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Experimental and theoretical determination of the magnetic dipole
transition moment for the Br  (4p°)(?Py,+2P3,) fine-structure transition
and the quantum yield of Br (?Py,,) from the 193 nm photolysis of BrCN

G. He, Michael Seth, I. Tokue,® and R. Glen Macdonald
Argonne National Laboratory, Chemistry Division, Argonne, lllinois 60439

(Received 31 August 1998; accepted 28 January 11999

The integrated-absorption coefficients of several hyperfine lines of the magnetic dipole allowed
transition of the bromine atom, Br, center at 3685.2 ¢mvere measured, and a value for the square

of the magnetic dipole transition moment of the Br atom was determined. A theoretical calculation
for the magnetic dipole transition moment was also carried out using a relatafstittio atomic
structure formulation. The theoretical value was in excellent agreement with the value predicted
assuming pure LS coupling, and in reasonable agreement with experiment. The Br atom was
generated in equal concentration with the cyano radichl) by the 193 nm photolysis of cyanogen
bromine, BrCN. The CN radicals were titrated by the rapid reaction wits@ generate HCN and

a small amount of HNC. Both time-resolved and frequency-scanned infrared absorption
spectroscopy were used to monitor the Br, HCN, and HNC species. The photolysis of BrCN at 193
nm produced both the ground state B?¢,,) and the spin-orbit excited BtP,,,) atoms, and the

yield for the production of B{P,,,) atoms was measured to be 0:30.01. The rate constants for

the quenching of BAP,,) by BrCN and GHg at 293 K were also determined.
[S0021-960609)01416-9

I. INTRODUCTION oms, X(np°), gives rise to two low lying fine-structure lev-
els, the ground statéPg,, and excited statépP,,,, labeled

The UV laser photodissociation of R—X and/or relatedx* The energy separation between these fine-structure lev-
compounds, where R is an organic radical and X is a Br or ks increases with atomic number of the halogen, and for Br
atom, is a convenient method for generating the radical Rit js 3685.2 cni 1.3~ Unfortunately, the radiative transition
without generating another reactive species. The radicals s@tes between the spin-orbit states are relatively slow because
generated can be used to study radical—radical kinetics; howhey are magnetic dipole-induced transitiéd<On the other
ever, being second-order processes, it is necessary to kngyind, the long radiative lifetimes of Brand ¥ make them
the radical’'s concentration in order to determine a rate conexcellent candidates for high power laser developries;
stant. In some cases, the radical concentration can be inferrgécia”y I*. Interest in BF as a laser souréénas increased
from the UV absorption cross section of the parent R—Xpy the development of a photolytic repetitive energy transfer
molecule and the initial UV photolysis intensity; however, |R laser, based on efficient electronic-to-vibration, E-V, en-
the photochemistry of R—X must be well-established for thisergy transfer processé$Detailed descriptions and laser de-
to be a reliable technique. A more direct method of detervelopment would benefit from an accurate determination of
mining the initial concentration of the radical would be to the magnetic dipole transition moment for the Br atom.
determine the concentration of the corresponding atom X. Recently, Haet al! studied the — I transition to mea-
This was the motivation of the present work, and the majoisure the magnetic dipole transition moment of the | atom.
effort devoted to providing an experimental measurement offhese workers applied high-resolution absorption spectros-
the magnetic dipole transition moment between the two finecopy to the hyperfine transitions in the | atom. The | atom
structure levels of the Br atom. Previously, Morrall  was created in several different environments, i.e., using in-
used the 193 nm photolysis ofE,Br to study the recombi- frared multi-photon dissociation of various fluorocarbon-
nation reaction of gHj radicals. These workers calculated jodine compounds and the thermal dissociation ,ofnl a
the pure LS coupling value for the magnetic dipole transitionfurnace. They also compared their measuremenad timitio
moment to determine the peak absorption coefficient for thetomic structure calculations for the magnetic dipole transi-
Br(2+3) atom hyperfine transition, and hence, deduced th&on moment of the | atom.
initial C3H3 radical concentration. This procedure enabled a  In the present work, Br atoms were created by the 193
direct measurement of the important 3Hz self-  nm laser photolysis of BrCN in the presence gHgin Ar.
recombination rate constant. The CN radicals reacted rapidly with;g to generate HCN

The ground state electronic structtiaf the halogen at- and a small quantity of HNC. All three species, HCN, HNC,
and Br, were monitored using infrared time-resolved and
dDepartment of Chemistry, Faculty of Science, Niigata University, frequency-scanned absorption spectroscopy. The concentra-
Niigata 950-21, Japan. tion of the Br atoms was equal to the measured concentra-
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tions of HCN and HNC, and the integrated-absorption coefcar signal averager, and was measured just before the exci-
ficients of several hyperfine transitions of the Br atom weremer laser was fired. The frequency-scanned data were re-
determined. These data were used to calculate the magnetiorded using two boxcar signal averagers, one to record the
dipole transition moment of the Br atom. A theoretical cal- absorption signalAl =1,—1, and the other to recoig,. The
culation of the magnetic dipole transition moment using agate of the boxcar recording the signal was delayed so that
relativistic formulation based on a Dirac—Fock—Br@tB) the probed species was monitored in a time regime where
ab initio atomic structure calculatidhwas also carried out, internal relaxation was complete and the loss by diffusion
and compared to the experimental measurement. was minimal.

