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a b s t r a c t
Doppler-limited rovibrational absorption spectra of the A3 P1u
X 1 Rþ
g electronic transition of Br2 are
measured in the 12 072–14 249 cm1 region by a tone burst modulation method using a Ti:sapphire ring
v00 = (2–16)
(2–8) bands of 79,79Br2 and 79,81Br2,
laser. P-, Q-, and R-branch lines belonging to the v0
v00 = (2–5)
6 bands of 81,81Br2 are observed and assigned. Accurate analytic potential
and the v0
energy functions for the A3P1u and X 1 Rþ
g states are determined from a combined-isotopologue directpotential-ﬁt analysis of these data together with all other available high quality data for the A and X
states. This work also yields a slightly improved ground-state well depth De ðXÞ ¼ 16056:875ð2Þ cm1
and dissociation energy D0 ðXÞ ¼ 15894:495ð2Þ cm1 for 79,79Br2, and shows that the isotope shift of the
A–X electronic transition energy T 81;81
—T 79;79
¼ 0:016ð3Þ cm1 is likely mainly due to the isotopologue
e
e
dependence of theX-state well depth.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
The A3 P1u —X 1 Rþ
g system of Br2 has been studied by many
researchers. It was ﬁrst observed in 1926 by Kuhn [1] and Nakamura [2] who published vibrational analyses of its absorption spectrum in the 5117–6722 and 5130–7586 Å regions, respectively.
In 1931 Brown extended their results by using a grating spectrometer to study Br2 absorption in the 5100–7600 Å region, and reported vibrational assignments for band heads that he tentatively
identiﬁed as being associated with v0 = 0–21 and v00 = 1–5 [3]. Five
years later Darbyshire used a prism instrument to study high temperature samples in the 7600–8180 Å region [4]. This allowed him
to extend the ground-state vibrational range to v00 = 13 and to observe two A-state vibrational levels lying below the lowest one that
Brown had seen.
The ﬁrst rotational analysis for the A3 P1u —X 1 Rþ
g system was reported by Horsley in 1967 [5]. He measured the absorption spectrum of natural bromine in the 6400–7100 Å region, and
assigned the Q-branch lines of bands identiﬁed as v0
v00 = (13–
19)
2 and (16, 17)
3 of 79,81Br2. However, the absolute vibrational numbering for the A state remained unclear. In that same
year Clyne and Coxon measured the band structure of Br2 in the
6400–10 000 Å region in emission, but again the absolute vibrational numbering in the A state remained unsettled [6]. Finally,
⇑ Corresponding author.
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in 1970 Coxon and Clyne measured the absorption spectrum of a
few bands of isotopically pure 79,79Br2 with rotational resolution
[7], and by comparing their results with the 79,81Br2 measurements
of Horsley [5], they conﬁrmed Darbyshire’s hypothesis [4] that the
tentative A-state vibrational labels proposed by Brown [3] should
be increased by seven. Shortly after this, Coxon extended his rotational resolution studies of the A3 P1u —X 1 Rþ
g system to span almost
50% of the A-state well (v0 = 7–24) [8], and reported extended sets
of Franck–Condon factors and R-centroids for this system [9].
These studies provided a good basic understanding of the A3P1u
state of Br2, and facilitated its use in studying a number of ion-pair
states [10–15]. Moreover, one of these studies of ion-pair states reported a handful of observations of A-state levels v = 30–35 [10],
and another reported observations of v(A) = 0 [15]. However, all
of this early work has since been superseded by measurements
of higher precision spanning an even wider range of levels. An
overview of the data, on which the present analysis is based, is presented in Table 1. The average relative discrepancies shown in its
second-last column are based on the ﬁnal recommended potential
energy function model of Section 4. The fact that all values of this
average relative discrepancy are 1 shows that there are no significant calibration error inconsistencies among the various data
subsets.
In 1999 Boone used Doppler-limited magnetic rotation spectroscopy with a dye laser [16,17] to measure and assign some
79,79
3263 lines of 51 bands in the A3 P1u
X 1 Rþ
Br2,
g spectrum of
involving A-state vibrational levels v0 = 13–37. The highest
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Table 1
Summary of data used in the present analysis; uncertainties are in cm1.
Type

calc:obs:

No. data

Uncertainty

Range v0 (A)

Range v00 (X)

Average

1515
257
8
2992
4246

0.0020
0.01
0.27
0.0035
0.0030

N/A
N/A
N/A
13–37b
2–16

0–14
3–29
29–35
0–2
2–8

0.0014
0.0021
0.0010
0.0048
0.0139

Gerstenkorn et al. [18]
Focsa et al. [19]
Postell [20]
Boone [16]
Present

338
345
9

0.0030
0.01
0.27

2–5
N/A
N/A

6
3–29
28–43

0.1506
0.0088
0.0096

Present
Focsa et al. [19]
Postell [20]

5350
1182
94
578

0.0030
0.01
0.27
0.06

2–16
N/A
N/A
N/A

2–8
2–29
28–44
0–76

0.0127
0.0055
0.0017
0.0232

Present
Focsa et al.
Postell [20]
Venkateswarlu et al. [22]

unc

Source

79,79

Br2
B–X absorptiona
B–X ﬂuorescence
B–X ﬂuorescence
A–X magnetic rotation
A–X laser absorption
81,81

Br2
A–X laser absorption
B–X ﬂuorescence
B–X ﬂuorescence
79,81

Br2
A–X absorption
B–X ﬂuorescence
B–X ﬂuorescence
VUV ﬂuorescence

a
Synthetic data consisting of term values for v00 = 0–14, J00 = 0–100 generated from the constants of Gerstenkorn et al. [18], as described by Focsa et al. [19], treated as a
ﬂuorescence series in the analysis.
b
Transitions involving v(A) = 27 were not used in the analysis.

vibrational level he observed is bound by only 2 cm1. This is less
than half the binding energy of the highest observed level
of the B3 P0þu state [18], and hence should allow an improved determination of the Br2 dissociation energy. Boone performed both a
conventional Dunham expansion analysis and a ‘Near-Dissociation-Expansion’ analysis, and those results can be found in his
thesis [16]. However, the lowest observed level of the A state
was still v(A) = 7 [8], which lies almost 1000 cm1 above the
A-state potential minimum.
In the present work, rovibrational absorption spectra of the
A
X transition of Br2 were measured in the 12 072–14 249 cm1
region, and P-, Q-, and R-branch progressions of 109 bands in this
system were assigned. The observed vibrational levels of 79,79Br2
and 79,81Br2 in the A and X state are v0 = 2–16 and v00 = 2–8, respectively, and those of 81,81Br2 are v0 = 2–5 and v00 = 6, while the
associated rotational sublevels range up to J = 99. Thus, the highresolution data (uncertainties <0.01 cm1) for the A state used in
the present analysis extend from v(A) = 2–37, with the highest
observed vibrational level lying less than 2 cm1 below the dissociation limit. A schematic overview of this system is presented in
Fig. 1.
Unfortunately, the high-resolution A–X data described above
only span a small portion of the X 1 Rþ
g state potential well
(v00 = 0–8). Since we wish also to obtain the best possible overall
10000
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-10000

