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Observation of Quadrupolar Hyperfine Predissociation
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Predissociation of the (v'=13) B'ftn+ electronic state of Br2, Br&, and Br 'Br was studied by

measuring the lifetimes of individual hyperfine levels. The first observation of hyperfine electric quadru-
pole predissociation is reported. Revised values have been obtained for the radiative decay rate, and for
the parameters associated with gyroscopic and magnetic dipole predissociation. Determinations have
been made of the electric quadrupole predissociation constants.

PACS numbers: 33.80.Gj, 31.30.Gs, 35.20.—i

Electronic predissociation of a diatomic molecule is its

decomposition into the two constituent atoms as the result
of coupling between a bound state and an unbound state
of the same energy. This process provides a powerful tool
for studying molecular dynamics. Perhaps the most
thoroughly studied case is the B fItt+ excited electron

state of diatomic halogens [1-6]. In the absence of exter-
nal fields, this level has been shown to interact with a
repulsive 'H~„state by two mechanisms: gyroscopic and

hyperfine magnetic dipole predissociation. The former
results from the terms in the rotational Hamiltonian
which couple the electron orbital angular momentum L
and spin S to the total angular momentum J (exclusive of
nuclear spin). The latter results from the dipole-dipole
interaction between the electronic and the nuclear mag-
netic moments. Several experimental techniques have
been developed initially for application to iodine [1,2].
However, only one study [2], involving pulsing a laser and
observing the Auorescence decay in time, has been based
on direct lifetime measurements of individual hyperfine
levels.

In the current work, the phase shift technique [71 has
been applied for the first time to the determination of
lifetimes of individual molecular hyperfine levels. This
relatively simple method has been used to study the
B fI&+ state of Br2, 'Br2, and Br 'Br [8]. Earlier
work has been hampered by bromine's relatively long ra-
diative lifetime and strong predissociation. The phase
shift method combines good sensitivity with high accura-
cy, and is free of many of the systematic difficulties which
can arise in some of the other techniques. As a result we
have been able to obtain revised values of the radiative
decay rate I,„. d and of the parameters for gyroscopic and
magnetic dipole hyperfine predissociation. A second type
of hyperfine predissociation has been measured that had
been predicted [3] but not previously observed. This
arises from the electric quadrupole coupling between the

l1n+ and the 'II~„states [8,9].
The main components of the experimental apparatus

were a molecular beam machine and a laser system in-
volving a ring dye laser (Coherent CR699-21). The
molecular and laser beams intersected at 90 . The
molecular beam, a mixture of 20% bromine in argon (by

pressure), eliminated collisional effects and concentrated
the molecules into low-lying rotational states (T„t=6
K) where hyperfine predissociation effects are most ap-
parent. The velocity of the molecular beam was mea-
sured to be 420~ 60 m/s. The critical innovation of our
apparatus is an optical system that images an area of 18
mm length along the molecular beam by 7 mm width
onto a cooled photomultiplier. Such a long collection
length allowed us to measure lifetimes of up to 12 ps with
confidence.

The laser radiation was modulated by a Pockels cell at
frequencies between 18 and 40 kHz. The in-phase and
in-quadrature components of the laser induced IIuores-
cence (LIF) were recorded simultaneously with a EG&G
5204 lock-in amplifier. The phase shift 4 of the modulat-
ed LIF relative to the excitation radiation was deduced
from the ratio of the in-phase to in-quadrature signals.
The reference phase was determined from the scattered
light. The lifetime r of the excited state being studied
was obtained from

tan%= —mr,

where co is the angular frequency of the Pockels cell
modulation. The laser intensity was kept low enough to
avoid saturation.

For the vibrational band (v'=13) (v" =0) in the
B Xsystem, -the rotational transitions P(1) to P(9), ex-
cluding the P(3), were recorded for Br2, 'Br2, and

Br 'Br. The full width at half maximum for isolated
hyperfine components was roughly 8 MHz.

In a preliminary study, a detailed investigation of the
hyperfine splittings of the B-X system was carried out.
The Hamiltonian matrix for each state was set up in the
coupled basis (JIFM) where I is the total nuclear spin
and F=J+I the total angular momentum. Each bro-
mine isotope has a nuclear spin of 2 so that I =0, 1, 2, or
3. The Hamiltonian for each electronic state was diago-
nalized to obtain the eigenvalues and the coefficients ajl,
which relate the eigenvectors to the basis vectors

~
JIFM ).

