lefebvre-Brion and Fi&d.
232540 . Note that this is different from the phase convention used in
8 To2d 0=2 earlier work on $ (Refs. 11 and 14 which used matrix
B azsao elements taken from Wicket al?® In our symmetrized basis
2  Bv=20=1 ‘ . the matrix elements off diagonal in the electronic state are
° 0 10 20 30 40 .
! CILIHPY )= - (x=2)"2B, (6)
32800 CILAPS ) =2V a+ ), )

B"v=6 Q=0

}W (3Ho||:||3EI>ZIXl/2B, ®)
| B'v=5 0t CTAPS )= (12 1) (a+ B), ©

32600} (CILHPS g )=~ (1+1)(30)128, (10

wherex=J(J+ 1) and the upper sign correspondstparity
and the lower sign td parity.

I It was found necessary to include centrifugal distortion
\ of the perturbation parameters to model the higtrossings
32400—W accurately. The required operators in the Hamiltonian were
T T defined by analogy to the centrifugal distortion of other fine

0 20 40 J 60 80 100 structure constants as defined by Hiretaal.?*

B'v=4 Q=2

Reduced Term Value E-0.2J(J+1) /cm-1

) %aé[R21L+S—+L—S+]++%Bb[RZ,L+J—+L—J+]+-
FIG. 8. Expanded view of the observed reduced term values fdB thtate (11
v'=2 and its neighboring” states. The inset shows tf *[1,y v'=4

state crossing th® X1, v'=2 state. The¢ and X are observed term  The parameters for these terms are defined by the following
values ofe andf parity respectively and the solid lines are calculated term matrix elements:

values.
ap=(B"A=1[apL.|BA=0), (12)
. . "y n A Bo=(B"A=1[BpL.|BA=0). (13
H'=—DR*+ 3\ (35— $) + 5\p[ §(3S2—S9) N2,
+yN-S— %O(Asz;efzi¢+é2+e+2i¢), ) C. Fitting procedure

We present two fits here; the first, is a straightforward fit
to the parameters determined directly by the data. The sec-
ond fit, described in Sec. IV D, includes several estimated
parameters to take account of interactions that are not di-
rectly observed. These other interactions are large enough to
have a significant effect on the determined parameters, so the
end result is a more physically reasonable set of values.

All the parameters which could be directly determined
%y the data were simultaneously varied in least-squares fits
of calculated against observed data, until the best fit possible
Ri¥as obtained. The excited energy levels were calculated us-
ing large basis sets containing all the excited state levels of a
given parity and) including theB statesv’ =0—6 as well as

where [0,Q] . =0Q+ QO. This includes centrifugal distor-
tion (D), spin—spin coupling\), and its centrifugal distor-
tion (\p), spin—rotation couplingy), and theQ =0 lambda

doubling, 0. We do not include the termg and g conven-

tionally used to describé doubling in thell state; this is

discussed further below.

The terms containing . in Eq. (2) give matrix elements
off-diagonal in electronic state and are responsible for th
perturbations between tHg and B” states. These matrix el-
ements cannot be evaluated directly and so are taken as
rameters in the fit. The spin—orbit paramefes and the
L-uncoupling parametgiB) are defined as

a=(B"A=1|(1A+ B)L, IBA=0) 3 the B” statesv’=2-12. The ground state levels were calcu-
2 ' lated similarly using matrices containing all states of a given
B=(B"A=1|BL,|BA=0). (4) J and parity forv"=0-5 and 7. This simultaneous calcula-

tion is not required for the ground state levels, but it removes
Note that these are defined in an Unsymmetrized basis. Thﬂe need for extra programming_ Despite the |arge numbers
Hamiltonian matrix is made up in a symmetrized Hund’s of parameters floated few problems with convergence of the
case(a) basis with the phase of the electronic wave functionsits were encountered. The only problems were \Bith’ =6

defined such that states of parity are given by andB” v’ =12 where one or two parameters had to be varied

O PASS *Y= L1130 nA manually to find the best value for the parameter and its

9Q7ASET) =7 {30 7ASE) error. This probably reflects the relatively small number of
(=175 I-Qp—AS-3)}, (5)  levels measured fdB v’ =6.
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M. E. Green and C. M. Western: Analysis of B 33, 855

TABLE Ill. Comparison of fits to theB 33 v'=1 state and th&" Il ,v’'=3 and 4 states. Figures in parentheses are three standard deviations.

Patiro and Barrow

Local fit? Global fif’ e levels f levels

T,o(cm™) Bv'=1 32 114.12(20) 32102.7123

B"v'=3 32 035.55(10) 32039.7013)

B"v' =4 32342.149(63) 32 344.73153
B’ (cm™?) Bv'=1 0.221 145(48) 0.223 42980) 0.221 9@30) 0.221 54(9)

B"v'=3 0.201 72(10) 0.201 70279 0.206 6 (12) 0.197 9192

B"v' =4 0.200 405(63) 0.199 14384) 0.202 2812) 0.201 1 (36)
N (em™ Bv'=1 4.922 (90) 4.72475)

B"v'=3 8.942 (90) 5.84(12)

B"v'=4 7.077 (45) 5.62436)
A’ (cm™b B"v'=3 195.815(69) 193.69894)

B"v'=4 192.561(81) 190.98657)
a(cm™) B-B"(1-3 —7.51 (54) 18.4329)

B-B"(1-4) 10.810 (96) —11.29160) -12.15 (10 12.26  (6)
B (cm? B-B"(1-3 —0.125 0 (60) —0.080 §18) —-0.0598 (6) —0.0852 (11)

B-B"(1-4) —-0.018 4(18) 0.029 5%97) —-0.034 (6 -0.0272 (2)
p (cm™) B"v'=3 0 0 1.2 (6)

B"v'=4 0 0 1.695 (18
g (cmb B"v'=3 0 0 —0.0349(18

B"v' =4 0 0 —0.0037 (4)

it to these three states only.
5From the global fit to alB andB” states(Tables VIII-XIl).
‘Reference 11. This fit calculated individuBl components separately so thg,, A, andA values are not directly comparable.