description of the X 1 Rþ
g ground state, the present analysis also
incorporated the laser-induced ﬂuorescence Fourier Transform
(FT) results of Focsa et al. [19] for the B–X system, which extend
from v(X) = 2–29 for 79,81Br2 and from v(X) = 3–29 for 79,79Br2 and
81,81
Br2. Following Focsa et al., our analysis also incorporates the
1515 synthetic term values for levels v00 = 0–14 of the ground state
of 79,79Br2 that they had generated from the molecular constants of
Gerstenkorn et al. [18], and treated as a synthetic ﬂuorescence series. However, even with this inclusion, the data range only span
54% of the ground-state potential well.
More recently, Postell et al. performed laser-induced ﬂuorescence measurements that extended this range to v(X) = 44, which
is 75% of the way to dissociation [20,21]. Although their data have
relatively low precision (±0.27 cm1), since they include results for
all three isotopologues and extend the range to cover 3/4 of the potential well, they are also used in our analysis (weighted appropriately). The ﬁnal set of X-state data included in the present analysis
were then the 12 VUV resonance ﬂuorescence series reported in
1982 by Venkteswarlu et al. [22]. Although these data span the
range v00 = 0–76, they were pointedly omitted from the analysis
of Focsa et al. because the 1982 molecular constants seemed inconsistent with their new higher accuracy (±0.01 vs. ±0.06 cm1) FT results for v00 = 2–29 [19]. However, although the constants may be
inconsistent, we ﬁnd that within the reported uncertainties, the actual VUV data are entirely compatible with the higher resolution
data. Hence, these VUV ﬂuorescence series data were also utilized
in the present analysis. As a result, our data for the X 1 Rþ
g state span
99.2% of the ground-state potential well, with the highest observed
level (v = 76) being bound by 129 cm1. However, since the A3P1u
and X 1 Rþ
g states have the same asymptote, the present analysis
should yield an improved estimate of the ground-state dissociation
energy.
In the following, Section 2 describes our new laser absorption
measurements for the three isotopologues of Br2. Section 3 then
describes our method of analysis and the models used for the potential energy and Born–Oppenheimer breakdown functions, while
Section 4 presents our results.

-15000
2.0

3.0

4.0

5.0

Fig. 1. Overview of the A3 P1u —X 1 Rþ
g system of Br2 with representative magnetic
rotation transitions [16] shown in blue and laser absorption transitions (present
work) in green. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

2. Experimental
2.1. Methodology
Fig. 2 presents a schematic view of the experimental setup. A
titanium sapphire ring laser (Coherent, 899-21) pumped by an
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a
Here, the X-state Y 00l;m
values for different isotopologues (a1, a2) were
related by conventional ﬁrst-order semiclassical scaling by powers
1
2
of the ratio of reduced masses, Y al;m
=Y al;m
¼ ðla2 =la1 Þmþl=2 . In the A
state, the e and f parity sublevels are separated by the X-doubling
interaction characterized by the molecular constants qv. In the A–
X system, the f and e levels, respectively, are the upper levels of
the Q- and of the P- and R-transitions. To take the X-doubling into
account, independent values of the inertial rotational constant, Bfv 0
and Bev 0 ¼ Bfv 0 þ qv 0 , respectively, are used [25]. An empirical ﬁt to
Eq. (1) that was ‘saturated’ with respect to the number of parameters being used has a root mean square deviation of 0.003 cm1, and
a histogram of those deviations shows the expected Gaussian shape.
Hence 0.0030 cm1 is the uncertainty used to weight the present
data in our ﬁts.

2.2. Results

Fig. 2. Block diagram of the Ti:Sapphire ring laser spectrometer.

argon ion laser (Coherent, Innova 300) was used to obtain our
Doppler limited absorption spectra. The absorption occurred in a
White-type cell with an effective path length of 13.6 m that was
ﬁlled with Br2 gas at 10 Torr, with the three isotopologues present
in natural abundance. Measurements at wavelengths shorter than
0.77 lm, were made with the cell at room temperature, while for
those at longer wavelengths the cell was heated to 150 °C.
Tone burst modulation was adopted as the signal detection
technique [23]. The laser source sidebands were produced using
an electro-optical modulator (EOM). A burst signal was generated
by a balanced mixer using this 191 MHz source and square-wave
modulation at 100 kHz. Relative frequencies were measured by
generating fringe markers using a confocal cavity (F.P.I. in Fig. 2)
with a free spectral range of 0.01 cm1. Absolute wavelengths were
determined using a wavelength metre (Burleigh WA-1500) that
was calibrated using the two-photon signal of 85Rb at 778 nm,
and has an estimated uncertainty of 0.03 cm1.
The continuous tuning range of this laser system is only 20 GHz,
with the tuning being driven by a sweep signal produced using a
function generator (see Fig. 2). To scan a broad wavelength region,
the birefringent-ﬁlter and etalon in the ring cavity were adjusted
after every 20 GHz sweep using a D/A converter attached to a PC.
In addition, by means of a GP-IB bus, the PC controlled the lockin ampliﬁers, the wavelength metre, and the function generator
producing the sweep signal. The PC also stored the resulting data
measurements. Line positions in the absorption spectrum were
determined using the wavemeter in the manner reported by Yukiya et al. [24]. The intensities of the laser beams seen via the Whitetype cell or the F.P.I. were measured by PIN photo-diode detectors.
In order to characterize our measurement accuracy and check
for mis-assigned lines, we performed a preliminary analysis in
which the line positions were ﬁtted to an expression that used
band constants for the A state, and Dunham expansions for the X
state:

In contrast with some of the previous work on this system
[16,18], the present experiments did not use isotopically puriﬁed
Br2 gas, so our absorption spectrum consists of overlapping series
of P-, Q- and R-branch lines from all three species: 79Br2, 79,81Br2
and 81Br2. Fig. 3 shows a recorder trace of the Doppler-limited
absorption spectrum detected by our tone-burst technique for
the interval 12 711.0–12 713.5 cm1. The approximately equal natural abundances of 79Br and 81Br give rise to intensity ratios of
1:2:1 for lines of 79,79Br2, 79,81Br2 and 81,81Br2, respectively. Our
analysis readily discerns the X-doubling splitting in the A state.
However, because the nuclear quadrupole coupling constants for
both bromine isotopes are only half of that for iodine, our Doppler-limited spectrum could not resolve the nuclear-quadrupole-induced splitting of the P-, and R-branch lines, although it was
readily observed in the A
X systems of ICl, I2 and IBr [24,26–28].
The present study observed transitions involving vibrational
levels v0 = 2–16 of the A state and v00 = 2–8 of the X state for
79,79
Br2 and 79,81Br2, as well as v0
v00 = (2–5) 6 transitions of
81
Br2. These 9334 assigned lines in 108 bands include the ﬁrst ever
observation of levels v0 (A) = 2–6. As was outlined in Section 1, in
order to obtain the most comprehensive description possible for
the A and X states, the present analysis combines our new results