The photolysis of BrCN at 193 nm yielded a significant

. . - lll. RESULTS

guantity of excited Bf atoms, and the quantum vyield for
Br* production determined by laser gain-vs-absorption specA. Integrated and peak absorption coefficients

troscopy described by Haugest al* The quenching rate Radiative transitions between the two fine-structure lev-

constants for Br with CsHg and BrCN were also measured. g5 of the Br atom are dominated by the allowed-magnetic
dipole transition moment. The allowed-electric quadrupole

I. EXPERIMENT transition rate between these levels is three orders of magni-

The apparatus has been descrifeéd detail previously, tude smallef? Unfortunately, the hyperfine interactions
but for completeness a brief description is given here. Theomplicate the situation. Bromine has two stable isotopes
transverse flow reactofTFR) consists of a stainless steel “Br and ®Br with natural abundances of 50.52% and
chamber containing a Teflon™ box of dimensions 10049.48%, respectively, and each isotope has a nuclear dipole
X 100x5cm. The TFR is evacuated by a liquid-nitrogen moment,l, 1=3/2. The total angular momenturf, of the
trapped mechanical pump to a pressure of a few mTorr, andtom is given byF=1+J, and the magnetic dipole selection
has a leak rate of less than 0.5 mTorr/min. The reactant gasegles areAF =0, 1 with parity conserved, resulting in six
continuously flow through the chamber, and their partialallowed-hyperfine transitions for each isotdpe.
pressures determined from their known flow rates and total  Shortley® has discussed magnetic dipole-allowed radia-
pressure. tive transitions between fine-structure levels in the case of

The photolysis laser was either a Lumonics model 74(Russell-Sanders, LS, coupling, and gives the square of the
or a Lamda Physik model 203 Compex excimer laser, botinagnetic dipole matrix elementJd’|uy,|3")|,% as
operating in the power stabilization mode at a wavelength of, _, "2
193 nm. The results were independent of the excimer Iast'J |4l 37)]
parameters. Most of the data were collected at a nominal (J=S+L+1)(J+S—L+1)(J+S+L+2)(S+L—-J)
power density of 10-20 mJcr and a repetition rate of 5 - 4(J+1)

Hz.

The probe laser was a single-mode Burleigh model 20 X eh )2
FCL color center laser. This laser is continuously tunable Ammee
from 2.6 to 3.4 microns with a bandwidth ef2 MHz, which ~ whereh, c, € andm, have their usual meanin&, L, andJ
is much narrower than the 293 K thermal Doppler lineare the spin, orbital, and total angular momentum quantum
widths of the probed species. All three species, Br, HNChumbers §=S+L), respectively. Note that for LS coupling,
and HCN, can be monitored using this single laser sourcehe evaluation of the magnetic dipole matrix element in Eq.
The laser frequency was continuously monitored using thé€l) is independent of the radial portion of the electronic wave
appropriate etalons, and the absolute wavelength determinddnction, and is given by the Bohr magnetrong
by an evacuated Burleigh model 20IR wavemeter. =eh/(4mm. ). For the Br atom fine-structure transition,

The infrared absorption path length was increased from(J’|u,/J”)|? equals 4/3. In an absorption experiment,
the nominal photolysis lengthfd& m to 14 musing a White  the magnetic dipole transition moment can be directly related
cell to multi-pass the probe laser through the photolysigo the observed attenuation of the probing radiation through
zone. Both the infrared and excimer laser radiation werehe integrated-absorption coefficie®(J’,J") given by’
overlapped using a UV-IR dichroic mirror mounted directly 3 / |2

. VAR R [0 P Y
on the White cell optical axis. SJ )= ————, 2

Two types of absorption data were recorded, time- 3he 9ar
resolved and frequency-scanned. The time-resolved datahereg; is the degeneracy of the lower fine-structure level,
were recorded using a LeCroy model 9410 digital oscillo-2J"+1.
scope. The passage of the excimer laser through the appara- For the Br atom, the influence of hyperfine structure
tus resulted in an undesirable background signal. To removmust be taken into account and Eg8) modified accordingly.
this interference, the following procedure was adapted. AMorter etal!l have described the evaluation of the
signal-averaged trace was recorded with the infrared lasentegrated-absorption coefficients taking into account the hy-
tuned to the peak of an absorption feature, and then, the lasperfine interaction using angular momentum algebra. The
was detuned several line widths and a signal-averaged backaethod used here was taken from Sobel’marmo provides
ground trace recorded. Both traces were transferred to a laba-convenient table of normalized coefficients for the straight-
ratory PC, and subtracted to obtain the unperturbed signdbrward evaluation of the appropriate matrix elements. Zuev
trace. The initial laser intensity,, was recorded by a box- et al® have also summarized the evaluation of the hyperfine

@
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TABLE |. Summary of the theoretical LS coupling integrated-absorption duces to the normal Beer—Lambert Law expression. Further-
°°§gé292”2?frtazevgﬁjiegi”e 'inzslg;tg(irgfszt‘t’h“;-t t/?]tezi?; fazggrf‘%:m more, the energy separations among the hyperfine states
coeﬁiciént car,\ be calculat(?cglg)gcordind to &4. The intengted-absorgtion within a spln-orblt manlfc_)ld are very small c_omparedkﬂ_i
coefficients for the hyperfine transitions in individual isotopes are obtainedSO that they can be considered to be nearly isoenergetic, and
by multiplying the S(J'IF’;J"IF") by the relative isotopic abundance of thus, populated according to their degeneracies. Hence,
"*Br and*'Br. [Ng], the concentration in a hyperfine levg] is given by
SUIF IR gF[N]/EF(Z_F+1), W_hert_a[N] is_the t(_)tal co_ncentration of
Transition (10~ 2 cm molecule™?) the appropriate species in a spin-orbit manifold.
Br(F'F") Br The integrated-absorption coefficie®(v’'J’;v"J"), for
a fundamental rovibrational transition in a linear polyatomic

gig 12:2471 molecule in a3 electronic state is given By
12 6.87 3
21 1.37 S(]_J"OJH):87T ‘U_|<1| |O>|2 HW
11 6.87 o 3hc Ui\t
10 275
e*Ei /KT kT
XA 1-e""HFIA, 6
]l QrQV ( ) ( )

