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We report new measurements of the hyperfine spectra of B ← X transitions in the wavelength range 500–517
nm. Four effective hyperfine parameters, eqQB , CB , dB , and dB , are determined for an extensive number of
rovibrational levels spanning the intermediate region 42 < v8 < 70 in the electronically excited B0u

1(3Pu)
state. Second-order perturbation accounts for most of the observed rovibrational dependence of the hyperfine
interactions. In addition, it was found that, near vibrational levels v8 5 57–60, the 1g(1Pg) electronic state
strongly perturbs the B state through rotational coincidence, leading to effects such as abnormal variations in
the hyperfine parameters and strong u –g mixing recorded for the transition P(84) 60–0. Various perturba-
tion effects in the B state identified so far are summarized. Also, the radial dependence of the hyperfine in-
teractions was examined by removal of the vibrational average in the hyperfine parameters. © 2004 Optical
Society of America

OCIS codes: 020.2930, 300.6390, 300.6460, 300.6190.
1. INTRODUCTION
High-precision measurement of hyperfine interactions in
the 127I2 molecule over an extended range of rovibrational
levels is valuable both for studying the molecular elec-
tronic structure and applying its rich spectrum to laser
frequency stabilization. Because of the nonzero spin of
the iodine nucleus, the electromagnetic interaction be-
tween the nuclear and surrounding charge distributions
results in additional energy and subsequently in a hyper-
fine structure, forming the finest energy scale in the mol-
ecule. This seemingly weak effect has a subtle but no-
ticeable influence on molecular structure. For instance,
in the excited electronic state, B0u

1(3Pu), the lifetime
variation over the hyperfine levels that belong to a single
rovibrational level is a consequence of the state’s predis-
sociation to the B91u(1Pu) state through magnetic hyper-
fine coupling.1,2 Another example of this effect is the
hyperfine-induced u –g mixing of the B0u

1(3Pu) and
1g(1Pg) states that dramatically modifies the hyperfine
structure at vibrational levels 76–78 in the B state.3,4

Considering the broad scope within which the hyperfine
effect operates, it is of great interest to examine the evo-
lution of this effect with the progression of the vibrational
levels toward the dissociation limit or, equivalently, with
the stretch of the molecular bond from its equilibrium
length to large internuclear separations, where a
separated-atom model represents a good approximation
to the molecular electronic wave function.

Hyperfine structures in the X0g
1(1Sg

1) and B0u
1(3Pu)

states have received extensive investigation through the
prominent B ← X transition manifold in the visible and
near-IR regions. By use of sub-Doppler detection
schemes such as saturated-absorption spectroscopy and
supersonic molecular beams, hyperfine spectra of B
← X transitions were measured for a large number of
rovibrational levels with a precision that reached the ki-
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lohertz level for each hyperfine component. Broyer et al.
developed an effective Hamiltonian to describe the hyper-
fine interaction that can couple different electronic
states.5 Derived from this Hamiltonian are effective hy-
perfine parameters that characterize hyperfine coupling
strength. Among those parameters, electric quadrupole
(eqQ), spin–rotation (C), tensorial spin–spin (d), and sca-
lar spin–spin (d) represent the four dominant parameters
that have been widely used to analyze experimental spec-
tra.

For the B state in 127I2 , perturbations from other elec-
tronic states can contribute significantly to various terms
in the hyperfine Hamiltonian. Located above the B state
on the molecular energy scale are a total of nine weakly
bounded electronic states (0g

1, 0g
2, 0u

2, two 1g , two 1u ,
2g , and 2u),6–8 which share the same 2P3/2 1 2P1/2 disso-
ciation limit with the B state. Furthermore, rovibra-
tional levels in the B state are not far removed in energy
from this cluster of states. As a result, these electronic
states perturb the B state to various degrees through hy-
perfine coupling. Indeed, this qualitative estimate of the
perturbation strength is confirmed by the observed global
trend of a monotonic increase of the magnitude of the ef-
fective hyperfine parameters CB , dB , and dB along with
the ascending vibrational level, a trend especially re-
markable for those levels approaching the dissociation
limit.9–12 More quantitatively, for levels with vibration
quantum numbers v8 < 43 the four-term effective Hamil-
tonian describes satisfactorily the hyperfine spectra with
small residual errors ranging from a few tens to several
kilohertz or even less,13 indicating that in this region
second-order perturbation is sufficient to account for the
contributions from states other than the B state.

Moreover, hyperfine interaction in the region 71 < v8
< 82 has been systematically investigated by Pique
et al.3,4,14 In addition to the second-order effect, strong
2004 Optical Society of America
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hyperfine perturbation from the 1g(1Pg) state was found
at levels v8 5 76, 77, 78 owing to small energy differences
and large Franck–Condon overlaps between the rovibra-
tional levels in the B and 1g(1Pg) states. In particular,
to deal with the strong perturbations at v8 5 77 and v8
5 78 requires that basis functions of the 1g(1Pg) state be
included in the construction of the matrix that represents
the effective Hamiltonian for the B state: A direct diago-
nalization of this new matrix gives the correct hyperfine
spectrum. The resultant strong u –g mixing was directly
confirmed by the extra hyperfine lines recorded at the
78–0 bandhead.