0 0
2
0 0
mðv 0 ; J0 ; v 00 ; J00 Þ ¼ T v 0 þ Be=f
v 0 fJ ðJ þ 1Þ  X g  Dv 0 fJ ðJ þ 1Þ

 X2 g2 þ Hv 0 fJ 0 ðJ 0 þ 1Þ  X2 g3 þ   
XX 00a

Y l;m ðv 00 þ 1=2Þl fJ 00 ðJ 00 þ 1Þgm :
l¼1 m¼0

ð1Þ
Fig. 3. Recorder trace of Br2 absorption lines in the 12 711.0–12 713.5 cm1 region.
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of the eigenvalues with respect to the parameters of the Hamiltonian that were required by the least-squares procedure were generated from the Hellman–Feynman theorem expression
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where the eigenfunctions wv,J(r) are obtained when solving the radial Schrödinger equation for the level energies in order to simulate
the spectra. The quality of a ﬁt is characterized by the dimensionless root-mean-square deviations between the N simulated data
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and the corresponding experimental values yobs
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ð3Þ

in which ui is the uncertainty associated with datum-i. While most
of these uncertainties are set at the characteristic value associated
with a given data set (see Table 1), those associated with the highest-J lines for a given branch are sometimes somewhat larger, and
those for transitions in which the upper or lower level is ‘quasibound’, lying above the dissociation limit but below the top of a potential energy barrier, are deﬁned as

ueff
i ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 exp 2
ui
þ ð0:2Ci Þ2

ð4Þ

in which Ci is the tunnelling predissociation width of quasibound
level Ev,J(i), which is calculated as described in Ref. [30], and the factor of 0.2 is based on the experience of Refs. [31,32].
3.2. The radial Hamiltonian

Fig. 4. Assigned vib-rotational levels of the Upper: A3P1u state, with open points for
f-levels, solid points for e-levels, ‘QB’ for quasibound levels, and Lower: X 1 Rþ
g state
of Br2.

with the earlier data of Venkateswarlu et al. [22], Gerstenkorn et al.
[18], Boone [16], Focsa et al. [19], and Postell [20,21]. Overviews of
these data are presented in Fig. 4 and Table 1. These data span
99.2% of the X-state potential energy well, and extend from v = 2
up to v = 37 for the A state, which is 99.91% of the way to dissociation. Note, however, that following Boone [16], his 269 data
involving A-state level v0 = 27 were omitted from our analysis because they displayed irregular behaviour and could not be systematically accounted for by any of the models considered. A complete
listing of the experimental data used in the present work is included in the Supplementary data submitted to the Journal.

3. Analysis
3.1. Methodology
The main part of the present analysis was performed using a direct-potential-ﬁt (DPF) method in which simulated spectra generb ¼ Hðfp
b
ated using a radial Hamiltonian H
j gÞ deﬁned in terms of
parameterized potential energy, Born–Oppenheimer breakdown
(BOB), and X-doubling strength functions, are compared with
experiment, and the parameters {pj} are optimized by a standard
non-linear least-squares-ﬁt technique [29]. The partial derivatives

As in most DPF analyses reported to date, the present work uses
a form of the effective radial Hamiltonian introduced by Watson in
which BOB terms associated with the radial kinetic energy operator are incorporated into both an effective ‘adiabatic’ correction
to the rotationless potential, and the non-adiabatic centrifugal
BOB correction [33,34]. Following the convention of Ref. [35] for
the mass-scaling of the BOB terms, and that of Ref. [30] for describing X-doubling, the effective radial Hamiltonian used in the present work is deﬁned by
(
2
2 h
i
b v ;J ðrÞ ¼  h d V ð1Þ ðrÞ þ DV ðaÞ ðrÞ
Hw
ad
2la dr 2 ad
)
½JðJ þ 1Þ  X2 
ðaÞ
K
ðaÞ
½1
þ
g
ðrÞ
þ
sg
ðe=f
Þ
D
V
ðrÞ½JðJ
þ
1Þ
þ
wv ;J ðrÞ
X
X
2l a r 2
¼ Ev ;J wv ;J ðrÞ:
ð1Þ
V ad ðrÞ

Here,
is the effective adiabatic potential for the selected
ðaÞ
reference isotopologue (labelled a = 1), and DV ad ðrÞ is the difference between the effective adiabatic potentials for isotopologuea and that for the reference species (a = 1), while g(a)(r) is the
non-adiabatic correction to the effective centrifugal potential
term. In addition, sgX(e/f) is a dimensionless numerical factor
which is zero when there is no X-doubling (i.e. for the X 1 Rþ
g state
of Br2), and has numerical values of zero or ±1 for the e- and flevels of states with X – 0 [29,30,36]. For the A3P1u state we select the e-parity levels as the reference states, and hence sgX(e) = 0 and sgX(f) = 1. The potential energy and centrifugal BOB
functions are each written as a sum of terms, one for each of
atoms A and B:

DV ðadaÞ ðrÞ ¼

DM ðAaÞ eA
DM ðaÞ B
S ad ðrÞ þ ðaBÞ e
S ad ðrÞ;
ðaÞ
MA
MB

ð6Þ

ð1Þ

g ðaÞ ðrÞ ¼

ð1Þ
MA e A
M eB
R ðrÞ þ ðBaÞ R
na ðrÞ:
ðaÞ na
MA
MB

ð7Þ
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DMðAaÞ

ðaÞ
MA

ð1Þ
MA

Here,
¼

is the difference between the atomic mass
ðaÞ
and in the reference isotopoof atom A in isotopologue-a MA
ð1Þ
logue MA , and analogous deﬁnitions apply for atom B. The Xdoubling (or K-doubling) radial strength function is then written
as the product [29,30,36]:
2

h
2la r 2

DV ðXaÞ ðrÞ ¼

!2X
fX ðrÞ:

ð8Þ

3.3. Models for the potential energy, Born–Oppenheimer breakdown,
and X-doubling functions
ð1Þ

The X and A state potential energy functions V ad ðrÞ are represented by ‘‘Morse/Long-Range’’ (MLR) functions which have the
form [37,38]:

V MLR ðrÞ ¼ De 1 

uLR ðrÞ bðrÞyp ðr;re Þ
e
uLR ðr e Þ

2

:

ð9Þ

Here, De is the well depth, re is the equilibrium internuclear distance, uLR(r) deﬁnes the attractive long-range tail of the potential,
and uLR(re) is the value of that function at r = re. In the exponent
of Eq. (9),

yp ðr; re Þ 

rp  rpe
rp þ rpe

ð10Þ

is a dimensionless radial variable, with p being a small positive integer (see below). The exponent coefﬁcient function b(r) is deﬁned so
that

lim bðrÞ  b1 ¼ lnf2De =uLR ðre Þg

ð11Þ

r!1

and since yp(r; re) ? 1 as r ? 1, this means that at very large
distances

V MLR ðrÞ ’ D  uLR ðrÞ þ    ;

ð12Þ

where D is the absolute energy at the dissociation limit. In order to
impose the limiting behaviour of Eq. (11), the MLR exponent coefﬁcient function is written as a constrained polynomial:
Nb
X
bðrÞ ¼ bp;q ðrÞ ¼ b1 yp ðr; rref Þ þ 1  yp ðr; r ref Þ
bi  yq ðr; r ref Þi



ð13Þ

in which the two radial variables yp(r; rref) and yq(r; rref) have the
same dimensionless form as yp(r; re) in Eq. (10), except that they
are expressed relative to a different expansion centre, r = rref, and
they are deﬁned in terms of separate (integer) powers, p and q:

r p  r pref
;
r p þ r pref

yq ðr; r ref Þ 

r q  r qref
:
r q þ r qref

Cm
uLR ðrÞ ¼
Dmi ðrÞ m i :
r i
i¼1

1  exp 

b  ðqrÞ c  ðqrÞ2
 pﬃﬃﬃﬃﬃﬃ
mi
mi

)!mi þs
ð16Þ

in which b = 3.30 and c = 0.423, and q is a system-dependent scaling
parameter deﬁned in terms of a ratio of atomic ionization energies
[38,46] that has the value q = 0.912 for a pair of ground-state Br
atoms. Damping function behaviour has not been studied for the
ﬁrst-order quadrupole–quadrupole interaction giving rise to the
m1 = 5 terms, but it is convenient to use Eq. (16) for that case too
as it ensures physically sensible behaviour of the MLR potentials
at very short distances [37,38].
As discussed in Refs. [47,38], the value of p in Eqs. (13) and (14)
must be larger than the difference between the powers of the ﬁrst
and last terms in Eq. (15), p > (mlast  m1), in order to prevent the
long-range behaviour of the exponential term in Eq. (9) from
changing the effective values of one or more of the C mi coefﬁcients
deﬁning the uLR(r) function. However, there is no analogous constraint on the value of q, although experience suggests that the best
choice is usually 3 6 q 6 p. Similarly, the value of rref has no physical signiﬁcance, but setting it at an optimum distance (manually
selected, see below) somewhere between re and the largest interatomic distance sampled by the data used in the analysis (the outer
turning point of the highest observed vibrational level) allows us to
obtain an optimum representation of the data with the smallest
number of ﬁtted bi exponent coefﬁcients.1
Physical arguments regarding the limiting asymptotic values of
the BOB functions of Eqs. (6) and (7) [48] make it appropriate to
write the associated radial strength functions in the same type of
form used for Eq. (13):
A

Nad
X
e
S Aad ðrÞ ¼ e
S A1 ypad ðr; r e Þ þ ½1  ypad ðr; re Þ uAi yqad ðr; re Þi ;

ð17Þ

i¼0
A

Nna
X
e A y ðr; re Þ þ ½1  y ðr; re Þ tA y ðr; r e Þi
e A ðrÞ ¼ R
R
pna
na
1 pna
i qna

ð18Þ

in which all of the radial y-variables have the form of Eq. (10). Since
we choose to set the zero of energy at the energy of separated
ground-state atoms, and neither of the Br atoms is charged, the lime Br
iting asymptotic values of these functions are e
S Br
1 ¼ R 1 ¼ 0, and the
isotope dependence of the well depths is deﬁned by the value of uBr
0
[48,49]. Since our molecule is comprised of two atoms of the same
chemical species (A = B = Br), this leads to the result:

ð14Þ

As indicated by theory [39–44], the long-range potential tail can
be written as a sum of damped inverse-power terms:
last
X

(
Dmi ðrÞ ¼

i¼0

i¼0

yp ðr; rref Þ 

on the interacting atoms overlap signiﬁcantly [38,43,46]. The present work uses the modiﬁed Douketis-type [46] damping functions
for s = 1 introduced in Ref. [38]:

ð15Þ

Since ground-state atomic Br is not in an S state, it has a permanent
quadrupole moment. As a result, the leading term in the long-range
3
potential for both the X 1 Rþ
g and A P1u states is the ﬁrst-order quadrupole–quadrupole interaction energy corresponding to m1 = 5
[39,42], and the next two are the leading second-order dispersion
energy terms for which m2 = 6 and m3 = 8 [39–41,44]. Throughout
most of this work C5, C6, and C8 were ﬁxed at the theoretical values
of Saute et al. [45], although in some of the later ﬁts the C5 coefﬁcient for the A state was treated as a free parameter. Damping functions Dmi ðrÞ were introduced to take account of the weakening of
the dispersion interaction at distances where the electron clouds

dDðeaÞ  DðeaÞ  Deð1Þ ¼

(
aÞ
DM ðBrð1Þ
ðaÞ

MBrð1Þ

þ

aÞ
DM ðBrð2Þ
ðaÞ

MBrð2Þ

)
Br
e
S Br
1  u0 :

ð19Þ

In order to ensure that the effective adiabatic potentials for different isotopologues all have the same limiting long-range behaviour, we would normally set pad = m1 (=5 for Br2) [48]. For the X
state, however, the C5/r5 term is orders of magnitude weaker than
the C6/r6 term over virtually the whole potential well. We therefore
use pad = 6 for the X state, while ﬁxing pad = 5 for the A3P1u state.
There is no physical basis for specifying particular values for qad,
pna, or qna [48], but in practise it is convenient to set qad = pad and
qna = pna, and we ﬁx the latter two at qna = pna = 3. We also adopt
the Watson convention of ﬁxing t Br
0 ¼ 0, since this parameter is expected to be indeterminable from transition energy data alone
1
A good preliminary estimate for rref is often the geometric mean of the inner and
outer turning points of the highest observed level: rref  3.0 Å for the X 1 Rþ
g state and
4.7 Å for the A3P1u state.
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[33,34]. Finally, since we know of no physical constraints on the
limiting asymptotic value or behaviour of the X-doubling radial
strength function, we write it as a simple polynomial in the dimensionless radial variable of Eq. (10):

fX ðrÞ ¼

NX
X
wXi yqX ðr; r e Þi :