matrix elements following the procedure outlined byWhereS(1J';0J”) has units cm moleculé, j is the upper
Sobel'man. The integrated-absorption coefficient betweestate ¢=1, J’), andi the lower (=0, J"), v;; is the tran-
hyperfine levelsF’—F", is given by sition frequency in cm?, [(1]u,|0)| the vibrational transi-
, ) tion dipole moment, HW, the Herman-Wallis factor, ac-
o ] (3| o] 3712, counts for rotation-vibration interactiond;; the Honl—
F1J"1 London factor,J+1 for anR branch and] for a P branch
©) transition,E; is the energy of the initial stat€, andQ, are
whereS(J'IF";J"IF") has units cm moleculé, the term in  the rotational and vibrational partition functions, respec-
braces is the Wigner 6-symbol, the degeneracy of the tively, and FIA is the fractional isotopic abundance of the
lower level (F"+1) has been included, and the squaredabsorbing species.
magnetic dipole matrix element is given by Ed). There have been several experimental determinations of
The integrated-absorption coefficient is related to the obthe v; H-C stretch vibrational transition moment and the
served quantity, the absorption coefficient at a frequency Herman—Wallis parameters for HCI:% For the present
o(v), through the normalized line shape functigfy), ac-  experiments, these quantities were taken from Seiithl 2
cording to For 293 K the H?C'N(000) P(8) transition, the peak-
- absorption coefficient was calculated to be 3.84
o(v)=S(JIFLIIFg(v), @ %10 7cnPmolecule . The fundamental vibrational transi-
wherea(v) has units crhimoleculé ™. In the present experi- tion moment of they; H—N stretch vibration and an estimate
ments,g(v) is well-described by a thermal Doppler profile of the first order Herman—Wallis parameter has recently
for T=293+1K, and at line centeryy,g(vp) is given by  been measured in this laboratdAThe peak-absorption co-
{In(2)/m}*%3.581x 10~ "vo(T/M)¥2 where v, is the wave  efficient for the H'N*2C(000)R(9) transition was calculated
number at line centefl is the temperature, and the mass to be 9.6 10" Ycm?molecule * at T=293K.
of the absorbing species. .Fm: 293.K.’ the calculated hy- B. Determination of the Br atom magnetic dipole
perfine mtegrated-absor_pﬂon coeff|C|ent§ for_the Br atomy;,nsition moment
based on pure LS coupling, are summarized in Table I.
In the present experiments, a nonequilibrium distribution ~ The following series of reactions occur following the
of fine-structure states was initially created by the photolysist93 nm photolysis of BrCN in a mixture of BrCN, 38,
laser pulse so that stimulated emission from the excited spir@nd Ar:

JIF"JINF")= 87T3_ 2F+1
X ; )—mv( )

orbit manifold must also be considered. This effect manifests 193 nm
itself as a correction to the population used to describe the BrCN——— Br(?P3;,) +CN, (78
time dependent absorption signal, with the population given 103 nm
by Nev—gen/ge/Ngr, whereNg» and N are the popula- BrCN——— Br(?Py;,) +CN, (7b)
tions in the corresponding hyperfine state of the lower and
upper spin-orbit manifolds, respectively. The time dependent 2 Kea )
absorbanceA(t) = In(lo/I(t)), is given by a modified Beer— Br(“Paj) + CgHg ——— Br(“Pgp) + CsHg, (8a)
Lambert Law a¥’ Kep

IN(lo/1() = (o) [Ne(0)] - G /gl Nes (0], (5 BTCPudl ¥BION ——— Br(*Pg) +BICN, - (8b)
wherel is the path length in cngg» andgg: are the degen- CN+C3H8—9> HCN+CyHy, )

eracies in the lower and upper levels, respectively, and the
square brackets, [], indicate concentration units K10
molecules cr®. At long times or equilibrium Eq(5) re- CN+C3Hg ——— HNC+C3H, (10
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ki1 0.1
X+Y _—, (11) 0.084

HCN(000) P(8) (@

Kt

Z— (12

La(lo/l)
=
E

where reactiorill) stands for any removal process involving
atoms and radicals, Br ors8, such as recombination, i.e.,
-k Y][X], and reaction(12) stands for the removal of all
species by diffusion. 0.006
The concentration of Br atoms created in the initial pho- 99057 bt o
tolysis of BrCN was small<3x 10"2atoms cm?, and the 0004 ®

T T T T
100 0 100 200 300 400 500

HNC(000) R(9)

only possible loss processes for Br atoms were recombina—E 0.0037

tion with Br or GH, and diffusion. At a maximum total 5§ 00027

pressure of 4 Torr, the self-recombinafionf Br atoms oc- 0.001-3

curs through a three body process with a rate constant esti- R et e
mated to be X 10 3*cmP molecules®s™?, resulting in a 0001 v T e e e s
completely negligible first-order decay ef10 s . The 0.005

Br+C;H; atom-radical recombination process has not been 00041 5, o 3, Mooty - o
investigated experimentally, but the rate constant should be _ g3 ©
similar to that for +-C5H,, which has been measufédo be 3 0,002

5X 10" "cmPmolecule st at 298 K. Even ifk;; were gas  § 0001

kinetic, the time scale for the recombination reaction would
still be several orders of magnitude longer than the measure-
ment time scale, i.e., the time scale for the relaxation of the -0.001 1 1 T
excited Br€P,;,) spin-orbit state, and would be the same = 0 t(sli)ﬁcmsecoﬁs) 10 0
order of magnitude as the removal rate by diffusierl50

s 1).2” Reaction(10) was included to account for the ob- $LG-_1_-I,(5|‘) Typif_a' “me'rTs_Og{edtabSOLPtion profile for ';t@c’joo) F’(I8)t; _
served production of HNC. e initial negative signal indicates a degeneracy-weighted population in-