Despite the fact that ample data were collected in the
regions summarized above, covering the intermediate lev-
els that spread from v8 5 44 to v8 5 70 will require more
information. This is an important region for study of the
127I2 molecular structure because vibrational wave func-
tions of these levels sample a relatively large range of in-
ternuclear separations. Direct hyperfine-spectrum mea-
surements in this region have been made only for a
limited number of transitions to which access is gained
primarily by isolated laser lines such as 514.5- and
501.7-nm argon-ion laser wavelengths.15–17

Using a widely tunable and high-resolution spectrom-
eter based on a frequency-doubled cw Ti:sapphire laser,
we carried out systematic investigations of the hyperfine
spectra of B ← X transitions in the wavelength range
500–517 nm and determined the detailed rovibrational
dependence of the four effective hyperfine parameters in
the region 42 < v8 < 70. In addition to the usual mono-
tonic trend that results from the second-order effect, we
observed strong perturbations at v8 5 57–60. The
source of this perturbation was confirmed, and its proper-
ties were studied. We also established a systematic de-
pendence of the hyperfine interactions on internuclear
separation R.

Besides these interesting studies of hyperfine struc-
ture, the narrow-linewidth I2 transitions in this wave-
length range also provide excellent cell-based optical fre-
quency references for laser frequency stabilization.
Frequency-doubled Nd:YAG/127I2 at 532 nm has been
proved to be one of the best cell-based optical frequency
standards because of its compact size, reliability, and high
stability (with a fractional frequency instability of ,5
3 10214 at 1 s).18 To reach higher frequency stability it
is useful to explore I2 transitions at wavelengths below
532 nm, where the natural linewidths can decrease at a
faster rate than that for the line strengths. We mea-
sured the systematic variation of the I2 transition line-
widths within the range 532–498 nm; the linewidth de-
creases by ;6 times when the transition wavelength
changes from 532 nm to near the dissociation limit.19,20

The high signal-to-noise ratio for the recovered resonance
information indicates that I2 transitions in the wave-
length range 520–501 nm hold great promise for future
development of optical frequency standards, especially
with the advent of all-solid-state Yb:YAG lasers. One ex-
citing candidate for such development is the 514.67 nm
standard, with a projected instability of ,1 3 10214 at 1
s. The I2-based 532 nm optical standard has been used
to stabilize an entire octave-bandwidth-spanning optical
frequency comb based on a mode-locked Ti:sapphire laser,
thus establishing an optical atomic clock in which the rf
signal is phase-coherently derived from the I2 optical
transition.21

2. EXPERIMENT
A schematic of the experimental setup is depicted in Fig.
1. The system consists of a widely tunable frequency-
doubled Ti:sapphire laser, a cell-based 127I2 spectrometer
for saturated-absorption spectroscopy with the frequency
modulation (FM) technique, and a self-referenced optical
frequency comb22 that makes the absolute-frequency
measurement.

The Ti:sapphire laser is configured in a ring-cavity ge-
ometry with a set of long-wavelength (1-mm) coating mir-
rors and is pumped by a commercial diode-pumped solid-
state laser at 532 nm. Laser intracavity components
include an optical diode to enforce unidirectional opera-
tion, a birefringent filter for coarse wavelength adjust-
ment, and a Brewster plate for fine frequency tuning.
Two solid etalons with thickness of 0.5 and 10 mm are in-
serted into the laser cavity to facilitate single-mode op-
eration. With these intracavity elements and 8 W of
pump power, the output power of the Ti:sapphire laser is
typically approximately 300 mW from 1000 to 1034 nm,
with a moderate power drop at the long-wavelength end.
Most of the laser radiation is sent to the frequency dou-
bler through a pair of mode-matching lenses, and a small
portion of the output power (;15 mW) is used for laser
frequency stabilization.

To probe the narrow resonances of the 127I2 hyperfine
spectra we use a reference cavity with fixed length to sta-
bilize the Ti:sapphire’s laser frequency. The cavity uses
two highly reflective broadband mirrors (99%; a flat and a
concave mirror with R 5 1 m), and its free spectral range
and finesse are approximately 234 MHz and 200, respec-
tively. The Zerodur cavity spacer is suspended inside an
evacuated aluminum chamber that is temperature con-
trolled to within 20 mK. To effectively isolate the cavity
from vibrations of different origins we wrap the alumi-
num chamber with thermal insulation with lead foil in-
terlayers, and three stages of damping structure are cas-
caded between the chamber and the optical table. The
laser is tightly locked to one of the cavity modes by the
Pound–Drever–Hall method by two feedback transduc-
ers: One is a piezoelectric transducer- (PZT-) activated
cavity mirror and the other performs fast frequency cor-
rection with an acousto-optic modulator (AOM 1 in Fig. 1)
located immediately following the output of the Ti:sap-
phire laser cavity. The linewidth of the stabilized Ti:sap-
phire laser has been verified by a heterodyne beat experi-
ment with an independent narrow-linewidth laser to be
less than 8 kHz.

Crucial to this high-resolution spectroscopy is precise
and continuous scanning of the laser frequency over 1
GHz (a typical span of hyperfine spectra for one transi-
tion) without mode hop. The laser frequency, which is
locked to the reference cavity, is scanned by a frequency
synthesizer that drives a double-pass AOM (AOM 2 in
Fig. 1) inserted between the laser and the reference cav-
ity. The feedback signal applied to the PZT is in-
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Fig. 1. Schematic diagram of saturated-absorption spectroscopy in the wavelength range 500–517 nm. A frequency-doubled Ti:sap-
phire laser is stabilized by a reference cavity and scanned by a rf synthesizer. Hyperfine spectra are extracted by the FM sideband
technique. Introducing a self-referenced optical frequency comb into the system significantly simplifies the absolute-frequency calibra-
tion. AOMs, acousto-optic modulators; BF, birefringent filter; BW, Brewster window plate; EOM, electro-optic modulator; OD, optical
diode; PBS, polarization beam splitter; PD, photodiode; SHG, second-harmonic generator; l/4, quarter-wave plate; f, phase delay.
tegrated and supplied to the Brewster plate, providing a
large tuning range that is limited mostly by the rf band-
width of the double-pass AOM. During the course of a
frequency scan, the angle of the thick etalon is controlled
in a feed-forward manner to synchronize the etalon’s
transmission peak with the laser mode. We obtained
continuous tuning in the green over a 1-GHz range, which
we could enlarge greatly by relocking the laser to differ-
ent modes of the reference cavity.