ð20Þ

i¼0

Our earlier experience [48] indicated that use of very small values of the integer qX tends to yield X-doubling strength functions
DV ðXaÞ ðrÞ with implausible oscillatory behaviour outside the data region, and so we ﬁx qX = 4.
3.4. Procedures
A particular MLR model, is deﬁned by the terms included in Eq.
(15) for uLR(r) and by the values chosen for p, q, rref and the exponent
polynomial order Nb in Eq. (13), and may be identiﬁed by the label
ref
ðN b Þ. The optimum recommended model is then chosen in orMLRrp;q
der to minimize dd and the number of ﬁtting parameters, together
with the requirement that the resulting potential behave ‘‘sensibly’’
outside the data region, at both large and small r. Because we are
dealing with a non-linear least-squares problem, in order to commence a particular DPF analysis it is necessary to have realistic initial
trial estimates of the MLR parameters De ; r e , and the exponent polynomial expansion coefﬁcients {bi} for each model considered. Fortunately, they are readily obtained by performing a preliminary
empirical analysis using Dunham polynomial expressions for the level energies [50], generating RKR turning points from the resulting
expressions [51,52], and then ﬁtting the resulting turning points to
Eq. (9). This last step was performed using computer program BETAFIT, which is available (with a manual) on the www [53]. In later
stages of an analysis, such ﬁts can be performed on potential function points generated from some earlier DPF run. Since the BOB functions and the X-doubling function are relatively weak, setting the
initial trial values for all of the {ui}, {ti} and {wi} coefﬁcients equal
to zero virtually always yields stable, convergent ﬁts.
In the initial stage of a DPF analysis involving two (or more) electronic states, it is usually initially desirable to consider each state
separately, so that correlations between the effects of parameters
for the different states do not confuse the selection of the optimum
model for each. This can be done readily with program DPOTFIT by
requiring that the energy levels of all states other than the one of
interest be represented by independent term values or band constants. In some cases this approach means that the ﬁts involve a relatively large number of free parameters (more than 5600 when the
A3P1u state of Br2 is represented by term values), and hence they can
be somewhat time consuming (requiring 1 CPU hour per cycle of ﬁt
in the above example), but they are otherwise robust and stable.
When one of the X or A states of Br2 was represented by term values and the other by analytic potential energy, BOB and X-doubling
functions, the quality of ﬁt was not affected signiﬁcantly by the
ðaÞ
inclusion of adiabatic potential-energy BOB functions DV ad ðrÞ. However, when potential functions were used for both states, the quality
of ﬁt improved signiﬁcantly (by 20%!) on allowing the ﬁrst adiabatic
BOB parameter, u0, to be free for one or both states, although there
was no signiﬁcant further improvement when higher-order ui were
also allowed to vary. As is shown by Eq. (19), the value of u0 determines the isotopologue-dependence of the well depth for a given
state. The isotopologue-dependence of the electronic transition eneBr
ergy is therefore given by (since e
S Br
1 ðAÞ ¼ S 1 ðXÞ ¼ 0):

dT ðeaÞ ðA  XÞ  dDðeaÞ ðXÞ  dDðeaÞ ðAÞ;
(
aÞ
aÞ )
DM ðBrð1Þ
DM ðBrð2Þ
 Br
u0 ðAÞ  uBr
¼
þ
0 ðXÞ :
ðaÞ
ðaÞ
MBrð1Þ
M Brð2Þ

ð21Þ
ð22Þ

37

Comparison of results for cases in which one or the other or
Br
both of uBr
0 ðAÞ and u0 ðXÞ were allowed to vary freely showed that
while the ﬁtted values of these parameters varied signiﬁcantly
from case to case (sometimes even changing sign), the value of
Br
the difference uBr
0 ðAÞ—u0 ðXÞ was model-independent (within the
uncertainties). We therefore conclude that the present analysis is
able to determine the electronic isotope shift dT eðaÞ ðA—XÞ, but that
the isotope-dependence of the individual well depths is less well
deﬁned. This conclusion was found to hold independent of what
models were used for the potentials, for the non-adiabatic (centrifugal) BOB functions, or for the X-doubling radial strength functions, and our ﬁnal recommended value for dT ðeaÞ ðA—XÞ is
presented in Section 4.
When the energy levels of the A state were treated as independent term values, the quality of ﬁt showed no signiﬁcant improvement when one or more of the non-adiabatic centrifugal BOB
parameters ti for the X state was allowed to vary, and the resulting
values of ti always had uncertainties greater than 100%. We therefore conclude that the available data for the X state of Br2 are not
able to discern a non-adiabatic centrifugal BOB correction function.
For the A3P1u state, however, the situation is quite different, as
both the centrifugal BOB correction and the X-doubling splittings
have substantial effects on the predicted transition energies.

4. Results
Our challenge now is to determine the optimum form and polynomial order for the functions used to represent the exponent coefﬁcients of the two MLR potentials, and for the A-state centrifugal
BOB and X-doubling radial strength functions. Because ﬁts in
which one state or the other was represented by term values were
relatively time consuming, we began with a cyclic approach of, in
turn, optimizing the ﬁt with regard to the parameters deﬁning
one of these states while holding the model for the other ﬁxed,
and then repeating the procedure for the other. However, in the
end, all parameters for both states were ﬁtted simultaneously.
The long-range tails uLR(r) of all of the models used for both
electronic states were three-term versions of the damped inverse-power sums of Eqs. (15) and (16) in which mi = 5, 6 and 8,
and except where stated otherwise, the inverse-power coefﬁcients
C5, C6, and C8 were held ﬁxed at the theoretical values of Saute et al.
[45]. In view of the discussion of Section 3.3, this means that the
integer p deﬁning the dimensionless radial variables yp(r; re) and
yp(r; rref) must be set to be p > (mlast  m1) = (8  5) = 3. Further,
since the leading contribution associated with the long-range
behaviour of the exponential term in the MLR form of Eq. (9) is a
term with the inverse power mi = m1 + p, and the power associated
with the third dispersion energy term in the theoretically predicted
long-range potential is m4 = 10 [47], this exponent-variable power
was ﬁxed at p = 5 for all of the cases considered below.
In general, the quality of ﬁt improves with increases in the order
Nb of the polynomial deﬁning the potential function exponent coefﬁcient b(r) of Eq. (13). However, it tends to converge at different
rates for different values of the radial-variable expansion centre
rref, and for different values of the power q deﬁning the second
dimensionless radial expansion variable, yq(r; rref). All else being
equal, for larger values of q, larger values of Nb tend to be required
to achieve a given quality of ﬁt. However, for small values of q, the
extrapolation properties of the potential are sometimes poor (see
below). Performing ﬁts to a variety of different models for the X
state of Br2 yielded the results shown in Fig. 5, and analogous results for the A state are shown in Fig. 6. In both, the predicted
improvement in the quality-of-ﬁt parameter dd with increasing
Nb for given values of q and rref is easily seen, and as expected,
the range of rref values that yields a ‘‘good’’ ﬁt (i.e., minimum values
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Fig. 5. Variation of the quality of ﬁt dd with the radial variable expansion centre rref
for a number of different MLR models for the X 1 Rþ
g state of Br2. The labels for the
various cases are Np,q, where N  Nb.