! ; . version, Eq.(5). Vibrational relaxation was complete after 2p8. On this
As is evident from the above reaction sequence, all Ofime scale, removal by diffusion is barely detectaige.Same aga) except

the CN reacted with ¢Hg to form HCN and HNC, and the for HNC(000 R(9). (c) Same aga) except for the Br(2-3) hyperfine
only removal process for these molecules was by diffusioriransition. The conditions of the experiment wétg = 3.66, P¢ = 0.280
so that the total concentration of Br atoms is given bya"dPecn=0.0795Torr at 293 K.
[Br]=[HCN]+[HNC]. Typical time-resolved absorption
profiles for HCN, HNC, and Br are shown in Fig. 1. With
C;Hg as the CN radical titrant, not only was reacti(®) of BrCN produces CN radicals that are highly rotationally
rapicf® (kg=2.6x10"cmPmolecule*s™ at 297 K), but  excited?®~32with a rotational state distribution peaking near
the vibrational relaxation of all the vibrational modes of bothJ=60.5 for CN(=0) and with considerable translational
HCN and HNC were also rapid and vibrational equilibrationenergy, (Er)=43kcalmole®. The rapid decrease in the
was complete in several hundred microseconds, as is evidenpield of HNC with decreasing’ch8 suggests that the excess
by the nearly constant absorption region for HCN and HNCiranslational energy may be primarily responsible for gener-
in Fig. 1. Some excited vibrational levels for both HCN and ating the HNC channel. Generally, very high rotational states
HNC were directly monitored, and observed to decay rapidlyare difficult to relax in collisions with spherically symmetric
back to the baseline. Not shown is the decay of HCN orcollision partners® As a further investigation into this effect,
HNC on long time scales, but at 4 Torr total pressure thesgome experiments were carried out with (G} a CN radi-
molecules were removed from the observation region byal source because the CN radicals are produced with much
diffusion 2’ with the fast diffusion component having a rate |ess translational and rotational enefdyNo HNC produc-
constant of about 1507S. Note that the decay of the Br tion was detected at all in these experiments indicating that
atom, Fig. Ic), appears slightly faster than either HCN or k,, was small for thermal CN radicals.
HNC. This was attributed to the atom-radical recombination |t was not discovered until most of the data had been
process, reactiofi1). collected that HNC was produced in this system. Thus the
Figure 1b) shows that HNC was produced directly by total CN concentration was corrected for the small produc-
reaction (10); however, this reaction was not initiated by tion of HNC using the linear relationship between the yield
thermal CN radicals. Although the exothermicity of the of HNC and the mole fraction of i3 shown in Fig. 2 in
CN+CgHg reaction is sufficient to produce HNC, the yield of order to interpolate to other conditions.
HNC decreased with the decreasing partial pressureldg,C As shown by Eq(5), an absorption experiment monitors
Pc,. indicating that the HNC product was not from the the degeneracy-weighted population difference between the
reaction of thermalized CN radicals. This is shown in Fig. 2two levels connected by the radiative transition. Thus the
where the mole fraction of {£ig is plotted against the yield population in the upper level must be completely equili-
of HNC at a total pressure of 4 Torr. The 193 nm photolysisbrated in order to infer a total population. As will be dis-

O - - - oligl¥l - - - - - - = - - - - - e e - - - e — .-
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0.05 F 0]
5 002
0_
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0.006
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FIG. 2. The yield of HNC from reaction of CN with48g following the 193

nm photolysis of BrCN. The linear relationship between the yield of HNC £ 3. (a) Frequency-scanned absorption profile for HO0D P(8) for

and the GHg mole fraction, indicated by the least-squares fit solid line, wasthe same experimental run as in Fig. 1. The absorption signal was taken

used to correct the results of experiments in which HNC was not monitoredsrom a boxcar gate delayed to sample in the constant absorbance region of
Fig. 1(a). The solid line is a nonlinear least-squares fit to the experimental
points, @, and the difference between the experimental and calculated

. . points,x. The FWHM of the Doppler profile has the expected value of 230
cussed in Sec. IlID, the 193 nm photolysis of BrCN pro- MHz. (b) Same asa) except for HNGO00) R(9). (c) Same aga) except for

duced a significant population of excited B, atoms; ine Br(2—3) hyperfine transition. Thé°Br and 8'Br peaks were fit inde-
however, the relaxation of the excited spin-orbit state, reacpendently in the nonlinear least-squares analysis. *fBe peak is at zero
tions (8a) and (8b), was fast, as evident by the rapid rise to frequency.
the nearly constant absorbance region in Fig).1The ki-
netics of this relaxation process will be discussed further in
Sec. llIE. form, and the FWHM were in agreemefit5%) with the
The Br(2—3) hyperfine transition is the most intense expected thermal Doppler widths at 293 K. Unfortunately,
spectral feature of the six allowed transitiofzee Table )t the scatter in the measurements of the line widths was large
however, because the two Br atom isotopes have slightlgnough to prevent a determination of pressure broadening
different transition frequenci@s® this transition consists of parameters. Over the 2—4 Torr pressure range of the experi-
two lines separated by 154 MHz, almost the Br atom thermament, pressure broadening effects are small, and for HCN,
FWHM (full width half maximurn) Doppler width at 293 K.  with Ar as the collision partner, can be calculated to decrease
For accurate measurements, it was necessary to scan thiie peak absorption cross section from the pure Doppler
absorption feature as a function of frequency in order to debroadened value by a factor of 0.97—0.94, respecti¥ERo
termine the actual line profile. Furthermore, a frequency-a first-order approximation, pressure broadening is propor-
scanned absorption profile eliminates the uncertainty irional to the collision frequency so that the effects of colli-
manually tuning the probe laser frequency to the peak of asion broadening on the Br atom transitions should be about
absorption line. Typical frequency-scanned absorption pro75% of those on HCN. Thus the effects of pressure broaden-
files for HCN, HNC, and Br are shown in Fig. 3 for the sameing should be similar for each species and almost cancel out.
experimental conditions as the time-resolved traces shown iAs a result, no pressure broadening correction was applied to
Fig. 1. The frequency-scanned line profiles were recordethe data.
with the boxcar gate delayed to sample the absorption signal As is evident from Fig. &), the Br(2—3) transition
in the nearly constant absorbance region for the species beensists of two overlapping peaks both of which should have
ing probed. very nearly the same line width; however, to obtain a com-
The peak absorbance for each species was determined pletely independent measurement of the maximum absor-
a nonlinear least-squares fit to the line profiles assuming bance for the two Br isotopes, the absorbance traces for the
Gaussian line shape function. As is evident from Fig. 3, theBr(2+3) hyperfine transition were fit to two independent
line shapes were well-represented by a Gaussian function@aussian functions. This introduced extra uncertainty into
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FIG. 5. Results of the measurements of the integrated-absorption coeffi-
cients for hyperfine transitions of individual Br isotopes, open symbals