As the Hamiltonian matrix becomes rather large whention time. This is overcome in the distribution logic by work-
all the states are included the computational time becomesig through the states in order &f(varying fastestthene/f
significant. For the 3320 transitions included in the final fit,then upper/lower state.
approximately 200 independent diagonalizations are required The significant computational effort invested in calculat-
(two parities forJ up to 100 in the upper and lower states j,q 4| the states simultaneously is justified by obtaining

and each calculation must be repeated for each parametgy, o physically reasonable parameters which vary smoothly

(171 times to calculate the numerical derivatives. For this . . . o
. with vibrational state, and by requiring fewer parameters.
reason, use was made of a parallel computer, a Meiko Com-, . . . . .
his is due to two related effects: first, any givBh state is

puting Surface 2. This computer is a distributed memory " T
system, essentially several independent computérs8 typically close to twoB state vibrational levels, so that the

were used for this wopk so the calculation must be split into interaction with oneB state level is changed by virtue of its
several independent parts with minimal communication beinteraction with the other. Second, some of BieB" pertur-
tween them. Fortunately this is easy to do for this calculabations, particularly theJ-independent ones, are large
tion; work on each Hamiltonian matrix in one cycle of the enough to give measurable effects for levels more than one
least-squares fitting process can take place independently vibrational quantum away. These latter interactions with
the calculation on all the other matrices. Thus, givema-  more distant states typically vary smoothly wittand could
trices to diagonalize, the matrices are distributed equallg|mp|y be modeled by an adjustment to the effective con-

over thep processors so that each processor calculps  stants, though the effective constants would then be less easy
levels. The results are then combined on one processor to g interpret.

the least-squares correction. Given that this latter step is a The necessity for fitting all the states simultaneously

small part of the total computafuonal t!me, aspegd up rel"’lt'\/(?nay be illustrated by comparing constants obtained for a
to a single processor close jpois obtained. In principle the

repeated calculations to find the numerical derivatives coul&'tate deperturbed in a global fit with those obtained from an

also be split over different processors, though this is not don&'dividual state fit. For example, if th v’ =1 state is dep-
here as the calculation is already split into enough parts. Theturbed in isolation from the surroundigstates, only in-
only potential problem is in the distribution of the matrices cluding interactions with thé” v'=3 and 4 states in the
over the processors, as there is a considerable variation model, the constants obtained are different from those for the

size (from 8 for f parity ground states to 53 fag parity same state deperturbed in a global fit. The constants from
excited states implying a considerable variation in calcula- both these fits are shown in Table IIl. Also given in Table I
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856 M. E. Green and C. M. Western: Analysis of B 33

TABLE IV. Deperturbed constants from fit 1 for ti&v'=0-6 states. Figures in parentheses are three standard deviations.

v’ T,0cm™ B’ (cm™Y) D’ (107 cm™) N (ecm™b ¥ (cm™b)

0 31 682.85¢75) 0.224 20153 2.44267) 2.87796) —0.028019)
1 32 108.6923) 0.223 22777) 2.7210) 3.53q77) ~0.018512)
2 32530.2823 0.222 10%84) 4.0319) 2.4213 —0.007228)
3 32 947.8717) 0.219 58882) 3.21(13) 3.1514) —0.002829)
4 33 354.9634) 0.219 8315) 6.0834) 3.4519) —0.008951)
5 33 768.5622) 0.215 96795 3.3522 2.5816) —0.000939)
6 34 173.55(86) 0.213 3711) 2.5634) 1.4219) 0.002925)