of dd) increases with Nb. However, there are clearly still a number
of different {q, rref, Nb} combinations that will give a ‘good’ ﬁt for
either state.
An important test of the validity of a given ﬁtted potential is
whether it behaves well in the extrapolation region between the
outer turning point of the highest observed level and the asymptotic limit where r ? 1. This is a particularly relevant question
for the X 1 Rþ
g state, since the highest observed vibrational level
(v00 = 76) is bound by 129 cm1 and has an outer turning point of
only 4.63 Å. While our long-range potential for the this state consists of three inverse-power terms with mi = 5, 6 and 8, the C5 coefﬁcient is very small (and repulsive), and so the long-range tail
uLR(r) consists mainly of inverse-power terms corresponding to
mi = 6 and 8. As a result, in the extrapolation region, a plot of
1.20

2
6
C eff
6 ðrÞ  r ½D  VðrÞ vs. 1/r should approach an r ? 1 intercept
of C theory
with a limiting slope of C theory
. Fig. 7 shows plots of this
6
8
type associated with the optimum rref values for a number of the
families (cases with the same Nb and q) of models considered in
Fig. 5. It is immediately clear that outside the data region, all of
the potential function models for which q = 4 or 5 behave unphysically by showing implausible extrema, while those with q = 6 and
7 smoothly approach the limiting slope from above, which is the
behaviour one would wish for, since the ﬁrst theoretically-predicted long-range term omitted from our uLR(r) model for the
long-range potential is the attractive C10/r10 term. While the
113:10
5;7 model is also very good in this regard, its lack of positive limiting curvature away from the C8 slope leads us to prefer the best
q = 6 model. The fact that all of the curves for the ﬁtted potentials
in Fig. 7 dip below the dotted line for the nominal limiting slope at
the 1/r2 ? 0 intercept merely reﬂects the presence of the very
weak C5 term in the long-range tails of those potentials. On the basis of the results summarized in Figs. 5 and 7 we therefore conclude that our recommended model for the X 1 Rþ
g state of Br2 is
an MLR potential with p = 5, q = 6, rref = 3.12 Å, and Nb = 11. The
values of the parameters deﬁning this potential are listed in
Table 2.
For the A3P1u state of Br2, the highest observed vibrational level
is bound by less than 2 cm1 and has an outer turning point of
approximately 9.2 Å. On an inverse-r scale this is relatively close
to the limit r ? 1. Since the leading long-range terms for this state
correspond to mi = 5 and 6, and the C5 coefﬁcient is not very small
(as it is for the X 1 Rþ
g state), this means that the appropriate long5
range extrapolation test would be a plot of C eff
5  r ½D  VðrÞ vs.
1/r, which should have an 1/r ? 0 intercept of C theory
and a limiting
5
. Fig. 8 shows plots of this type for models associated
slope of C theory
6
with the optimum-rref values for a number of the cases considered
in Fig. 6. It is immediately clear that all of these models behave sensibly in the long-range extrapolation region. We are therefore free
to choose our recommended potential function model for the
A3P1u state so as to satisfy the objectives of minimizing the
number of empirical potential function expansion parameters
(i.e., minimizing Nb), and optimizing the quality of ﬁt (i.e., minimizing dd). This leads us to recommend an MLR potential with p = 5,
q = 4 and Nb = 13 for representing the A3P1u state of Br2.
Our remaining challenge is to determine optimum models for
e Br ðrÞ and
representing the centrifugal BOB correction function R
na
the X-doubling radial strength function fX(r) for the A3P1u state

1500000
115,63.12

95,63.30

95,53.40

slope= C8theory

125,53.10

125,63.10

1.10

dd

115,73.10

1000000
1.00

115,53.40

→
0.90

3.0

3.5

4.0

4.5

Fig. 6. Variation of the quality of ﬁt dd with the radial variable expansion centre rref
for a number of different MLR models for the A3P1u state of Br2. The labels for the
various cases are Np,q, where N  Nb.

data region
115,43.50

500000
0

0.02

0.04

0.06

0.08

Fig. 7. Test of the long-range extrapolation behaviour of a number of ﬁtted MLR
r ref
models for the X 1 Rþ
g state of Br2 The labels for the various cases are N p;q , where N 
Nb.
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Table 2
ref
ðN b Þ for the A3P1u and X 1 Rþ
Parameters of the recommended models MLRrp;q
g states of
Br2, with energies in cm1 and lengths in Å. Note that all bi ; t Br
and wXi are
i
dimensionless. Numbers in parentheses are 95% conﬁdence limit uncertainties in the
last digits shown. Uncertainties are omitted for parameters lacking direct physical
signiﬁcance. This description uses 79,79Br2 as the reference isotopologue, and the ‘e’
levels as the reference energies for the X-doubling in the A state.
Form

3:30
A3P1u state MLR5;4
ð13Þ

3:12
X 1 Rþ
g state MLR 5;6 ð11Þ

Te
De
re

13909.011 (12)
2147.864 (9)
2.70432 (3)
0.912
3.2  104
6.37  105
1.55  107
{5, 4}
3.30
1.1554706
0.596137
3.17462
3.53635
10.62466
14.4571
43.384
48.091
150.574
68.57
329.7
52.9
306.4
181.0
{5, 5}
0.050 (46)

0.0
16056.875 (2)
2.2810272 (7)
0.912
3.3  102
6.274  105
1.55  107
{5, 6}
3.12
1.04182773
0.861027
1.243753
0.166
1.48547
1.9263
0.5519
3.808
2.973
1.523
3.380
1.430
–
–
{6, 6}
0.371 (42)

{3, 3}
0.0

–
–

tBr
1

0.00113

–

tBr
2

0.02945

–

0.1809

–

qAB
C5
C6
C8
{p, q}
rref
b0
b1
b2
b3
b4
b5
b6
b7
b8
b9
b10
b11
b12
b13
{pad, qad}
uBr
0
{pna, qna}
tBr
0

tBr
3
tBr
4

0.571

–

tBr
5

8.22

–

tBr
6

29.34

–

tBr
7

49.9

–

tBr
8

41.9

–

tBr
9

14.