and closed symbol®Br, as a function of th¢CN]. The approximate total
pressure is indicated by the shape of the symbal2 Torr), A (3 Torr), and

O (4 Torr. The lines indicate the average value for the indicated isotape.
For the Br(2—3) hyperfine transition(b) For the Br(2—2) transition.

the nonlinear least-squares determination of the fitted-peak

height because of increased scatter in the determination of
the Gaussian widths. To overcome this difficulty, anothersecond is provided by the ratio of cross sections for the two
transition was also probed, the Bi2) hyperfine transi- hyperfine transitions for the same isotope. According to Eq.
tion. For this transition, the frequencies of the two isotopic(3) and given in Table |, the ratio for LS coupling should be
species are well-separated, but the integrated-absorption c8-800 and depends only on angular momenta coupling coef-
efficient is a factor of 2.8 less than for the BiB) transi- ficients. The measurements give 2.68 and 2.92 for'{Be
tion, Table I. Typical frequency-scanned profiles for and®Br isotopes, respectively, and an average of 2.80 if all
HCN(000) P(8) and Br(2—2) are shown in Fig. 4. The the data are combined. The agreement between the expected
fitted FWHM widths for the Br(2-2) transition were well- value and the measurements is good, and indicates that ran-
described by the expected thermal Doppler width for Br at-dom errors dominate the scatter in the measurements.
oms atT=293 K. The theoretical integrated-absorption coefficients for
As noted, the concentration of Br atoms was equal to thgure LS coupling in the Br atom at 293 K have been sum-
concentration of HCN and HNC. This enabled the peak-marized in Table I. A comparison with the experimental
absorption coefficient of the probed-hyperfine transition,

o(vg), to be evaluated according to E&), from which the TABLE 1L S - ) | data for the d ) -
. _ . - . . Summary of the experimental data for the determination of the
mtegrated absorptlon coefficient was calculated using Eqﬁeak-absorption coefficient and integrated-absorption coefficients for the

(4). The measuredr(vo) depends On!y Qn the ratio of the Br(2<—3) and Br(2—2) hyperfine transitions. The measurements were
absorbances for Br and HCN and is independent of pathade at total pressures of 2-4 Torr, Wt 4, ranging from 0.03 to 1.5

length. The results of these measurements are plotted in Figorr, andPg,cy from 0.03 to 0.08 Torr, aT=293+1 K.
5 and summarized in Table II. Figure 5 is shown to illustrate

FIG. 4. (a) Frequency-scanned absorption profile for HG0D P(8).
Similar to Fig. 3a) exceptP,,=1.75, andPg,cn=0.083 Torr at 293 K(b)
Frequency-scanned absorption profile for the Bx2) hyperfine transition.

the scatter in the data; however, ff@N] is only a nominal e o) S(1/2,3/2,2;3/2,3/E")

concentration, calculated from the observed absorbances us- gr (10" P molecule™ (10”* e molecule)

ing a path length of 1400 cm. (F'—F") Br 81gy Br 8igr
.The measurements_ prqvide ;everal internal c;hec;ks on , 185:016  1.97+0.20 995086 10611

their consistency. The first is provided by the relative isoto- 18P

pic abundance. The ratio of the cross sections®Br/"Br 22 0.6910.024 0.67%0.048 3.720.13 3.63:0.26

should be 0.9794; unfortunately, the experimental scatter, €C)

T 0
.One standard deviation from the me(mo-).’ was up to 10% 2The uncertainty is one standard deviationlo) from the average of the
in some cases. Nevertheless, the ratio is 1.06 for the Br(Zngicated number of independent measurements.

«3) transition and 0.98 for the Br¢22) transition. The °Number in parenthesis is the number of independent measurements.
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TABLE lIl. Results of the relativistic wave function calculations compared where the orbitals are represented by the principle quantum
to the LS coupling and the experimental measurement of the present Worhumbern « is the relativistic angu|ar guantum number
for A and [(1/2] | 3/2)|2. ) ) L

2 32 80d (112 4] 3/2) =+(j+1/2) for 1=j*=1/2, anda,b represent the orbitals

Fine-structure Asp 3 (112 | 312) |2 comprising a configuration. In atomic units, these matrix el-
Method splitting (cm™%) (s (10" P ergf/G?) ements have the form
DF 3758.3 0.953 1.145 (Do
DF+BQ 3682.2 0.897 1.146 Nk Nok.)= b —1)ia—12
LS 3685.2 0.899 1.147 (Mool e Narca) G
Experiment 3685.2 0.960.09 1.23+0.122 ] ]
(This work) Ja. 1 b
M ap, (14
1/2 0 —-1/2