The Ti:sapphire laser is frequency-doubled by an
antireflection-coated KNbO3 crystal (3 mm 3 5 mm
3 3 mm; b cut) inside a bow-tie cavity. The temperature
of the crystal can be varied from 71 to 172 °C to achieve
noncritical phase matching at wavelengths ranging from
498 to 523 nm. At 502 nm, second-harmonic generation
yields roughly 30-mW output power with 190-mW funda-
mental input.

The details of the cell-based 127I2 saturated-absorption
spectroscopy have been described elsewhere.18 Some as-
pects of the system are summarized briefly as follows:
The 127I2 cell was prepared at the Bureau International
des Poids et Mesures, and it has an 8-cm useful length
and Brewster windows at both ends. The 127I2 vapor
pressure is maintained at 3.3 Pa (22.3 °C) by tempera-
ture control of the cold finger of the cell. Whereas for a
majority of the transitions investigated the collimated
pump and probe beams are of ;3-mm diameter and typi-
cal pump powers are 2–4 mW, for some weak transitions
with v8 > 60 the beams are focused and pump powers are
increased to 7–10 mW to compensate for the large satu-
ration intensity. The probe beam has 1-MHz frequency-
modulation sidebands and the pump beam is amplitude
modulated by an in-line AOM.

Hyperfine splittings are measured in a pairwise man-
ner. For each rovibrational transition measured, we
typically select an isolated hyperfine component, roughly
in the middle of the hyperfine spectrum whenever pos-
sible, as a reference line to form a pair with another com-
ponent. The laser, locked to the reference cavity, is
scanned across this pair of hyperfine components. The
direction of the frequency scan is then reversed to take
the laser frequency back to the initial position. For each
scan direction, the corresponding resonance structure is
recorded and a line-shape analysis of the saturation reso-
nance determines the frequency difference between the
two components. The bidirectional average of the fre-
quency difference is then adopted to circumvent the slow
and quasi-linear cavity drift (,20 Hz/s) that dominates in
a short period. This procedure is followed for all hyper-
fine components that are isolated and hence can be well
resolved by the FM sideband technique with a modulation
frequency of 1 MHz.

The performance of the system can be evaluated by
comparisons made at transitions where the hyperfine
splittings obtained from high-precision beat experiments
are available. For example, the frequency scan of the a1
and a3 components at the P(13) 43–0 transition gives a
frequency difference of 131.764(8) MHz, consistent with
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the published value of 131.7701(2) MHz.15 Absolute-
frequency measurement of any desired 127I2 transitions is
facilitated by a self-referenced optical frequency comb
based on a mode-locked femtosecond laser. Various sys-
tem parameters, such as frequency and pressure shift, op-
tical alignment, and residual amplitude modulation,23 are
characterized or optimized with the help of the optical fre-
quency comb.22 Whereas some of the hyperfine compo-
nents have their absolute frequencies measured by the
comb, most of the hyperfine-splitting measurements are
carried out by the cavity based laser scan with its intrin-
sic frequency-calibrated scale coming from the frequency
synthesizer that drives the AOM tuning element.

3. EFFECTIVE HYPERFINE HAMILTONIAN
AND FITTING PROCEDURES
The hyperfine Hamiltonian in a homonuclear diatomic
molecule with two nuclei, labeled a and b, and can be for-
mally written as

Hhf 5 Hhf~a ! 1 Hhf~b ! 1 Hhf~a, b !, (1)

where Hhf(a) @Hhf(b)# and Hhf(a, b) represent the
nucleus–electron and nucleus–nucleus interactions, re-
spectively. The fact that Hhf(a) and Hhf(b) can couple
different electronic states was studied through the intro-
duction of an effective hyperfine Hamiltonian.5 This ef-
fective Hamiltonian acts only on one electronic state but
has its matrix elements modified by second-order pertur-
bation to take into account indirect hyperfine coupling
with external electronic states. The advantage of this
treatment is that, despite their different origins, various
tensorial terms can be incorporated into a small set of ef-
fective hyperfine parameters according to their overall
geometrical dependences evaluated with irreducible ten-
sorial algebra, thereby simplifying the experimental
analysis of hyperfine structure. The effective Hamil-
tonian can be summarized as

Hhf,eff 5 HeQq 1 HSR 1 HTSS 1 HSSS 1 He

1 Hf 1 Hh 1 HhH , (2)

where the four leading terms on the right-hand side rep-
resent major contributions from nuclear electric quadru-
pole, spin–rotation, tensorial spin–spin, and scalar spin–
spin interactions, respectively. The last four terms arise
primarily from second-order contributions not included in
the four major terms and have been examined experimen-
tally only for a few transitions without confirming evi-
dence of their existence.15 The matrix elements of these
terms in electronic state V (either the X or the B state)
can be expressed as

^V, I8J8FuHhf,eff uV, IJF&

5 eqQgeqQ 1 CgSR 1 dgTSS 1 dgSSS 1 ege

1 fgf 1 hgh 1 hHghH , (3)

where the geometrical functions g, which depend on the
usual angular-momentum quantum numbers I, J, and F,
have been derived and were tabulated in Ref. 5. One can
experimentally determine the effective hyperfine param-
eters, i.e., eqQ, C, d, etc., by fitting the effective Hamil-
tonian to the hyperfine spectrum of a rovibrational tran-
sition.