The hyperfine levels of a given rotational state with the
same F are distinguished by the label e. For the homonu-
clear species in the B state, symmetry considerations re-
quire that only I =0 and 2 exist for the odd 1, and only
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l 1 and 3 exist for the even J in the 8 state. (The in-

verse is true for the X state. ) The odd-J 8 state levels
(and even-J X state levels) are called parabromine states,
while the even-J 8 state levels (and odd-J X state levels)
are referred to as ortho states.

The total decay rate for an individual hyperfine level

when electric quadrupole coupling is included is given by
[3)

(4.48 + 0.40)ps

(3.65 + 0.26)ps

rr d+ rGG+ rGM+ rMM+ rQQ+ rMQ+ rGQ .

The last six terms are predissociation rates arising, in

turn, from gyroscopic (GG), gyroscopic-magnetic-dipole
interference (GM), magnetic dipole (MM), electric
quadrupole (QQ), magnetic-dipole-electric-quadrupole
interference (MQ), and gyroscopic-electric-quadrupole
interference (GQ) eff'ects. The gyroscopic, magnetic di-

pole, and electric quadrupole matrix elements between
the IIo+ and the 'II~ states are characterized by the pa-

rameters C,„a,„and b, , respectively. For a given isotopo-
mer, the vibrational factors in these parameters can, to
good approximation, be taken as proportional to a com-
mon vibrational overlap integral (the square root of the
Franck-Condon factor) [3]. To simplify the notation, the
overlap integral for each isotopomer will be labeled as
a(x,y) where x and y are either 79 or 81. For example,
a(79,79) will mean cr( Br2).

In previous experimental studies, the electric quadru-

pole contributions in Eq. (2) were neglected. This re-
duces I to [3,8]

t t

-160 0 160

I (MHz)

FIG. 1. The hyperfine spectrum for the B-X (13'-0") P(4)
transition of 7~8r2 observed with the laser modulated at 25.5
kHz. The relative heights of the two hyperfine peaks labeled by
FJ and FJ+ di-ffer in the in-phase (IP) and in~uadrature (IQ)
traces. This shows that the two upper levels have unequal life-
times. The diA'erence in lifetime is entirely due to eN'eats aris-
ing from electric quadrupole hyper6ne predissociation. The
indicate weak transitions with hF&h J.

r(ovF, )dI „d+g~aJ/ ( I ~(v, J,I,F),
Jl

I, (v,J,I,F) C,, J(J+1)—J2a, , C,, (I J)

a' 3(l J) + —'(I J) —I J
+ f2+

3 (2J —l)(2J+3)

When the quadrupolar contributions are included,

r(v, F,~) - r, (v, F,~)

+ g aug, aJ I,l 2(v, J,J', l, l', F) .
J,I,J', I'

(3)

(4)

(s)

X electronic states of Br2 and 'Br2 produce very

different hyperfine energy splitting patterns for ortho and

para states [8]. The para level (8 state odd J and X state
even J) patterns are particularly simple with the FWJ
levels forming a closely spaced multiplet, and the two lev-

els with F J split off to either side. The high and low

energy members of this pair are labeled here as F and-
F+, respectively. If b, , 0 (i.e., no EQP), these two levels

have the same decay rate: r(v, FJ+) I (v, FJ )=I 0(v,
J). However, if b,, a0, the decay rates are no longer

equal and

The double sums on (J',J) and on (I',I) are required be-

cause I MQ and I QQ are not diagonal in 1 and J. The gen-
eral form of I 2 will be given in detail elsewhere [8]. The
new molecular parameter which characterizes the electric
quadrupole predissociation (EQP) is

b, , -J2n/lt fz(v, Q, Q')/ J20

The function f2(v, Q, Q') also arises in the analysis of
hyperfine splittings and its explicit expression can be
found in Table II of Ref. [10]. Q represents the sum of
the components of L and S along the internuclear axis.
Here 0 oand 0' 1.