are the constants obtained by Patiand BarroW! in their  L-uncoupling mixing term(B) would need to be included in
deperturbation of theB v’'=1 state. In order to obtain a the fit in order to model the avoided crossing. However,
reasonable fit for this single state, they found it necessary tawhenever &)=2 component of 8" state crosses B state,
float thee andf parities separately and to include very largethe selection rules would allow mixing with tHé=1 com-
values of theA doubling parameterp and q for the B”  ponent of theB state via theL-uncoupling mixing term, but
states. the spin—orbit mixing would not be involved. Hence oly
The model described here does not require thesidu-  could be determined in this case.
bling parameters. These terms arise from the interaction of a The inclusion of the centrifugal distortion of the pertur-
IT state with distank, states to give a splitting between statesbation parameters in the fit also required similar consider-
of different parity. In the current case, we consider the interations. The centrifugal distortion of the spin—orbit mixing
action with theB 33 state directly, and the perturbations of (ap) mixes states according to the selection mi@=0,+1,
the Il state could be viewed as an example of giAndou-  whereas the centrifugal distortion of ttheuncoupling(8p)
bling. In principle interactions with more distat states obeys the selection ruleAQ)=0,=1,=2. These selection
would give rise to some additional shifts, but we estimaterules restrict the parameters that have an effect in various
that these effects would be small, and in any case, could natases. Furthermore, in order for these parameters to be de-
be distinguished from the interactions with the severaltermined for a particular interaction, there must be an
B 33, vibrational levels that are included as part of ouravoided crossing between the two states at a high valde of
global fit. The number of cases for whiely, and By were required was
The degree to which each constant and perturbatiotherefore limited.
could be determined by the data needed to be considered in The sign of the matrix elements off-diagonal in elec-
some detail in order to establish whether or not it could beronic state are dependent on the phase convention chosen
floated as a parameter in the fit. For example the parametéor the electronic wave function@iven above and the vi-
0, which gives the splitting between thé @nd 0" compo-  brational wave functions. The absolute sign of the perturba-
nents of the®ll, state, had to be included to give a good fit tion parameters is in any case not determined in our fit;
for those vibrational levels where both components are obehanging the signs of all the perturbation parameters simul-
served. However, for mo®” 0=0 levels only thee parity  taneously makes no difference to the calculated energy levels
component was observed and a@ould not be determined or intensities. However several of the relative signs are de-
in these cases. Thil,f component is rarely observed be- termined by our fit; obviously if a pair of states is connected
cause of theA\()=0 selection rule for the matrix elements of by more than one type of perturbation then the relative signs
the spin—orbit perturbation, Eg&) and(9). This means that of the different perturbations are determinedbtith these
the B” 2=0 levels can only gain intensity via mixing with states are connected to a third state, then the relative signs of
the =0 component of theB state, of which only are  all the parameters interconnecting all three states are deter-
component exists. Thé parity for the )=0 B” state was mined. In our model we do not have any sets of three states
only observed in those cases wherB"a(=0 level crossed all interconnected in this way; however such connections do
aB Q=1 level(for which bothe andf components exigtin  exist via fourth or fifth states. These indirect connections
the region of a crossing, the weakuncoupling perturbation only have a very small effect on the model, so if, for ex-
[Eq. (8)] becomes significant and causes mixing of the twoample, the signs of the perturbations between one particular
levels according to its selection ruls)==1. Thef parity  pair of B andB” states are all changed then all the eigenval-
component of thé8” ()=0 state can therefore gain intensity ues change, but by an amount less than our experimental
in these cases by mixing with tHecomponent of th® (=1  error. We therefore chose to set the absolute signs ofrthe
state. Hence the value ofis only determined for the vibra- perturbation parameters so that they were consistent with the
tional levelsv'=3, 4, 7, and 10 where such crossings occursigns of the calculated vibrational overlap integrals between
The same considerations are important in decidinghe B and theB” states(with the vibrational wave function
which perturbations are determined. Wheneveé2a0 or 1  chosen such that the outermost lobe is positive more
component of 8” state crosses tH@=0 or 1 components of detailed model for is developed below, which confirms this
a B state, both the spin—orbit mixing terfw), and the choice of signs.
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TABLE V. Deperturbed constants from fit 1 for tf'v' =2—12 states. Figures in parentheses are three standard deviations.

v’ T,0cm™ B’ (cm™Y) D' (10" cm™) A’ (cm™h N (em™Y ¥ (em™Y) o' (cm™Y)
2 31 725.5610) 0.203 69087) 3.8219) 198.97668) 5.34394) 0.12268) 0
3 32 038.6213) 0.201 69878) 3.9911) 194.46493) 6.3412) 0.19921) 2.4020)
4 32 344.0213 0.199 35990) 3.31(15) 191.40988) 6.00182) 0.06312) 2.1512)
5 32 640.15673) 0.197 47%80) 3.8215) 190.29G90) 5.34285) 0.14849) 0
6 32931.1913 0.194 5Q017) 3.3523) 186.09472) 4.9911) 0.38563) 0
7 33216.3619) 0.190 8210) 2.11(31) 179.0412) 4.5213) 0.03714) 0.3923)
8 33 485.0810) 0.189 6423) 5.3647) 177.5315) 5.7713 0.07467) 0
9 33749.3624) 0.186 5124) 7.8053) 170.6615) 5.5414) 0.2813) 0
10 33998.81®@1) 0.184 3315) 4.5345) 165.6a11) 6.60037) ~0.04217) 1.5018)
11 34 239.7810) 0.179 2@30) 7.6(5) 156.9413) 5.3011) 0.34370) 0
12 34 453.18%8) 0.177 4710) 0 136.6914) 0 0 0

Using considerations such as these a set of 172 paramariation withv and it should also be possible to estimate the
eters that are directly determined from our data was conmatrix elements connecting the different vibronic states from
structed, and a fit to these parametéis1) produced con- the vibrational wave functions. This is part of the way to-
stants and perturbation values given in Tables IV-VI. Thisward directly fitting the underlyindd and B” potential en-
gave a good fit, with a standard deviation of 0.064 ¢m ergy curves and-dependent electronic interaction param-

eters rather than the individual fine-structure constants for
D. Parameter model each state.
The parameters that need to be estimatedarg andg.
stimating the parametar is straightforward as it should
Show a smooth variation with vibrational state. We assumed

The drawback with fit 1 is that there are several param+
eters that we expect to be significant, but which cannot b

determined f_rom the data. For exanIe, mep_erturbanon a linear relationship withv, which reproduced the observed
parameter will act between @ andB" states with the same values to 0.4 crit