&The uncertainty includes 1o of 7% from the experimental scatter and an

estimate of 2% in the HCN and HNC absorption coefficients. . L L -
where the magnetic radiative transition integidl,, is de-

fined by

integrated-absorption coefficients shows that the experimen- 3
tal measurements are 6.1% and 7.6% higher for the Br(2 M p=— (kat kp)l; (15
«—3) and Br(2—2) transitions, respectively. This difference V2
is within one standard deviatio;=*=7.4%, of the com-
bined measurements. The absolute uncertainty is slightly
larger than this because the uncertainty in the HCN and HNC %
infrared cross sections must be included, and was estimated |f:f (P i (1) Qnp i (T)
to be about=2%. Thus the overall uncertainty in the experi- 0
mental was estimated to be9%. +Qn, k(N Ph, (N)is(wr/c)dr. (16)
The magnetic dipole transition moment defined by Eq.
(1) was evaluated from the experimental measurement of th€he energy separation between the spin-orbit states is given
integrated-absorption coefficient and the numerical factorby o, P, andQ are the large and small component of the
appearing in Eq(3). The results are summarized in Table Il orbital wave function divided by andir, respectivelyy is
and will be discussed in the next section. the radial distance of the electron, andwr/c) is the first-
order spherical Bessel function of the first kind.

The necessary wave functions and matrix elements for
C. Relativistic calculation of the magnetic dipole the BrP,, atom were evaluated using therAspP
transition moment for Br program®’ The calculation was at the averaged le(&L)
type including only the configuration state functiogf@SFs
corresponding to thg?,p3,, andpl,.p3, electron configura-
dions. The influence of the Breit interaction was included
perturbatively as was an approximate treatment of higher-
order QED effects. The use of an AL wave function has the

els. For the heavier | atom, Het all! found that the experi- dravback that th ¢ orbital 4 1o doscrib
mentally determined(J'|uy|3")|? was 13% smaller than drawback that t e same set of orbitals are used to describe
both the“P,,, and“P5, states. It has been found, however,

the LS coupling prediction. They also evaluated this matrixh eulati 2 =T litt imil
element for several configuration interaction wave functiondnat AL calculations give fine-structure splittings of similar
using ab initio atomic structure theory, and found close 9uality to those derived using optimized levelL) calcula-

agreement with the LS coupling value. However, a relativis-tiqns where the orbitals used to describe each state are opti-
tic calculation of the magnetic dipole transition matrix eIe-m'Zed separatel§”. To the authors’ knowledge a similar

ment gave a value that was substantially too low. In order t&omparison of magnetic dipole transition rates has not been

explore some of these effects, a relativistic calculation of théh@de, but the accuracy of the AL method should be suffi-
(37| 1] 37)|2 for the Br atom was carried out cient for the purposes of the present calculation. A second
m .

In light of the results of Hat al*! and the fact that the drawback of the method used is the neglect of electron cor-
Br atom 2P+ and 2P, electronic Wave functions must be relation. This should not cause significant errors due to the
quite similalr/Z it was lezt that the best procedure was to use éimilarity of the two fine-structure states causing correlation
relativistic formulation usingjj coupled four-component €ffects to be suppressédiThe fine-structure splitting and
wave functions? Equations for the matrix elements between SPONtaneous emission rate constant were calculated using

states described by four-component wave functions arising ifOth the Dirac—FocKDF) and Dirac-Fock Breit and QED

multipole transitions have been derived by Gr#Dyall  (PF+BQ) wave functions. _
et al,%” and Rosner and Bhalf§. The magnetic dipole ma- The magnetic dipole transition matrix element was used

trix element can be written in terms of single-electron tran—;fo cilculatfe_ the spontaneous %rglssmn rate constanjy ,
sition integrals as or the Br fine-structure transiti

As noted in Sec. IllIA, in pure LS coupling
[(1/2| fu.n| 3/2)|2= 4/3u2 for the Br atom, and in this approxi-
mation, the matrix element is completely independent of th
radial electronic wave functions in the two fine-structure lev-

647t 3 , N2
<J’|/'Lm|‘]”>:2 da,b(”b"b”l’vm”na’(a>= (13 Ay = 3 |<‘] |:“m|‘] >| . 17
a,b 3hC gJ/
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The results of the calculation are summarized in Table lIl. 0.0018
Also included in Table IIl are the LS and experimental val- 000161 ()
ues for theA 1,532 factor and squared magnetic dipole tran- 00147 g 5
sition matrix elements. The spontaneous emission rate con- 000127
stant was calculated according to E¢L7), using the S 000ty
appropriate [(J' | um/J")|? matrix element. As is evident < 000087 o o 6F 2
from Table I, the DF calculated fine-structure splitting is — 0.0006 4 ° X4 A¢
2% larger than the observed value, and at the-BR) level 0.00041 A, £ir J
it is, perhaps fortuitously, in excellent agreement. The calcu- 00002 % S T w7
lated relativistic dipole matrix elements were both in excel- 0] 05 0 05 1 15 2
lent agreement with the pure LS value. Although the experi- '0‘0002_20 10 0 0 2 30 40  so
mental value for[(J'|um|J”)|? is slightly larger than the t (mieroseconds)
theoretical predictions, the agreement is well within the esti- 0.008
mated uncertaintyscatter and systematic eryaf the mea- )
surement, and the best value to use may still be the theoret- 0.006-] Br(2¢-3)
ical LS prediction, Table IlI.