Based on Bordé’s FORTRAN code, a computer program
that performs the nonlinear least-squares fit was devel-
oped to extract the effective hyperfine parameters from
the hyperfine spectrum. We select a rotational basis set
that spans DJ 5 0, 62, 64 to construct the Hamiltonian
matrix with vibrational and rotational constants Ev , Bv ,
Dv , Hv , Lv , and Mv taken from the I2 atlas.24 Although
two neighboring vibrational levels with different J values
can have a nonvanishing Franck–Condon overlap, their
large energy separation ensures that the hyperfine cou-
pling to different vibrational levels inside the B state is
negligible.

A practical issue inherent in the measurement of only
the main lines (transitions with DF 5 DJ) is that the fit
does not permit simultaneous determination of the re-
spective hyperfine parameters for the B and X states.
Without additional information, only the difference be-
tween the hyperfine parameters in the upper and ground
levels can be reliably obtained. To separate the B-state
parameters from the X-state parameters we selectively
excite the transitions with low vibrational level v9 5 0
[transitions P(49) 59–1 and R(45) 60–1 are two excep-
tions] and relate the J dependence of the ground-level pa-
rameters eqQX and CX to that predetermined by interpo-
lation formulas.13,25 The other two major parameters for
the ground state, i.e., the tensorial and scalar spin–spin
parameters dX and dX , are fixed in the fit to the values
1.524 and 3.705 kHz,13 respectively, which are good ap-
proximations for low-lying vibrational levels in the X
ground state.13

4. RESULTS AND DISCUSSION
A. B-State Effective Hyperfine Parameters in the
Region 42 Ï v8 Ï 70
In the wavelength range 500–517 nm we measured hy-
perfine spectra of 79 B ← X rovibrational transitions that
cover a large set of rotational and vibrational quantum
numbers in the B state. These transitions were chosen
to include upper vibrational levels starting at v8
5 42, 43 and thence progressing in increments of 2 to
v8 5 63: For each of these vibrational levels, we mea-
sured four to seven rotational levels that spread roughly
from J8 5 10 to J8 5 100. Above v8 5 63, three vibra-
tional levels, v8 5 65, 69, 70, were accessed, and the rota-
tional levels measured for each vibrational level are re-
stricted to the range J8 5 30–60 owing to the weak
transition moment associated with this region. In addi-
tion to the above data set, six rotational levels at v8
5 60 and two rotational levels at v8 5 50, 58 were also
measured. Most of the hyperfine spectra recorded have
been fitted by the four-term effective Hamiltonian, and
the extracted hyperfine parameters, together with the
corresponding standard deviations, are listed in Table 1.

First, for the transition P(13) 43–0 the four effective
parameters obtained by our measurement are in good
agreement with previous results within the measurement
uncertainties. The standard deviation of the fit is typi-
cally 10–20 kHz for levels below v8 5 55 and is caused
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Table 1. B-State Effective Hyperfine Parameters Derived from the Measurement of 127I2 Rovibrational
Transitions in the Wavelength Range 500–517 nma

Transition eqQB (MHz)b CB (MHz)b dB (MHz)c dB (MHz)c Standard Deviation (kHz)