The symmetry restrictions on I and J in both the 8 and

r(v, F+) I o(v, J)+b,, II+ b,, 42C, , +a,,jrl,

where P and rl are numerical factors. The electric quad-

rupole terms are roughly independent of J while I"GG and

I GM grow as J and J, respectively. Hence, the EQP
eA'ects are most evident at low J.

Direct evidence for EQP is contained in the 8-X
hyperfine spectra of parabromine; see Fig. l. For both
the P and R branches, these spectra are characterized by
three peaks arising from the hF hl transitions. (The
hF&hJ transitions are weaker and are neglected in this
discussion. ) It is convenient to label the spectral features

by their upper state here Th.e central peak (F~J) is an

unresolved multiplet while the high and low frequency
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"Br2
r (IO's-')

gr2
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TABLE I. The total decay rates for various B X-(13'-0")
hyperfine states having F J. The difference in the rates la-
beled h(F+ —F )—(determined directly from the data, not by
subtracting the average values for two decay rates) is complete-
ly due to effects involving electric quadrupole predissociation.

TABLE II. The gyroscopic (C„), magnetic dipole (a,.), and
electric quadrupole (b,.) predissociation parameters and radia-
tive decay rate (I „z) deduced from our lifetime measurements
for the B3IIO+ (v' 13) excited state of bromine. Only the rela-

tive signs of the predissociation parameters have been deter-
mined.

P(2) I+
1—

h(I+ —
I —)

P(4) 3+
3-

h(3p —3-)

2.20 % 0.14
1.58+ 0.09
0.60 w 0.07

2.74 w 0.20
2.23 +' 0.20
0.50+ 0.06

2.54 w 0.29
1.92 ~ 0.20
0.54 w 0.12

3.07 w 0.14
2.56+ 0.12
0.51+ 0.08

C,, (s 'n)
a (s ')
b (s

—in)

I „d (s ')

+ (86.5 ~ 0.8) + (88.2 ~ 1.7)
+ (208.3+' 3.1) + (236. 1 ~ 5.4)
+(4o.s ~4.o) + (35.6 ~ 3.8)

(8.40 ~ 0.34) x 104

P(6) 5+
5-

~(s+ —5 )

P(8) 7+
7-

a(7+ 7 )—-
4.28+ 0.59
3.60 ~ 0.30
0.57 w 0.20

6.10+' 0.93
5.38 w 0.50
0.83 +' 0.90

4.42 w 0.36
3.83 w 0.32
0.90 ~ 0.30

6.06 w 0.57
5.78+ 0.58
0.27+ 0.27

lines arise solely from the FJ+ and FJ- states, respectively.
In the absence of EQP, the ratios of the intensities of the
F+ to the F—peaks should be equal for the in-phase and
in-quadrature channels indicating that the corresponding
upper levels have the same decay rate. Any difference in

the ratios from the in-phase to the in-quadrature signals
is directly proportional to b,„as per Eq. (7).

The experimentally determined values of I (13,F+ )
and their differences /3(F~j. FJ ) for —Br2 and 'Br2 are
given in Table I. I (13,F+) is systematically larger than
the I (l3,F ). It should be emphasized that the model
of predissociation including only the gryroscopic and
magnetic dipole terms cannot account for the observed
difl'erence in lifetimes.

Over 200 hyperfine transitions were measured. Of
these, 73 were chosen as suitable for analysis because
they were clearly resolved and had a signal-to-noise ratio
of )0 or greater. The measurements for each transition
were repeated 8 to 10 times for each of at least two and
usually three modulation frequencies. The data for the
three isotopomers were fitted globally subject to three
constraints. (i) C,, for each isotopomer was made to be
inversely proportional to the molecule's reduced mass. (ii)
a,.(79)/a, , (81) was set proportional to the ratio of the nu-
clear g factors of Br to 'Br, namely, g(79)/g(81).
(iii) b,.(79)/b, , (81) was set proportional to the ratio of
the nuclear quadrupole moments of Br to 'Br, namely,
g(79)/Q(81). The six parameters varied were I „.d,
C,, (79), a,, (79), b, , (79), gl =cr(8 I,S I )/cr(79, 79), and
$2=o(79,81)/o'(79, 79). The parameters for a given iso-
topomer are readily deduced from these six, e.g.,
a,, (81) a,, (79)gl [g(81)/g(79)]. The results for Br2
and 'Br2 [Sl are given in Table II [11]. The existence
of the interference terms I GM and I Gg indicates that all

of the observed predissociations involve the same un-

bound electronic state.
Two tests of the model were carried out. First, the

data for each isotopomer were fitted separately. Second.
a global fit was made but with two additional parameters,
a,, (81)/gl and b, , (8 I)/(,I and with constraints (ii) and
(iii) relaxed. The results of these two tests were in excel-
lent agreement with the original six parameter model.