Q) component. However it can only be well determined be- The modeling of the perturbation parameters is not so

tV\;]een trtmtse stateT W'trt]) e:vdmdedt crossn:rg];s. Flor Ithtosae Cas(é}‘ﬁaightforward but, as suggested above, is actually rather
where states are close but do not cross the calculated ener portant as interactions with states more than one vibra-

levels will be changed by omission (?f this parameter. Thetional guantum away can be significant. The parameters to be
changes can be dealt with by adjusting the values of Othe(ﬁetermined are the matrix elements betwed#monic states
constants, but this will give difficulties in interpretation of h as '
these parameters. We therefore also provide an alternative fit,
fit 2, in which as many as possible of the significant param-
eters are either floated or set to estimated values. The basis of
g;]%u?jt;?g\t,:,og S';Otgf‘ht \}zﬁatl?:r:avc;tit'?;]se g‘onganlag'rltggaqf we initiall;_/ assume that the electronic operator mix?ng the
) two states is independent of then the parameter will be

individual vibrational states should then show a sr’nOOthproportionaI to the overlap of the vibrational wave functions,

a=(B"A=1p"|(}A+B)L.|BA=0p). (14)

TABLE VI. Perturbations determined from fit 1. Figures in parentheses are ~ a=(v"|v)(B"A=1|(3A+B)L,|BA=0). (15
three standard deviations.

Bv'-B"w' a(m?b ap(10%cm?l Bem?b By (10 %cmY

0-2 14.69971) 2.6945) —0.041463) —1.2750) v 25

0-3 —4.6537) -6.1058) —0.063%87) 13.013) g 20

1-3 18.3629) -7.014) —0.080818) ~ 45

1-4  —11.28960) —4.8229) 0.024115) 1.70(39) 3 10

2-4 18.5659) —-28.017) —0.049730) —22.331) (—:;

2-5  —15.3511) —3.71(29 0.049262) 0.8662) > 5

2-6 10.7723) 0.024G43) 3 0

3-6  —17.98G81) 0.077668) T 5

3-7 11.1622) 7.11(74) 0.006655) —11.818) ® .10

4-7  —252749 26.426) 0.036924) 3 .15

4-8 14.7814) 14753  —0.051453) 8 20

5-9 16.2911) —0.06912) 20 -15 -10 -5 0 5 10 15 20
5-10 —-11.5921) —5.1(11) —0.003748) 13.322 Observed o values / cm-!

6-10 —0.062784)

6-11 —13.4514) —4.6297) 0.069371) FIG. 9. Plot of observedr values against those calculated from Ep)
6-12 11.8425) - 0.023720)

using the parameters in Table IX. The experimental erroks ame less than
the size of the points.
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858 M. E. Green and C. M. Western: Analysis of B 33,

TABLE VII. Coefficients from least-squares fit of observed against calcu-TABLE IX. CalculatedB parametergin cm™Y) set as fixed values in fit 2.
lated« and 8 values using Eq(16) with r,=2 A. Figures in parentheses are

one standard deviation. B"v
Coefficients a B Bv 5 8 9 12
agem* 29.9(1.4 -0.126 (52 1 —0.004
ajemtA? 187 (24) —3.33 (56) 3 —0.051 0.003
ajcm A2 —421(110 4 0.009
5 0.039
6 —0.008

We therefore calculated the Franck—Condon factors between
the B” and B states from our data. This required deriving sary as the errors in thg values were significantly larger
RKR potentials for both thé and theB” states from our than for thea values. This fit was not as satisfactgayverage
experimentally determined rotational and vibrational con-error 0.009 cm?in parameters 0f-0.01-0.06 cm?) though
stants, using the programnee.?® The progranLeveL®® was  the correct sign is predicted for all except one case
then used to generate vibrational wave functions from th€B0—B"3). This and three other points that were modeled
RKR potentials for both states and also the Franck—Condonpoorly were excluded from the fit. For thevalues a reduced
factors between the vibrational levels of the two potentials. precision in the fit compared to the fit to the values is
These calculated Franck—Condon factors were found t@cceptable since thg perturbations are so weak except at
be broadly proportional to the measuredralues. However high J. Their long-range effects are thus negligible and very
by including anr dependence in the electronic operator afew need to be included as fixed values in the fit. The coef-
better fit could be obtained, i.e., by modeling healues as ficients for the least-squares fit of calculated against observed
" values are given in Table VII, and the calculajgedalues
a=(v"|agta(r ~re) +an(r —re)’lo). (16) tBhat were incI?Jded in the fit are given in Table IX.
A small least-squares program was written to find the best The calculated values af, 8, ando were then held fixed
values of the coefficientsy, a;, anda, using the vibrational while allowing the same parameters as before to float. The
wave functions fromLEVEL and the values ofx that were entire process of estimating parameters was iterated several
well determined by the line position fit. This gave an excel-times as the parameters from the revised fit were used to
lent fit to the « values(average error 0.36 crl in param-  produce a new estimate of the undetermined parameters. The
eters of 10—20 cm'), as shown by Fig. 9. final fit, fit 2, has a standard deviation of 0.064 tmessen-
The coefficients obtained from the least-squares fit tdially the same as the previous fit. However, the molecular
Eq. (15) against observed values afare given in Table VIl constants for this fit, given in Tables IX-XI, show a
below. Using this polynomial, the: values for all the pos- smoother variation with vibrational state than both the pre-
sible B"—B pairs could then be calculated and included invious fit and the constants prior to deperturbation. An ex-
the fit as fixed parameters. These calculated valuesafe  ample of this can be seen in Fig.(@2where three sets &”
given Table VIII. It is clear from these calculations that the state origins are plotted against vibrational state. The highest
interactions betweemB”"v=0 and 1 andBv=0 and 1 are state in our fity'=6 for the B state ancdb’=11 and 12 for
significant as the matrix elements between them are largehe B” state are necessarily only partially deperturbed in our
For this reason thé”"v=0 and 1 were included in fit 2, fit as we have excluded higher states, though the parameters
although they were not observed experimentally and theiderived from these states seem on the whole to be in line
positions had to be estimated by extrapolating the oriBin, with those of other states.
A, and\ from the higher states. To complete the model, some of the ground state con-
A similar analysis was performed for th@perturbation  stants forv”"=2-4 and 7 were also floated as our data al-
parameters, in this case using a fit weighted by the uncetewed a better determination of these constants. The values
tainty in the experimentgB values. This was deemed neces-for v”"=0 and 1 were not floated as they are better deter-

TABLE VIII. Calculated o« parametergin cm™%) set as fixed values in fit 2.