= 0.004

=
D. Yield of Br (?Py;,) from the photolysis of BrCN E 0.002]

The bond dissociation enerlly of BrCN is 86.9

kcalmole! so that there is an excess energy of 61.3 Op-—----mmmmmmm s
kcalmole ! available to the products in the photolysis of
BrCN at 1_93 nm. This is more than sufﬁqent energy to pro- 0007 T 5 - o o o
duce excited Br atoms in the photolysis process. Further- t (milliseconds)

more, there has been much interest in elucidating the photo-

dissociation dynamics of cyanogen halides, especially ICN',:'G'_6' Determination of the quantum yield of Bfrom the 193 nm pho-
to which BrCN is closely related tolysis of BrCN. (a) The laser frequency was tuned near the peak of the

. . Br(2+3) transition. The insert shows the absorption of the fiBal after
The use of time-resolved absorption spectroscopy tQomplete quenching of Bt (b) The very long time decay of the Br atom is
monitor the Br atom spin-orbit populations is particularly shown. Diffusion was assumed to dominate, but readtidi may contrib-

useful for this task because the degeneracy weighted diffette. The conditions of the experiment wer,=2.94 and Pgcy
ence in population is monitored directfgee Eq.(5)]. As 0050 Torat293 K.

long as the detection electronics is fast enough to resolve

rapid changes in absorption that may occur due to relaxation

processes, the absorption signal is internally calibrated fromiyperfine levels, according to E¢p). The population in in-
the initial difference created in the photodissociation step tqjividual hyperfine levelsBr], has been discussed in Sec.
the final equilibration stage, where the upper level has beepn| A, and the observed absorbance from a hyperfine transi-
removed by relaxation. Haugegt al’® have used this el- tion can be expressed in terms of the total atom population in
egant laser gain-vs-absorption technique to completely mag spin-orbit manifold. The initiah; measured at a particular

out the yield of Br¢Py/,) as a function of photolysis wave- frequency,u, in terms of total populations is given by
length for B, and IBr.

The yield of excited B{P;,), ¢« , from the photodis- (o
sociation of BrCN at 193 nml/is de?irned by Ai=lo(v)| [Br(*P3p)]i— 9 [Br(*Pi)]i|, (193
2
bpr=—— [Br( Pl’Z)]‘z , (19  and the final absorbance is given by
[Br(*P12) ]i +[Br(“Psp)];
where thg Br(?P,,,]; is the initial concentration of the By Ar=lo(v) %[Br(sz)]f. (19b)

and the total concentration of BBr], created in the pho-

. . — 2 . 2 .
tolysis laser pulse i§Br]=[Br(*Piz)]i + [Br(*Pga)]i. Al An expression for the yield of Brcan be obtained by divid-

thermal equilibrium for 293 K, th¢Br(2P,,)] is virtually — ° .
zero, and the final absorbands,, determines the total con- ing Eq. 19a) by_19(b) an_d_ rearranging the terms. For the
Br(2—3) hyperfine transition, the result is

centration of Br atoms created in the photolysis step pro-
vided no Br atoms are lost from the system. The determina- 1 A
tion of ¢p was carried out in mixtures where eitheg D 25( 1- A—] (20)
was zero or smaIIPCSH8< 0.06 Torr, so that the only signifi- f

cant loss process for Br atoms was diffusion, and this oci#t is important to note thatpg,+ does not depend explicitly
curred on a time scale long compared to the time scale foon the probe laser frequency as long as thermalization of the
relaxation, reactiori8): see Fig. &). translation motion of the Br atoms occurs more rapidly than
At t=0, the initial absorbance; , is proportional to the spin-orbit relaxation. Similarly, as long as equilibration
degeneracy weighted population difference between the twwithin a hyperfine manifold proceeds faster than spin-orbit
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TABLE IV. Summary of measurement ¢fg,« from the photolysis of BrCN 10
at 193 nm.
] 2 2
Par Pe g Peen Br(?P, ) — Br®Py) .
(Torr) (Torr) (Torr) bg
8- O Br(2-3)
2.9-3.9 0.0 0.03-0.08 0.384.0026 ® Br22)
@2 79 —— Least Squares Fit
2.9 0.015-0.06 0.045 0.388.0047 il
@
Summary 0.306: 0.0042 6

Number of independent experiments.

k x 105(s)

relaxation, only a single hyperfine transition needs to be
monitored. Both these conditions are satisfied in the present
experiments.

Typical temporal absorption profiles for the Br atom, 5]
following photolysis of BrCN at 193 nm, are shown in Fig.
6. Figure a) shows the initial time dependence, and Fig. 1]

6(b) the long time dependence. It is clear from Figh)ahat
the loss of Br atoms occurs on a much longer time scale than Of. _ N —
that for the quenching of Br, shown in the insert in Fig. 0 02 0.4 0.6 038 ! 12 14

6(a). TheA,; values were determined by simply extrapolating Rang(Torr)

the early time dependence of the difference curve totthe £ 7. petermination of the quenching rate constant for
=0 intercept, as indicated in Fig(#®. The frequency re- Br*+CHg—Br+CsHg. A linear least-squares fit tok= kg CoHg]
sponse of the detection electronics was better than 5 MHz{ ks BrCN] for fixed [BrCN] giveskg,. As expected, the quenching rate
and at 4 Torr total pressure translational and hyperfine relaygonstant was independent of which Br atom hyperfine level was monitored.
ation should be complete over a time scale of less than a

microsecond. No evidence for any rapid transients was oby,o large slope-to-intercept rati@ factor of 20. A small

served. Thg res.ults of several experiments with a.nd V‘_’ithouéhange in slope results in a large change in the intercept;
CsHg are given in Table IV. The average of the eight inde-thermore thePy, <\ was not completely constant but var-
pendent measurements givég,- =0.306-0.0041 so that & g \yith the average value beilly,cy=0.06+0.02 Torr. A
S|g_n|f|ca_nt amOL_mt of the Br atoms are _formed in the eXC'tedoetter estimate okg, was provided from an analysis of the
spin-orbit state in the 193 nm photolysis of BrCN. experiments wittP¢ , =0.0. The removal rate was a sensi-
tive function toPg,cy, but no systematic variation iBg,cy
E. Relaxation of Br * by BrCN and C 3;Hg was possible. From these experiments, it was estimated that
p Was 4.1 3.0x 10" 2cm®moleculests ™.