–

wX
0

0.00391

–

wX
1

0.0126

–

wX
2

0.035

–

wX

0.318

–

3

of Br2. These two properties are treated together because both
make J(J + 1)-dependent contributions to the level energies (see
Eq. (5)), and hence might be expected to be highly correlated.
Fig. 9 shows how the quality of ﬁt varies with the number
(NX + 1) of terms used to represent fX(r) in Eq. (20) when various
choices are made for the order of polynomial Nna used to represent
e A ðrÞ of Eq. (18). It is immedithe centrifugal BOB radial function R
na
ately clear that convergence with respect to the order of the Xdoubling polynomial occurs at NX = 3, independent of the value
of Nna. Moreover, Fig. 10 shows that the resulting X-doubling radial strength function is well-behaved and model-independent.
Note that the conventional ‘‘band constant’’ parameters used to describe X-doubling as a function of v, commonly represented as qv,
may be generated as the radial expectation values of DVX(r) for different vibrational levels.
Unfortunately, Figs. 9 and 11 show that convergence with respect to the order of the centrifugal BOB strength function polynomial order is not as rapid as was the case for the X-doubling radial
strength function. Moreover, Fig. 12 shows that the centrifugal BOB
radial strength function determined in this way is not so well-deﬁned and model-independent as was the case for the X-doubling
radial strength function seen in Fig. 10. Nonetheless, all of the functions shown in Fig. 12 have the same basic shape: a minimum near
re, a broad maximum around 4–7 Å and gradual fall-off at larger
distances, and those for Nna = 9 and 10 are indistinguishable. Moreover, since it is the radial expectation value of this (very weak)
function, weighted by the square of the vibrational wavefunction,
that affects the actual level energies, the small oscillations and
model-dependence seen in Fig. 12 are not too troubling. In any
case, we select the Nna = 9 function as our recommended model
for the centrifugal BOB radial strength function.
The parameters deﬁning our ﬁnal recommended models for the
3
X 1 Rþ
g and A P1u states of Br2 are summarized in Table 2. For the
16 914 data for three isotopologues used in this study, these
parameters yield a quality of ﬁt corresponding to dd ¼ 0:899. The
ﬁnal ﬁtted parameters shown in Table 2 were rounded off using
the sequential rounding and reﬁtting procedure of Ref. [54] that

1.4

10
1.3

9
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8
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0.20

Fig. 8. Test of the long-range extrapolation behaviour of a number of ﬁtted MLR
ref
models for the A3P1u state of Br2 The labels for the various cases are N rp;q
, where
N  Nb.
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Fig. 9. Test of convergence of the ﬁts as a function of NX for different choices of the
order Nna of the polynomial function used to represent the centrifugal BOB
correction function.
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Fig. 10. DVX(r) functions yielded by ﬁts to eight different models for the centrifugal
BOB and X-doubling radial strength functions.

1.5

2.0

2.5

3.0

3.5

4.0

Fig. 13. Uncertainties in the ﬁnal A- and X-state potential energy functions implied
by the 95% conﬁdence limit uncertainties in the potential function parameters
yielded by the ﬁt.
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Fig. 11. Test of convergence of the ﬁts as a function of Nna for different choices of
the order NX of the polynomial function used to represent the X-doubling radial
strength function.

0.00010

minimizes the number of signiﬁcant digits required to represent
the parameters determined by a ﬁt without reducing the precision
with which they represent the data. Uncertainties are not listed for
parameters other than De and re because, as is the case for higherorder Dunham coefﬁcients in a conventional parameter-ﬁt analysis, the individual parameters have no particular physical signiﬁcance, so their uncertainties offers no insight. However, these
parameters collectively provide a very accurate delineation of the
two potential energy functions. Moreover, when those parameter
uncertainties are combined with the correlation matrix from the
ﬁt, it is a straightforward matter to calculate the uncertainties in
the resulting potential functions at any given distance (see Eq.
(7) of Ref. [54]). Fig. 13 presents plot of the 95% conﬁdence limit
uncertainties in our recommended X and A-state potential energy
functions generated in this way. A FORTRAN subroutine for generating the recommended potentials, together with lists of the band
constants {Gv, Bv, Dv, . . .}, and (for the A3P1u state) qv, for all bound
levels of all three isotopologues, have been submitted to the Journal’s online Supplementary data archive.
As discussed at the end of Section 3, we believe that the present
analysis can determine the isotopologue-dependence of the A–X
electronic transition energy more reliably than it can the isotopologue-dependence of the individual potential energy well depths
De of the two states. To justify this conclusion, Table 3 presents results obtained from ﬁts to our ﬁnal model in which either none, or
one, or both of the leading adiabatic BOB parameters u0(X) and
u0(A) was allowed to vary. The values of the quality-of-ﬁt parameter dd clearly indicate that at least one of these parameters can be
determined from the data, and there is a small (1%) preference for
1 þ
that being the uBr
0 value for the X Rg state. We choose the case in

0.00005
Table 3
Test of the BOB dependence of the well-depth and electronic transition energy
isotopomer shifts: d(P)  P(81,81Br2)–P (79,79Br2). dDe ; dT e and u0(X/A) are all in cm1,
while dd is dimensionless.

0.00000
data region

2

4

6

8

10

Fig. 12. Effective centrifugal BOB correction functions yielded by a optimized ﬁts to
a range of models.

a

u0(X)

u0(A)

dd

dDe X 1 Rþ
g

dDe ðA3 P1u Þ

dTe(A–
X)

0.0a
0.0a
+0.326 (7)
+0.372 (42)

0.0a.
0.356 (8)
0.0a
+0.052 (48)

1.10941
0.90615
0.89874
0.89862

0.0
0.0
0.016
0.018

0.0
0.018
0.0
0.003

0.0
0.018
0.016
0.016

Value ﬁxed at zero in the ﬁt.
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Table 4
Isotopologue-dependence of well depths and the electronic transition energy for the
1
. Numbers in parentheses are 95%
A3P1u and X 1 Rþ
g states of Br2, all in units of cm
conﬁdence limit uncertainties in the last digits shown.
Isotopologue

De X 1 Rþ
g

De ðA3 P1u Þ

Te(A–X)

79,79

16056.875 (2)
16056.866 (2)
16056.857 (2)

2147.864 (9)
2147.863 (9)
2147.862 (9)

13909.011 (12)
13909.003 (12)
13908.995 (12)