B"v
Bu 0 1 2 3 4 5 6 7 8 9 10 11 12
0 36.27 —-27.27 2.15 -0.49
1 28.54 11.78 —25.45 4.90 —-1.51 0.10
2 —6.50 —-16.78 21.33 8.28 —-3.26 0.65
3 17.87 —16.66 —5.68 18.17 —-5.72 1.78 0.19
4 4.86 11.76 —-17.47 —8.63 3.59 —0.48
5 12.63 3.56 —14.36 6.03 -1.79
6 —4.65 —-9.51 14.88 8.80
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mined from the Fourier transform infrared dataThe final  included in the basis. Their omission leads to changes of 2
values, given in Table XlI, are consistent with previouscm in X\ and 10 cm? in the origin forv’=0 of theB state.
values'® This is an extreme case as our calculati¢fable VIII) re-

Full details of both fits, including a tabulation of both the veal that the 0—0 matrix element is the largest and the higher
observed and calculated line positions and a correlation ma» levels have smaller matrix elements. We nevertheless ex-
trix for the determined parameters is available from the aupect some truncation errors for =6 for the B state and
thors. As mentioned above, both fits reproduce all the 3320 '=12 for theB” state and possibly for lower states. Deter-
observed transitions well, with a maximum error of 0.4 mination of these must await analysis of the higher vibronic
cm L. The greatest discrepancies are typically at the highedevels.
observed] for a particular state, where we do not model in It should be emphasized that both the basis truncation
detail crossings at still higher values &f errors and the parameter estimation errors do not affect the

The error bars given in the tables are taken directly fromcalculated position of any of the observed levels but only the
the least-squares fits. However, for fit 2 we must consideprediction of the unobserved levels.
possible systematic errors due to uncertainties in the esti-
mated parameters and truncation of the vibronic basis. FOt | itetimes
example, our model for the perturbation parameters repro-
duced the measured values 1®.36 cm ™. If a change is The work of Matsumiet al** suggested that there was
made to any one Of the estimated/a'ues Of 0.36 le and no intl’inSiC intensity to th@ﬂ State, and SO the intensity Of
fit 2 repeated, the largest change seen is in the origins of th@ny B” transition was due to mixing in d state character.
states connected by that particular parameter, and is less thaRis mixing can be calculated from our model, and thus
twice the quoted error bars for the origins. A similar proce-intensity measurements can give an independent check on
dure for theﬁ perturbation parameters also found the |argespur model. It is difficult to measure absolute intensities of
changes in the other parameters to be within the Originatnifferent vibrational bands using laser-induced fluorescence,
error bars. Our estimation of the position of &’ =0 and but equivalent information can be obtained from the fluores-
1 levels also has an effect on the constants we determine, bgénce lifetimes of the states concerned. The excited state can
again the effect is small. A change in the originBfv’ =1 only fluoresce to the ground state so the lifetime should be
by 10 cmi* produces changes of 0.01 ¢hin A and 0.2 inversely proportional to th& character of each statas-
cmtin the origin forBv’ =0. The estimated parameter with SUming the transition moment is independent pf
the greatest uncertainty &g as an adjustment in this param-

7l /Ei (c)), (17

eter feeds through directly to a correction to the orighy,

and\ for the B” state involved. However, our estimates éor

are less precise than for the other estimated parameters, leagherec; is the coefficient of théth state in our basis in the

ing to a possible systematic error in the orighy,and\ for actual state and the sum extends over onlyBlstates in the

theB” states up to 0.4 ciit. The effect of this uncertainty on basis. This sum will depend ahas well asQ) andv, but as

the other parameters will be less than their error bars as for the mixing in the lowJ levels for which lifetimes were mea-

and 8. sured is dominated by th&independent spin—orbit pertur-
We can apply a similar procedure to estimate the effecbation the choice of is not normally important.

of truncating the vibronic basis at =6 for the B state and In fact Matsumiet al1* derived homogeneous spin—orbit

v'=12 for theB” state. We comment above that interactionsmatrix elements from their lifetime data and band positions

with B"v'=0 and 1 are large and these states are thereforey using a model containing two or, in some cases, three

TABLE X. Deperturbed constants from fit 2 for the¥v’ =0-12 states. Figures in parentheses are three standard deviations.

’

B’ (cm™)

D' (10" cm™}

A’

\

'

v T,o(cm™) Y 0
0 31069 0.208 3.5 198.8 5.5 0 2
1 31 402 0.206 3.5 197.5 5.5 0 Vi
2 31 729.2710) 0.203 549889) 3.7419 195.31567) 5.23791) 0.10566) 1.7
3 32039.7013) 0.201 70279 4.0412) 193.69894) 5.8912) 0.19121) 1.3620)
4 32 344.73153) 0.199 14%84) 3.27(15 190.98657) 5.62436) 0.04811) 1.68196)
5 32 642.15668) 0.197 31%80) 3.7915) 188.43090) 5.16576) 0.190/40) 1.2
6 32 933.0816) 0.194 4117) 3.2525) 184.20393) 5.07(11) 0.48668) 1.0%
7 33214.07467) 0.190 6611) 0.6539) 180.32468) 6.02130) 0.05914) 1.60(14)
8 33 486.1912) 0.189 7124) 5.5348) 176.5418) 5.515) 0.11367) 0.6°
9 33 749.2224) 0.186 3124) 7.4255) 170.8515) 5.4914) 0.27(13 0.4
10 34.000.27090) 0.184 0315) 4.3346) 164.7610) 5.79438) -0.02217) 0.21(19)
11 34239.3412) 0.178 8931) 6.5(15) 157.3612) 53213 0.14989) 0.2
12 34 460.29243) 0.176 0949) -10.122) 148.48455) 5.5 0.0% 0.0?