P(10) 42–0 2557.119(20)d 0.176138(96) 20.08916(86) 20.00520(85) 7.6
P(19) 42–0 2556.988(66) 0.17666(17) 20.0921(43) 20.0016(39) 33
R(30) 42–0 2557.184(44) 0.177751(85) 20.0946(22) 0.0099(33) 22
R(41) 42–0 2557.553(30) 0.179178(24) 20.0929(20) 20.0003(16) 17
R(49) 42–0 2557.612(50) 0.180487(46) 20.0915(25) 0.0051(23) 30
P(13) 43–0 2558.613(18) 0.190361(78) 20.09899(62) 20.00083(56) 10
P(25) 43–0 2558.823(15) 0.191161(39) 20.1009(12) 0.0025(11) 9.4
R(27) 43–0 2558.667(23) 0.191593(38) 20.0988(16) 0.0015(12) 11
P(38) 43–0 2558.565(12) 0.192839(21) 20.10109(69) 20.00001(81) 5.9
R(40) 43–0 2558.604(17) 0.193497(14) 20.10303(86) 0.00034(86) 6.4
R(63) 43–0 2559.456(16) 0.198545(12) 20.10629(90) 0.00234(85) 11
R(21) 45–0 2560.838(13) 0.223669(23) 20.12073(80) 0.00623(57) 7.6
R(52) 45–0 2561.356(22) 0.229843(18) 20.1239(10) 0.0095(15) 10
P(69) 45–0 2561.804(11) 0.2349204(71) 20.12617(80) 0.00739(59) 6.8
P(91) 45–0 2562.546(13) 0.2452897(55) 20.1324(10) 0.00975(82) 7.9
R(31) 47–0 2562.816(27) 0.264762(35) 20.1390(16) 0.0172(12) 12
R(51) 47–0 2563.294(12) 0.270529(10) 20.14741(84) 0.01588(64) 7.0
R(92) 47–0 2564.742(23) 0.293399(10) 20.1598(10) 0.0200(13) 9.4
R(111) 47–0 2565.651(56) 0.310759(29) 20.1626(44) 0.0254(35) 37
P(19) 49–0 2564.6327(72) 0.309250(21) 20.16923(43) 0.02631(31) 4.6
P(41) 49–0 2564.886(26) 0.314896(28) 20.1706(18) 0.0262(13) 16
P(62) 49–0 2565.295(39) 0.324667(25) 20.1794(17) 0.0326(22) 16
R(93) 49–0 2566.485(19) 0.3509271(87) 20.1940(13) 0.0403(10) 11
P(108) 49–0 2567.273(24) 0.3662298(84) 20.1996(10) 0.0427(13) 9.7
R(55) 50–0 2566.0544(80) 0.3504090(55) 20.19199(56) 0.03910(46) 4.7
R(20) 51–0 2566.275(21) 0.366031(35) 20.20074(96) 0.0469(11) 7.1
P(30) 51–0 2566.415(29) 0.368223(40) 20.2005(13) 0.0401(19) 13
P(50) 51–0 2566.763(14) 0.377297(11) 20.20747(63) 0.05024(66) 5.6
P(73) 51–0 2567.132(23) 0.394644(14) 20.2134(16) 0.0552(12) 12
P(90) 51–0 2567.872(28) 0.413339(14) 20.2258(13) 0.0628(19) 13
R(32) 53–0 2567.752(27) 0.437830(32) 20.2383(12) 0.0785(16) 11
R(51) 53–0 2568.171(11) 0.450037(11) 20.24241(82) 0.08388(55) 6.6
P(70) 53–0 2568.623(34) 0.466803(19) 20.2535(15) 0.0937(19) 14
P(89) 53–0 2569.274(40) 0.493524(21) 20.2664(27) 0.1073(19) 21
R(21) 55–0 2568.807(18) 0.513082(32) 20.2718(12) 0.12206(91) 10
P(61) 55–0 2569.444(22) 0.544230(21) 20.2854(16) 0.1444(13) 15
P(83) 55–0 2570.208(27) 0.579914(17) 20.3006(16) 0.1701(13) 15
P(102) 55–0 2571.145(42) 0.626595(27) 20.3212(21) 0.2092(28) 22
P(19) 57–0 2569.534(27) 0.605935(82) 20.3091(19) 0.1993(11) 15
P(33) 57–0 2569.335(44) 0.614577(46) 20.3103(26) 0.2058(20) 23
R(65) 57–0 2571.765(86) 0.660831(90) 20.4260(68) 0.3647(59) 60
R(74) 57–0 2570.210(94) 0.678716(54) 20.3092(44) 0.2500(65) 44
P(80) 57–0 2570.38(12) 0.688579(74) 20.298(14) 0.240(21) 37
R(83) 57–0 2570.632(90) 0.702332(76) 20.311(12) 0.280(11) 46
R(95) 57–0 2570.701(83) 0.741636(48) 20.3270(59) 0.3323(50) 51
P(17) 59–0 2568.58(15) 0.72125(42) 20.290(13) 0.141(11) 73
P(27) 59–0 2573.49(28) 0.71536(54) 20.569(14) 0.382(14) 131
R(28) 59–0 2573.32(48) 0.72088(55) 20.476(24) 0.316(18) 93
P(49) 59–1 2571.695(39) 0.750322(35) 20.4326(26) 0.3335(20) 22
R(81) 59–0 2572.12(11) 0.840592(60) 20.4355(78) 0.4337(59) 65
P(87) 59–0 2572.555(90) 0.856503(46) 20.4360(65) 0.4444(55) 55
P(21) 60–0 2569.937(20) 0.783323(37) 20.3773(13) 0.34612(86) 11
R(34) 60–0 2569.964(45) 0.799015(53) 20.3820(20) 0.3619(30) 21
R(45) 60–1 2570.446(92) 0.816760(82) 20.3800(62) 0.3793(37) 43
R(99) 60–0 2573.28(23) 1.03267(11) 20.499(17) 0.688(14) 121
P(17) 61–0 2569.550(24) 0.850067(59) 20.3944(14) 0.4414(10) 13
R(36) 61–0 2569.603(42) 0.875111(89) 20.4056(19) 0.4638(27) 16

(Table Continued)
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Table 1. Continued

Transition eqQB (MHz)b CB (MHz)b dB (MHz)c dB (MHz)c Standard Deviation (kHz)

P(53) 61–0 2570.037(79) 0.906087(75) 20.4162(42) 0.5154(42) 44
P(83) 61–0 2570.14(14) 1.02283(10) 20.422(10) 0.6224(83) 87
P(23) 63–0 2568.464(78) 1.01785(15) 20.4219(56) 0.6974(44) 46
R(31) 63–0 2568.62(11) 1.03395(15) 20.4281(76) 0.7225(58) 70
P(43) 63–0 2568.854(83) 1.05691(12) 20.4436(43) 0.7560(36) 40
P(52) 63–0 2569.08(11) 1.084930(90) 20.4532(49) 0.7987(73) 51
P(19) 65–0 2566.342(63) 1.21056(14) 20.4648(37) 1.0373(32) 43
P(33) 65–0 2566.504(73) 1.24010(14) 20.4893(33) 1.0966(34) 46
R(43) 65–0 2567.21(11) 1.28195(20) 20.4901(68) 1.1712(49) 57
P(33) 69–0 2558.63(12) 1.85049(22) 20.6800(72) 2.3114(69) 44
P(39) 69–0 2560.05(23) 1.89425(41) 20.696(12) 2.422(10) 119
R(44) 69–0 2561.17(27) 1.96255(38) 20.732(12) 2.5258(96) 76
R(49) 69–0 2559.39(26) 2.02075(33) 20.854(14) 2.559(14) 116
P(53) 69–0 2562.09(50) 2.04973(57) 20.793(28) 2.691(22) 252
P(35) 70–0 2557.32(24) 2.08735(37) 20.809(12) 2.8335(88) 111
R(37) 70–0 2557.47(35) 2.12619(51) 20.867(22) 2.886(14) 173
R(45) 70–0 2558.80(44) 2.22994(62) 20.937(24) 3.045(17) 196

a A four-term effective Hamiltonian is used in the fit. Transitions P(69) 58–0, R(18) 59–0, P(84) 60–0, P(77) 60–0, and P(63) 70–0 are not included
in this table because their upper-level hyperfine spectra are altered considerably by the hyperfine perturbation from a 1g(1Pg) state.