Br2
Br2
Br2

79,81
81,81

which both u0 values are allowed to vary as our recommended
model because it provides more realistic estimates of the uncertainties. However, the fact that the electronic isotope shift is virtually the same for all of the last three cases considered in Table 3
gives us conﬁdence regarding its physical signiﬁcance. Note that
it has the same sign and magnitude as the B–X electronic isotope
shift reported by Booth et al. (0.0129 (20) cm1) [55].
Table 4 lists the values of the well depths and electronic
transition energy for the three isotopologues implied by the
recommended parameter sets of Table 2. Note that to generate a
potential for one of the ‘minor isotopologues’ (79,81Br2 or 81,81Br2)
one should not replace the De value in Table 2 by the associated
value from Table 4, but rather one should add the appropriate adiðaÞ
abatic correction function DV ad of Eq. (6) to the potential for the
reference isotopologue 79,79Br2. Since the radial strength
function
 Br
e
S Br
ad for each state has only a single non-zero term u0 , this correction function is quite simple. For standard Franck–Condon factor
and matrix element calculations, sample potential function input
ﬁles for use in the standard program LEVEL can be found in the Journal’s online Supplementary data archive.
5. Discussion
In many of the studies of the Bð3 P0þu Þ-state halogens, it became
commonplace to use near-dissociation theory analyses [56–59] to
obtain optimal estimates of the distance from the highest observed
level to dissociation, of the number and energies of ‘missing’ levels,
and of the leading long-range potential energy coefﬁcient, C5. However, the distance at which the C5/r5 term becomes the dominant
contribution to the long-range potential is almost an order of magnitude larger for the A3P1u states [45,60], and so it is relatively
much more difﬁcult to determine values of their C5 long-range

coefﬁcient from experimental data. Although most of the analyses
reported herein were performed with all of the C mi coefﬁcients
held ﬁxed at the values of Saute et al. [45], we also ran a couple
of series of ﬁts in which C5(A) was also treated as a free parameter.
While the overall quality of ﬁt improved slightly and the irregularity in the variation of dd with rref was somewhat reduced (c.f.,
Fig. 6), the model-dependence of the ﬁtted C5 values was sufﬁciently large that it was clear that no reliable empirical estimate
of this C5 coefﬁcient may be obtained in this way.
The best previous estimate of the dissociation energy of Br2 was
that which Gerstenkorn and Luc obtained in 1989 [61] based on
16 914 Fourier Transform data for the B3 P0þ u —X 1 Rþ
g system of
79,79
Br2 extending to v(B) = 53, which is bound by only 5.3 cm1
[18]. They generated RKR turning points from Dunham Gv and Bv
polynomials obtained from ﬁts in which the ﬁrst four centrifugal
distortion constants were constrained to quantum-mechanical values calculated from the RKR potential in a self-consistent manner. A
ﬁt of their outermost RKR turning points to a simple (undamped)
inverse-power sum then yielded values of D, C5, C6, C8 and C10 for
the B-state. On combining their D value with the accurately-known
atomic spin–orbit splitting energy [62] and their value for the
ground-state zero-point energy [61], we obtain De ðXÞ ¼
16056:925 ð10Þ and D0 ðXÞ ¼ 15894:545 ð10Þ cm1. These values
are 0.050 cm1 larger than those yielded by the present analysis:
De ðXÞ ¼ 16056:875 ð2Þ and D0 ðXÞ ¼ 15894:495 ð2Þ cm1. However, the fact that the binding energy of the highest observed level
of the A state (1.90 cm1) is more than a factor of two smaller than
that for the B state gives us conﬁdence in preferring the present
results.
The lowest level of the A3P1u state used in the present analysis
is the v(A) = 2 level observed in the present work [63]. However, a
number of years ago Hwang et al. [15] reported the determination
of T0(A) values with estimated relative uncertainties of 0.05 cm1
and an absolute uncertainty of 0.3 cm1 for the three isotopologues
A transitions in a free jet expansion. The
of Br2 from a study of b
reason for our neglect of their v(A) = 0 observations was that we
found them to be incompatible with any reasonable extrapolation
from the present work. In particular when synthetic 0–0 band X–A
transitions for 79,79Br2 generated from the parameters reported in
Ref. [15] and the ground-state constants of Gerstenkorn et al.
[18] were included in our analysis, they were found to be consistently 0.5 cm1 larger than predictions yielded by the ﬁt. However,
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Fig. 14. Values of Bv 0 (left-hand panel), and ﬁrst differences DBv 0  Bv 0 þ1  Bv 0 (right-hand panel) between inertial rotational constants for the A3P1u state. The dotted blue
curve shows results from the present ﬁt to Eq. (1) and the solid black points come from the 1972 results of Coxon [8], while the (superimposed) solid red and broken green
curves pass through values generated from potential-ﬁt analyses that, respectively, did and did not allow for the centrifugal BOB correction. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 15. Comparison of ‘‘parameter-ﬁt’’ values of the band constants for the A3P1u state of 79,79Br2, all in cm1 (blue or black points, with error bars or boxes indicating
uncertainties), with values generated from the recommended MLR potential (red curves). ‘Neg.’ and ‘Pos.’ mean that the values are negative and positive, respectively.
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this difference is only slightly larger than the estimated absolute
uncertainty of Ref. [15].
The original ‘‘parameter-ﬁt’’ analysis of Boone [16] reported
what appear to be an anomalous ﬂuctuation in the v-dependence
of the ﬁrst differences DBv  Bv+1  Bv between the values of the
leading rotational constants for the A3P1u state [16]. This behaviour is shown in the right-hand panel of Fig. 14, and the leading
centrifugal distortion constants showed analogous behaviour.
Since that behaviour was ﬁrst discerned in a ‘‘parameter-ﬁt’’
analysis, we were initially concerned that it might reﬂect nonmechanical perturbative effects. However, we found that it was
fully accounted for by the analytic potential energy functions
yielded by our DPF analysis, with the resulting potential curve(s)
showing no anomalous behaviour in this region. We therefore
conclude that this apparently anomalous behaviour of DBv
merely reﬂects some minor change in the shape of the A-state
potential in this region. For the record, Fig. 15 compares values
of the band constants for the A3P1u state obtained from a conventional ‘‘parameter ﬁt’’ analysis using Eq. (1) with those generated from the present MLR potential. Note that the potential-ﬁt
values of the X-doubling parameter qv 0 ðPotÞ shown here were
fag
calculated as expectation values of the function DV X ðrÞ of
Eq. (8).
Finally, Fig. 16 shows the MLR potential curves for the A3 P1u
(solid black curves) and X 1 Rþ
g (red curves) states yielded by our
DPF analysis, together with an RKR potential for the A0 3P2u state
computed by Sur and Tellinghuisen [64] and Van Marter et al.
[65] (blue curves). It is clear that the outer walls of these three
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Fig. 16. The present MLR potentials for the A3P1u and X 1 Rþ
g states of Br2, together
with the potential curve for the A0 3 P2u -state reported by Sur and Tellinghuisen [64]
and Van Marter et al. [65]. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

potentials tend to merge at internuclear distances J 4 Å and less
than 300 cm1 from the dissociation limit. The outer turning points
of vibrational levels v0 (A) J 20 lie in this region. The A3P1u state of
a halogen dimer is able to be perturbed by the A0 3P2u and the
B3 P0þu states through a type of spin–orbit interaction, as reported
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by Ishiwata et al. in their analysis of the A3P1u state of Cl2 [66]. The
combination of this coupling with an accidental vibrational degeneracy may be the source of the strong perturbations that made the
data for a(A) = 27 sufﬁciently irregular that they could not be used
in our analysis.
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