% stimated values; see the text.
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TABLE XI. Deperturbed constants from fit 2 for thigy ' =0—6 states. Figures in parentheses are three standard

deviations.

v’ T,o(cm™) B’ (cm™Y) D' (10" cm™ N (ecm™Y ¥ (cm™)

0 31 672.42677) 0.224 64754) 2.57168) 4.591(96) —0.032419)
1 32102.7123) 0.223 42980) 2.7511) 4.72475) —0.022611)
2 32 525.64434) 0.222 47174 4.3513) 3.4211) —0.003622)
3 32 943.8018) 0.219 57283) 3.0314) 3.8914) 0.002232)
4 33 359.40685) 0.2195216) 6.7453) 2.9923 —0.009852)
5 33 766.66822) 0.216 06896) 3.1622) 2.9616) 0.003539)
6 34 170.92864) 0.214 0213 3.2439) 1.1215 —0.0133398)

interacting states. The matrix elements they derive from thig parity =0 levels but these are always coincident with the
simple model are consistent with ours, though their erromuch strongee parity =0 levels and therefore difficult to
bars are larger as the lifetime data are less precise. This @bserve.
shown by Fig. 10, where the matrix elements from the two  We can now use our model to calculate the intensity of
models are plotted against each other. In Fig. 11 we plot thall the individual rovibronic transitions. The relative intensi-
lifetimes measured in our work as well as those of Matsumties of theB—X bands are available as Franck—Condon fac-
et al1* against our calculateB state character fd=0 and  tors from the work of Andersormt al® The directB”"—X
1 states. The linearity of these plots demonstrates that Eqontributions are included by using Franck—Condon factors
(17) holds for both theB andB” states and the assumption of calculated from the known wave functions for tB& and X
anr-independent transition moment is reasonable. The interstates. These must be scaled down by the ratio of electronic
cept (at 100%B character of these plots at 321 ns gives transition moments which we estimate from the state life-
the lifetime of a pureB state. times; for theB state we use the 32 ns calculated above and
This model would predict a very low intensity for the for the B” state we use 4160 ns, the average of our measure-
Q=2 components of th&" state. This is because tii&=2  ments. The relative intensities within each band, and the in-
components can only mix with theB state via the tensity arising from th&”—B mixing are calculated from the
L-uncoupling mixing tern{Eq. (6)], which obeys selection wave functions given by our model. This process also gives
rules AQ=1 and is~10® times weaker than the spin—orbit the lifetime of each rotational state. A table of calculated line
term for low J. Our model predicts 8 state character of strengths, positions, and upper state lifetimes is available
107° in typical Q=2 states, corresponding to a lifetime of from the authors.
~3 ms. Our observations indicated that transitions to the These calculated line strengths and positions should be
(=2 states were indeed weak, requiring higher laser poweradequate to describe experimental spectra ofBhend B”
than the(2=0 or 1 components, but the lifetimes 6f4 us  states up to our highest observ&ébr each vibrational state.
indicate that there is in fact a small transition moment directHowever several points should be noted when using the cal-
to theB” state. It is sufficiently weak that it will not alter the culated line strengths in conjunction with experimental meth-
model above for the stronger transitions. In principle thisods. No corrections should be needed for simple absorption
means that it should be possible to observe transitions to theasurements, but if laser-induced fluorescence is used then

TABLE XII. Perturbations determined from fit 2. Figures in parentheses are three standard deviations.

Bv'-B"v’ a(cm™) ap (1074 cm™h B(cm™ Bp (1078 cm™)
0-2 14.87470) 2.50145) —0.040 462 —1.0850)
0-3 —5.02398) —5.51(60) —0.052 589 11.513)
1-3 18.4829) —7.6(14) —0.080 §18)
1-4 —11.29160) —4.8829) 0.029 55%97)
2-4 ~29.313 ~0.041 121) —26.920)
2-5 -15.2710 —-3.7929 0.056 639
2-6 3.6132) 0.017 147)

3-6 —18.08885) 0.086 280)
3-7 10.6921) 8.3071) —0.002 958 —9.6(19)
4-7 48.1(42) 0.050 961) 6.2(36)
4-8 14.4916) 2.4350) —0.027 968) —5.4(16)
5-9 16.2412) ~0.06713)
5-10 —-11.3622) -6.311) 0.000 751) 12.1(24)
6—10 —0.033 777
6-11 —13.4116) —5.7496) 0.055 @94)

6-12 13.3540)
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- change. A shift such as this would be caused by the presence
5 gi < of a nearbyQ)=0 or Q=1 component of 88" state which

t:“ 2 would interact with theB state via the homogeneous spin—
= 30 orbit interaction. The value of for the B state would there-

T 28 fore vary depending on whicB” states were close to it and

? 26 whether they lay at higher or lower energy. However, after
T oy the interactions were included in the model, the deperturbed
? 22 value of A showed little variation with vibrational level. We