b eqQX and CX are determined by Eqs. (14) and (10), respectively, of Ref. 13 and are held fixed in the fit.
c dX and dX are fixed in the fit to 1.524 and 3.705 kHz,13 respectively.
d Quoted uncertainties (1s) are estimated from the standard deviations of the fits.
primarily by various experimental sources such as back-
ground interference fringes superimposed upon the satu-
ration resonance, residual cavity drift, variations of the
optical power and alignment arising from the frequency
scan, and residual amplitude modulation in the
saturated-absorption spectroscopy.

At rovibrational levels above v8 5 55, transitions
R(65) and R(74) of the 57–0 band and P(17), P(27), and
R(28) of the 59–0 band distinguish themselves from ad-
jacent transitions by large standard deviations that can-
not be explained by the experimental sources mentioned
above. Furthermore, fits for transitions P(69) 58–0,
R(18) 59–0, P(77) 60–0, and P(63) 70–0 produce very
large standard deviations (0.3–1 MHz), and the hyperfine
spectrum of the P(84) 60–0 transition cannot be fitted at
all by the effective hyperfine Hamiltonian. We attribute
this abnormality to the influence of the same 1g(1Pg)
state that strongly perturbs the v8 5 76, 77, 78 vibra-
tional levels close to the dissociation limit. Because of
the strong perturbation, hyperfine spectra at these tran-
sitions cannot be fully described by the effective Hamil-
tonian based on the second-order perturbation; hence
these transitions are not included in Table 1. The source
of this perturbation is confirmed and its specific proper-
ties in the intermediate region that we investigate are
discussed further in Subsection 4.C.

We have also attempted to introduce the last four terms
in Eq. (3). At levels of v8 5 57–65, these four additional
terms do not improve the standard deviations of the fits.
Besides, effective parameters e, f, g, and hH derived from
the new fits all have large uncertainties that are compa-
rable to the fitted values, and contradict the smooth trend
of the second-order contribution by altering their signs
across adjacent rotational levels. Although vibrational
levels with v8 . 65 would be better candidates for testing
these additional terms because of the increasing pertur-
bation, the present large uncertainties associated with
these weak transitions preclude any accurate assessment.
Also, as pointed out in Ref. 5, the total number of hyper-
fine parameters that can be fitted reliably is restricted by
the use of a maximum of 15 or 21 main lines in the hy-
perfine spectrum.

B. Rovibrational Dependence of Hyperfine Parameters
As a Result of the Second-Order Effect
Four hyperfine parameters, eqQB , CB , dB , and dB , all
exhibit systematic rovibrational dependence in the mea-
sured vibrational levels from v8 5 42 to v8 5 70. Fig-
ures 2–4 display variations of these parameters. In the
figures each solid line is a fit of experimental data for J
dependence that belongs to a single vibrational level
v8 (v8 is indicated as a number attached to each line in
the figures). In general, these parameters have mono-
tonic dependence on both rotational and vibrational quan-
tum numbers, except for the levels in the vicinity of v8
5 57–59, where strong perturbation from the 1g(1Pg)
state produces irregularities that superpose upon the
smooth second-order background.

Except for the variation of eqQB at vibrational levels
lower than v8 5 60, the smooth and monotonic trend of
these effective hyperfine parameters is well characterized
by the second-order perturbation. For instance, spin–
rotation parameter CB can be expressed as4,5,11,27

CB~v, J ! 5 CD~v, J ! 2 (
V8

F(
v8

^V0&^V1&

E0u
1vJ 2 EV8v8J

1 E ^V0&^V1&

E0u
1vJ 2 EV8J

r~EV8J!dEV8JG . (4)

First-order contribution CD is less than 0.15 kHz,5 which
is negligible compared with the second-order contribu-
tion. The summation and integration in brackets in Eq.
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(4) together account for the second-order contribution
from both discrete levels (v8, J) and energy continuum
EJ inside each perturbing electronic state V8. In the nu-
merators ^V0& and ^V1& denote gyroscopic and magnetic

Fig. 2. Rovibrational dependence of eqQB . Each solid line is
the linear fit in J8 (J8 1 1) of experimental data that belong to
one vibrational level, v8 (v8 is indicated as a number attached to
each line). Experimental data (squares and open circles) show
abnormal variations near v8 5 57, 59. The vibrational depen-
dence of eqQB reverses its trend after v8 5 60 and overlaps that
of lower v8 levels. Also, in the region v8 5 57–60 several rovi-
brational levels experience strong perturbation from the 1g(1Pg)
state; thus eqQB for these levels are not shown in the figure.