If the EQP contributions are neglected, biased values
are obtained for I „.d, C,„and a„. For example, our re-
sults show that for the v' 13 level of the B state of Br2,
an error of 5% arises in I „.d if b,, is set to zero. For sys-
tems with longer lifetimes or in regions closer to the
crossing of two potential curves where the predissociation
rates and the radiative decay rate are comparable, the er-
rors will be much larger. In some cases, such as when
(II =0) and (fI =2) electronic states overlap, the dom-
inant predissociation contributions are the electric quad-
rupole terms.

Previous work on the predissociation of bromine was
performed using two techniques: (A) observation of the
fluorescence decay of rotational transitions but without
resolving the hyperfine structure [4,6], and (B) measure-
ment of the relative intensities of the resolved hyperfine
components within a J multiplet [5]. Both are sensitive
to the polarization of the laser, to the amount of solid an-
gle collected, to variations in the detector efficiency over
the field of view, and to fluctuations in the laser beam in-

tensity and number of molecules present. The phase shift
technique, being ratiometric, is considerably less sensitive
to these effects. In addition, this method is relatively sim-
ple and allows for direct lifetime measurements of the in-
dividual hyperfine levels.

The fluorescence decay technique (A) involves averag-
ing over the hyperfine states. The gyroscopic predissocia-
tion is the same for all of the hyperfine levels, but a
correction must be made for residual effects due to
hyperfine predissociation and the interference between
hyperfine and gyroscopic predissociation. This method
can be expected to yield precise values of C, For 'Br2
with v'=13, it was found [6] that C,, =83.49+ 0.60
s ', which is in satisfactory agreement with our result
as given in Table II. However, this fluorescence decay
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technique can produce only an approximate value of I,„. d,
since it is obtained from the small intercept determined
by extrapolating the lifetime measurements to zero pres-
sure and to J 0. Furthermore, this intercept must be
corrected for the residual hyperfine predissociation, a fact
that is often overlooked. The values obtained [6] for I „.d
are too high by a factor of about 6.

The relative intensity technique (B) is simple to apply
but can only produce ratios of parameters. The results

for C,,/Jl, „d and a, ,/ jl „d obtained by this method [5]
are roughly 1.5 to 2 times lower than the values reported
in Table II and display a large variation with rotational
state.

In techniques (A) and (B) and the phase shift method,
care must be taken when detecting Auorescence of rela-
tively long-lived states. In the 8 state of bromine, the ra-
diative lifetime r„.d I l.8+ 0.5 ps. Thus the apparatus
must be designed to record lifetimes r varying from
about I to over 10 ps. If this is not done, molecules excit-
ed into long-lived (slightly predissociated) hyperfine lev-

els will move out of the detection region before fluoresc-
ing, while those in short-lived (highly predissociated) lev-
els will be detected with high efficiency. This leads to an
oversampling of the short-lived states and hence to er-
roneous values for I „d and the predissociation parame-
ters. One sign of such a systematic bias in the results is
that the predissociation parameters display a strong vari-
ation with J. This variation is a consequence of I oo in-

creasing as J thereby reducing all of the hyperfine life-
times of higher rotational levels. The amount of under-
sampling or oversampling is absorbed into I „d and the
predissociation parameters, causing them to change
markedly from one J to the next. This mechanism is felt
to be responsible for the variations reported in Ref. [5].

The existence of electric quadrupole predissociation has
several important consequences. Near the dissociation
limits of electronic potentials many different states con-
verge. The interactions of these electronic levels are im-

portant for the recombination of atoms into molecules.
With a good understanding of the various predissociation
mechanisms (the inverse of recombination), novel ap-

proaches either to enhance or suppress them will open up
new possibilities for holding atoms in traps and preparing
molecules with specific physical properties.
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