As shown in the previous section, 30.6% of the Br atomsk8
are initially formed in the excited spin-orbit state, and the
increase in the Br atom absorbance, as illustrated in Figéy' DISCUSSION
1(c) and @b), is due to the removal of the Bratoms by There have only been two reported measurements of the
CsHg and BrCN, reactions (@) and 8b), respectively. The magnetic dipole transition moment for the Br at8h{®
exponential rate constant describing these relaxation profhese have relied on using Btaser radiation as a probe of
cesses is given bi=Kkg] C3Hg] +kg{ BrCN], and can be Br atoms in photolyzed IBr samples or in thermal equilib-
determined by fitting the temporal absorbance profiles to @um with Br,. The B laser operates only on the strongest
series of exponential terms, i.eA(t)=A;exp(—kgst)  hyperfine Br(2—3) transition, which has a complicated line
—A, exp(—kt) using a nonlinear least-squares fitting proce-shape[see Fig. &)], making the precise lasing and hence
dure based on Marquardt’s methtdf the [BrCN] is kept  absorption frequency uncertain. The interpretation of the
constant and th¢ C;Hg] varied, then a plot ok against data of Efimenkoet al*® used integrated-absorption coeffi-
[CsHg] gives a straight line with slop&g, and intercept cient data for the*(4—3) transition, and hence has extra
kgl BrCN]. This procedure is valid as long as the contribu-uncertainty associated with it. The direct determination by
tion from the quenching of Brby Ar is small, which is the  Boriev et al** gives the square of the magnetic dipole tran-
case here as the rate constant for the removal dftBrAr  sjtion moment for the Br atom that is a factor of 1.42 larger
has been measur€do be 2.5¢10" "*cnPmolecule 's™ at  than the LS prediction of 4f8, with an uncertainty of
295 K. +37%. Again, the LS coupling value is within the experi-

A plot of k as a function oPc, is shown in Fig. 7 for  mental scatter of the measurement although this measure-
293 K. A least-squares analysis givies, to be 1.99-0.052 ment has considerably more uncertainty associated with it
x 10" cmP moleculess™! and the intercept to be 3.85 than the measurements of the present work.
+0.96x 10* s, In these experiments the intercept only pro-  Garstand® carried out a large number of calculations on
vides a crude order of magnitude estimatekgf because of forbidden transitions in atomic spectra, and suggested that
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the deviation between the LS coupling predictions and themooth function of], and it is not possible to infer the quan-
actual magnetic dipole transition moments could differ by agum yield of Bf* from such measurements.

much as 20%. The processes that are ignored in arriving at For BrCN, the 193 nm photolysis wavelength is slightly
Eg. (1) are the neglect of intermediate coupling, configura-to the blue of the peak of th& continuum, and value apg,
tional mixing, relativistic effects, and the contribution of the was found to bepg+=0.31; Table IV. For ICN, the quan-
magnetic moment of the nucleus. Garst§ngas recently tum yield of I was found to bepx =0.44 near the peak in
addressed the effects of these contributions to the electrontbe A continuum?® Both quantum yields for the production
wave function in discussing radiative hyperfine transitionsOf the corresponding spin-orbit states are substantial, and in-
and concludes that they will contribute only a few percentdicate that similar mechanisms for their production may be
from the pure LS coupling predictions for the lighter ele- Operative in both cases.

ments. Indeed, these conclusions are borne out for the | Wannenmacheet al> have investigated the photodisso-
atom. Haet al!! compared their experimental measurementciation dynamics of BrCN as a function of wavelength to the
for the magnetic dipole transition moment for the | atom'ed Of the peak wavelength of theband continuum(202

52 . .
using several different configurational atomic wave functiond!™- These workers used a detailed Doppler analysis of the
as well as a relativistic calculation. The configuration inter-rotational lines of the CN fragment to dedugg,« as a func-

action calculations gave only a slight deviation from the LS’“O_n of the both photolysis wavelength and GM(O".J) ro-
value. This is to be expected because Lilenfeicil*” have tational state. Near the peak of the Br@N\band continuum,

measured the Landgvalue for the I1€P,/,) atom, and found f[hey fOl_md thatd’B_’*:_l for J’s<50.5 and decreased W.ith
it to be within +0.2% of the pure LS value. Het al!! found increasing), resulting in & totakgx =0.87 for a photolysis

that the relativistic calculation improved the energy separa?—'va\/e'e”gth of 209 nm. The results of this work, Table 1V,

tion between the | atom fine-structure levels, but themdmate that the production of Brmust decrease rapidly as

L » . . the photolysis wavelength shifts to the blue of the pdak
calculated-magnetic dipole transition moment was in consids .
band absorption.

:aratb e dltsr? gr:aement ;N'th. experlrk‘)nentéln c;ompan_?r? nwith the" ;o electronic-to-vibrationdE—-V) energy transfer pro-
atom, the lower atomic number Br atom, with even a .. .q represented by reactiofe &nd 8b) were found to

smaller spin-orbit interaction and more energetic excitedge efficient, Fig. 7. Generally, an E-V transfer process is
electronic configurations, should behave even more as a pug i if there is a near resonant vibrational energy level in

LS coupling case. , o the quenching molecule involving the transfer of a small
This expectation was borne out in the relativistic calcu- ,mper of vibrational quantai®43For both GHg and BrCN,
lations of the Br atom magnetic dipole transition moment;,qo energy transfer step must involve multi-quanta of vibra-
reported in Table Ill. The more refined relativistic calcula- tjong energy; however, the measured rate constants are still
tion was in perfect agreement with the LS coupling value forjgrge. perhaps, the rather dense rotational state density of
(3| £m|3"%)], and any variation in the radiative spontaneouseach molecule could act as another near-resonant energy res-
emission rate constant arose from differences in the calcugryoir not available to smaller and lighter quenching partners

lated fine-structure splitting. More accurate experimentsto enhance the collisional efficiency of the E-V process.
with less scatter, will be necessary in order to determine if

there is a real difference between the LS predictions antckNOWLEDGMENT
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