Fig. 3. Semilog plot of rovibrational dependence of CB . Each
solid line, calculated from interpolation function CB(R) [see Fig.
7(b) below], is the J dependence for one vibrational level v8 (v8
is indicated as a number attached to each line). Unlike eqQB ,
dB , and dB , CB does not have abnormal variations near v8
5 57, 59 because the gyroscopic Hamiltonian, which is involved

only in CB , cannot couple the B and 1g(1Pg) states.
dipole couplings, respectively, which can be approximated
as a product of a Franck–Condon integral and a reduced
electronic matrix element with the assumption that the
latter has a weak R dependence.5 The other three effec-
tive parameters can be expressed in the same manner
with different types of hyperfine coupling.4,5

As the B state rovibrational levels (v, J) progress to-
ward the dissociation limit, their overall Franck–Condon
overlaps with the perturbing levels continue to increase
while the corresponding energy denominators decrease,
thereby creating monotonic trends in hyperfine param-
eters, with large slopes near the dissociation limit. More
specifically, in a given vibrational level v, as the rota-
tional quantum number J increases the total number of
discrete vibrational levels inside each perturbing elec-
tronic state drops, whereas the contribution from energy
continuum increases, so the net effect is a smooth varia-
tion of the hyperfine parameters even for large J values.

The systematic data from this study and from the lit-
erature offer a means for a complementary approach to
analyzing the electronic structure of the states converging
to the second dissociation limit, 2P3/2 1 2P1/2 . Previous
calculations4,11,27 of hyperfine parameters can be ex-
tended to low vibrational levels as well as to the rota-
tional dependence at each vibrational level, using the

Fig. 4. Semilog plot of rovibrational dependence of dB and dB .
Note that the vertical scale has been inverted for dB . Each
solid line is the linear fit in J8 (J8 1 1) of experimental data that
belong to one vibrational level, v8 (v8 is indicated as a number
attached to each line). Experimental data (squares and open
circles) show abnormal variations near v8 5 57, 59. In the re-
gion v8 5 57–60 several rovibrational levels experience strong
perturbation from the 1g(1Pg) state; thus hyperfine parameters
for these levels are not shown in the figure.
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available information on the electronic wave functions
and the related potential energy curves (PEC) determined
either by experiment28,29 or by theoretical calculation.8

Several interesting issues can be addressed with the help
of these calculations, such as (1) to what extent the
separated-atom wave functions can be extrapolated to
short internuclear separations, (2) an estimation of the
admixture between those related components in the
separated-atom basis set, and (3) how sensitively the hy-
perfine parameters depend on the choice of PECs.

C. Perturbation from the 1g(1Pg) State
Apart from second-order effect, we observed strong per-
turbation in the intermediate region that spans v8
5 42–70. Hyperfine parameters eqQB , dB , and dB all
exhibit abnormal J dependence for levels v8 5 57, 59,
which are clearly shown in Figs. 2 and 4. Moreover, as
we pointed out in Subsection 4.A, hyperfine spectra of
several transitions have exceptionally large residual er-
rors in the fit or cannot be fitted by the effective hyperfine
Hamiltonian in the region v8 5 57–60.

The nature of this perturbation is analogous to that of
the rotational and vibrational perturbations studied in a
variety of molecules. Among the cluster of electronic
states converging with the B state, the 1g(1Pg) state has
a potential whose outer limb is closest to that of the B
state. Thus it is possible that an approximate energy co-
incidence and a moderate Franck–Condon overlap be-
tween the B and the 1g(1Pg) rovibrational levels arise si-
multaneously as two sets of rovibrational levels progress
respectively inside the B and the 1g(1Pg) states. This
perturbation depends sensitively on the energy differ-
ences among the levels involved and hence cannot be
treated by the effective Hamiltonian based on the second-
order perturbation.

The strong u –g mixing that we recorded at transition
P(84) 60–0 permits a more quantitative analysis. The
hyperfine spectrum of this transition is shown in Fig. 5,
where vertical bars labeled a1 –a15 above the spectrum
are simulated by the four-term effective Hamiltonian
with the hyperfine parameters obtained by interpolation
of the parameters of neighboring rovibrational levels.
This simulation produces the spectrum in the absence of
strong perturbation. As shown in Fig. 5, the a10 compo-
nent does not show up at the position predicted by the
simulation; instead, at least four new components,
namely, b1 –b4 , emerge nearby: Apparently the a10 up-
per level is strongly perturbed by hyperfine levels of a
perturbing electronic state and the mixed levels appear as
b1 and b3 , with the crossover b2 sitting in the middle.

The a10 upper level (F 5 87, J 5 83, and I 5 4) is iso-
lated from other hyperfine levels inside the B state be-
cause it is coupled to only two hyperfine levels with large
energy separations (;111 GHz). However, such is not
necessarily true for the perturbing electronic state: Cal-
culation that uses the B and 1g(1Pg) empirical PECs28,29

shows that the perturbing levels could be the two hyper-
fine levels (resulting from linear combinations of I8
5 3, 5) at rovibrational level (v8 5 15, J8 5 84) inside
the 1g(1Pg) state. Nevertheless, judging from the rela-
tively large strength of the b1 and b3 components, an ef-
fective two-level model, characterized by a energy differ-
Fig. 5. Strong u –g perturbation observed at transition P(84) 60–0. (a) The whole spectrum; the part of interest (700–920 MHz) is
expanded and replotted in (b), where b1 –b4 arise from u –g mixing between the B and the 1g(1Pg) states and b2 is the crossover of b1
and b3 . In (a) c7 –c15 are identified as lines of a neighboring transition R(30) 64–1, and d1 , left of a14 , belongs to another transition,
P(81) 59–0. The vertical bars labeled a1 –a15 indicate roughly the hyperfine spectrum that the P(84) 60–0 transition would assume if
there were no such strong perturbation from the 1g(1Pg) state. Note that the 1g(1Pg) state is also designated 1g8 or c1g in the literature.
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Fig. 6. Vibrational dependence of the B-state hyperfine parameters eqQB , CB , dB , and dB . Note that a semilog plot is used for CB ,
dB , and dB . The steep trend near the dissociation energy is due to the perturbations from the electronic states converging with the B
state to the second dissociation limit: 2P3/2 1 2P1/2 . See text for details.
ence DE and an interacting matrix element H12 , is
adequate for estimating the hyperfine-coupling strength
between the B and the 1g(1Pg) states. Accordingly, the
two mixed states can be written as