S 20 also give in Fig. 12 plots of band origins aBdvalues for the

3 18 B state, andA and B values for theB” state. These plots

18 20 22 24 26 28 30 32

« (this work) / cm-1 show that all of the deperturbed constants follow smooth

trends when compared to the values before deperturbation.
FIG. 10. Plot of matrix elements determined in this wdfit 2) against Th_e pIOtS_ _m Fig. 12 Sho‘_’v that the_ deperturbaﬂon proce-
matrix elements calculated by Matsueti al. (Ref. 14 from lifetime data. ~ dure, in addition to smoothing the vibrational state depen-
The liney=x is plotted to show the expected relationship. A sample errordence of the constants, also shifts some of them by signifi-
bar of one standa_rd deviation is given for_the matrix el_em_ents of Matsumi~gnt amounts. Note for example the rotational constants for
et al. (Ref. 14, estimated from errors in their measured lifetimes. The errors . . . .
in fit 2 are negligible on the scale of the plot. the B states which are conS|st¢ntIy shifted dqvx_/n vv_|th respect
to the deperturbed values, while the band origins lie on either
side of the deperturbed values. The reasons for this behavior
the varying lifetime of the upper states can affect the oban be seen by considering just theéndependent mixing
served intensity. If all the fluorescence is collected there is ngetween the states which is normally dominant. Second-
problem, but a typical experiment will sample the f|uores_orQIe_r perturbation theory indicates tha_t this will shﬁ the
cence over a finite time interval or there could be collisionalorigins of the states b)’fiaz/A where A is the separation
quenching of the fluorescence. Both of these factors will usubétween states, depending on whether the interacting state is
ally discriminate against the longer lived states so a correcabove or below theB state. However this interaction will
tion must be applied. The lifetime of the upper state involved
in each transition can be calculated from our model, and is
included in our table, so if the other factors are known the

© 48
correction can be calculated. Alternatively the tables can be S a6t
used to select lines with a reasonably constant upper state g st @
lifetime. Note that our room temperature spedfays. 5 and :Ej ot +
6) were necessarily taken at pressures where there would be f) w0t 4
significant fluorescence quenching, so we do not expect 2 i
guantitative agreement between the simulated and observed § 38 ]
intensities, though the match is reasonable. o 36

S |

™ . . .
V. DISCUSSION 3%00 90 80 70

Percentage of B state character
Due to the strong perturbations in the system, many of
the molecular constants for th& and B” states before dep-
erturbation varied irregularly with vibrational quantum num- 5449
ber. This is because the constants were evaluated assuming = .
no interactions between the two electronic states. However, 2 1600 (b)
by including the interactions in the model, the deperturbed I
constants obtained varied smoothly with vibrational quantum = 12007
number, following simple analytical expressions as expected. § 800 &
As shown earliefFig. 12a)] the origins for theB” state 9 I e

vary more smoothly with vibrational level after deperturba- @ 400t
tion than before, with fit 2 showing a smoother trend than fit S i @
1. The difference in the behavior of the constants before and %o 1'0 5 "‘ 3 2

after deperturbation is perhaps most dramatic for the spin—
spin splitting constank for the B state shown in Fig. 1®),
which behaved erratically before deperturbation, changing 11 Fiuorescence lifetimds;) of (a) the B states andb) the B” states
sign a number of times between with increasing vibrationablotted against percentage & state character calculated according to
level, as shown by Meyer and Crosfegnd Matsumiet al1®  i(c))? wherec; are the coefficients of th® state basis functions. The

; g _ — nonlinear scale arises becauseis inversely proportional t&;(c;)? as
Since the splitting between tte=0 and(}=1 components given in Eg.(17). The two filled symbols are lifetimes measured in this

3 — . . . .
OT the B ° state is approximatelyR a Sh|.ft in energy of  york and the remainder are lifetimes measured by Matstral. (Ref. 14.
either component would cause the effective valuexa The B” Q=2 components are not included in these plots.

Percentage of B state character
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FIG. 12. Graphs of molecular constants before and after deperturbation against vibrational state. The constants before depdeshieatiomsare taken
from Matsumiet al. (Ref. 13 and the constants after deperturbafisalid lineg are taken from this workfit 2). (a) Band origins for theéB” state. The dotted
line represents the values after deperturbation using fit 1. The Matsumi data have been shifted down by'3dZomect for a difference in definition of
the band origins(b) Band origins for theB state.(c) Rotational constants for th# state.(d) Rotational constants for tH&" state. For the Matsundgt al. data
(Ref. 13 values for both thé€)=0 (dashed lingand the()=1 (dotted ling states are plottede) Spin—orbit splitting constantsy) for B” state.(f) Spin—spin

splitting constant$\) for the B state.

also cause a correction B as the separation between the equation that although the sign of the correction to the band

states A, changes with) as the rotational constants in tBe
and B” states differ. The correction to the energy of Be
state is of the order of

2 2

Ta 3 Fa
A " [Ao/*(Bgi—Bg)I(J+1)
a2 a’2
~F——— (Bg—Bg)J(J+1), (18)
Ao AG

whereA, is the energy difference between the interactihg
and B” levels atJ=0. The upper signs correspond tdBad

level situated above 8 level, and the lower signs corre-
spond to aB” level below aB level. It can be seen from this

origin changes, the sign of the correction Bois always
negative. This is becauseBd state below &8 state will raise
the lowerJ states, lowering the effective value Bf while a
B” state above will depress the highkstates, again lower-
ing the effective value oB.

A slight discontinuity appears in thB state rotational
constant around the levels =3 andv’=4 as well as in the
B” constants oB andD which show irregularities at’=7.
These irregularities may be caused by another electronic
state in this region perturbing either tBeor the B” states.
There are three known stateswofymmetry below th& and
B” states, thé\’ 3A,, A 33, andc '3 states”*%all three
of which could perturb th@&” ®I1, state via spin—orbit mix-
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ing. The origins of these states lies some 10 000 thelow ...5032773277550[1] (325). (22)
the B andB" states, so only the high vibrational levels of the _ , , . , .
A, A’, andc states can give any effect. The vibrational over- This would give a nonzero interaction matrix element with
lap between the states will therefore be small so perturbg’€ B” configuration shown above. It is also possible to get
tions will only be significant where there is a close resonanc&onfiguration interaction in thB” state and, while this is not
between the energy levels. This is consistent with our obseonsidered explicitly by Swopet al, configuration mixing
vation of a single irregularity. is found in both of the analogous states in®Mixing with
Since this deperturbation analysis only involves the vi-tNe configuration:
brational levels of th® statev’=0-6 and theB"” v’ =2-12, ...5052732773503 (311,) (23
interactions between tH& v’ =6 and higheB" states as well , ) o ) , i i
as those betweeB” v'=12 and highe/B states have not would give spin—orbit interaction with configuratiofi9)

been included. The higheBtandB"” vibrational levels in this @nd would if anything reduce thB"-X transition dipole
work are therefore only partially deperturbed and the conMoment fsroml th% 9{0“29' state as the transition
stants for the states should be treated as preliminary. This h@¥ g2 Tu2Tgdoy—50g2m, 27y is orbitally forbidden.

led to anomalous values for their constants. For example, theN€ matrix elements between the various states can be esti-
deperturbed value of for the B statev’=0-5 ranges be- mated using the methods discussed by Lefebvre-Brion and

tween 3.0 and 4.6, whereas the value d6£6 is 1.1, Field?® (Sec. 2.4.2 by expressing the spin—orbit operator in
its many electron form,

VI. THE MOLECULAR CONFIGURATION QUESTION Hso=2 ali-§. (24)

During this work, uncertainties about the molecular con-The single electron spin—orbit coupling constantmay be
figurations of theB and B” states became apparent. Of the estimated at around 340 ¢rh given spin—orbit coupling
few ab initio calculations performed on,Sthose by Swope constants in th®” state of around 170 chi (see Table X
et al?® remain the most relevant to this work. They carried The spin—orbit matrix elements between the various configu-
out self-consistent field and configuration interaction typerations work out at 0.1%-0.3%, depending on the exact
calculations on several low lying bound states ¢f iiclud-  states involved, and so our observed values @fn be ac-
ing theB andB” states, predicting that tH&" state lay about counted for with configuration mixing of the order of 5%—
400 cm ! below theB state. The accepted configurations of 35%. As the observed values are dependent, the mixing
the three states as given by Swagteal?® are as follows: is also presumably dependent. This is born out by the sig-

3%— ... 25 35 3 nificant variation inA with v, suggesting the configuration of
B3, S0g2m2mg, (19 the B” state changes with.
B" 31, ---5052773277350ﬁ, (20) To shed more light on the configuration we performed
s o an 2 some multireference configuration interaction calculations
X%y --bog2m2my. (21 usingmoLPRO3* Using a large basis séAVQZ) we could

The relative intensities of th&—X and B”—X transitions ~e€Produce the form of the potential energy curves around the
predicted from these configurations agree well with experi£auilibrium region quite accurately, though there was signifi-
ment. As discussed by Herzb&tgnd Mulliken3-%2a paral- cant deviation from the RKR curves above 2.6 A. The cal-
lel transition from a bondingr, orbital to the corresponding Cculation gave transition d'E’Ole moments at 2.3 A of 1.91 D
antibonding m, orbital, such as for theB—X transition, for B—X and 0.090 D forB"-X, corresponding to lifetimes
should have considerable intensity. However, a transition in®f 27 ns and 12s, in reasonable agreement with our obser-
volving a  to o promotion, such as for the”—X transition, vations of 32 ns and_4.lﬁs. The same calculation gave the
where the transition moment is perpendicular to the internuf©!lowing natural orbital occupancies:

clear axis and the electron goes from one antibonding orbital , Say 2m, 2 Say

- ; ol 3 1.73 3.08 2.80 0.28
to another antibonding orbital, is expected to have a muc@ﬁ Ty . . : .
lower transition dipole moment. This is consistent with theB” “Tly 1.92 3.55 1.39 1.03
relative transition dipole moments estimated from fluores- _ _ _ o
cence lifetime measurements in this work. These are consistent with both states undergoing significant

However, interpretation of the data presented in thisconfiguration mixing, along the lines suggested above.
work has established that there is strong spin—orbit mixing
bgtween theB a_nd B”_states, which W_OL_JId not be pos_sible VIl. CONCLUSIONS
with these configurations. For any mixing to occur via the
one electron spin—orbit operator, ttie and B” molecular A model of the interactingB 33, (v'=0-6 and
configurations must differ by only one spin orbital. This B” I, (v'=2-12 states is presented here which fits the
problem could be overcome by including an additional con-positions of the 3320 experimentally measured lines to 0.064
figuration for either theB or theB” state and, in fact, Swope cm™ 1. This deperturbation analysis was carried out by a si-
et al?° point to significant configuration interaction between multaneous variation of all the constants and perturbations
the configuration for th@ state given above with defined by the data in appropriate Hamiltonian matrices. The
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