u1& 5 auB,vJIF& 1 bu1g ,v8J8«8F&,

u2& 5 2buB,vJIF& 1 au1g ,v8J8«8F&, (5)

where «8 labels the nuclear spin wave function of the per-
turbing level. Simple calculation that uses the frequency
differences among b1 , b3 , and simulated a10 gives the en-
ergy difference DE 5 39 MHz, hyperfine coupling H12
5 54 MHz, and mixing parameters a 5 0.82 and b
5 0.57. With the same PECs of the B and 1g(1Pg)
states we calculated the Franck–Condon overlap u^v8uv&u
to be 0.1 and then estimated the electronic matrix ele-
ment for the hyperfine coupling as u^B0u

1uHhfu1g(1Pg)&u
5 540 MHz.

Electronic states other than the 1g(1Pg) state are un-
likely to produce such strong perturbation because the as-
sociated Franck–Condon overlaps for levels at which the
energy coincidence could happen are at least 2 orders of
magnitude smaller. Even if the perturbation from such a
state can shift a particular hyperfine level on the kilo-
hertz level, it cannot produce a noticeable influence on the
whole hyperfine structure at a certain rovibrational level
in this intermediate region because the strict energy
equality needed can be satisfied only for a small number
of hyperfine levels.

In this intermediate region, owing to the relatively
large differences in the vibrational and rotational con-
stants and the moderate Franck–Condon overlap be-
tween the 1g(1Pg) and the B states, these resonances
each span only a small range of rotational levels, a prop-
erty that is clearly identified in Figs. 2 and 4. These ab-
normal variations directly confirm the previously ob-
served u –g mixing between the 1g(1Pg) and the B states
at rotational levels centered on J8 5 22 at v8 5 59
through the optical–optical double-resonance experiment
in which the high-lying ion-pair states with u symmetry
were accessed.29

D. Vibrational Dependence of Hyperfine Parameters in
the B State
Combining the data from the study reported here and
from the literature4,13,15,25,30–39 has facilitated investiga-
tions of the hyperfine spectra that now cover a majority of
the vibrational levels (3 < v8 < 82) in the B state.
Therefore it is now possible to explore the global trend of
these hyperfine parameters in the B state and uncover
useful systematic variations of these hyperfine interac-
tions.

With the rotational dependence being suppressed, the
hyperfine parameters as functions of pure vibrational en-
ergy E(v8) are illustrated in Fig. 6. As shown in the fig-
ure, the values of these hyperfine parameters increase
rapidly when the molecule approaches the dissociation
limit, which, as discussed in Subsection 4.B, is a result of
the perturbations from the cluster of electronic states
that share the same dissociation limit with the B state.
Whereas the variation in values of CB is essentially
smooth over the whole range of vibrational energies,
eqQB , dB , and dB all have local irregularities at several
regions. First, in the region 3 < v8 < 17 @16 000 cm21

< E(v8) < 17 700 cm21#, both dB and dB have visible
fluctuations because of the magnetic dipole coupling be-
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tween the B and the B91u(1Pu) states that arises from a
potential crossover near level v8 5 5.2 Meanwhile, the
absence of such fluctuation in CB at these levels is due to
the fact that the accompanying gyroscopic coupling,
which is involved only in CB , is a weak effect compared
with the magnetic-dipole coupling.1,2,13,40,41 Second, ir-
regularities in hyperfine parameters are found for levels
near v8 5 57–60 @19 863 cm21 < E(v8) < 19 915 cm21#
at which eqQB , dB , and dB deviate from the smooth
trend for a small range of rotational levels in a certain vi-
brational level. As discussed in Subsection 4.C, this
resonancelike feature results from the hyperfine coupling
between the B and 1g(1Pg) states through the rotational
coincidence. Finally, the same 1g(1Pg) state strongly
perturbs levels from v8 5 76 to v8 5 78 @E(v8)
' 20 034 cm21# with the favorable Franck–Condon over-
laps and the small energy separations.4,14 In last two
perturbing regions, CB also keeps its smooth trend be-
cause the gyroscopic Hamiltonian cannot couple the B
state with the 1g(1Pg) state.5

The v dependence of eqQB reverses its trend after v8
5 60 @E(v8) ' 19 915 cm21#; hence its values for higher
v8 levels overlap those of lower v8 levels, a consequence of
the two effects that dominate at different regions: a
first-order term—the interaction between nuclear quad-
rupole moment Q and electric field gradient q—increases
with decreasing vibrational energy but approaches a con-
stant value at large energies at which the second-order
term from perturbing electronic states moves in gradually
and causes a steep trend near the dissociation energy.
E. Radial Dependence of the Hyperfine
Interaction
In this subsection we examine the variation of the hyper-
fine interaction with internuclear separation R. Because
hyperfine parameters already involve averaging over the
molecular rotation, the electronic motion in the molecular
frame, and the nuclear vibration, it is also desirable to re-
move the last vibrational average in these parameters
such that a straightforward relation between the hyper-
fine interaction and the internuclear separation can be
obtained.

We remove the vibrational average in the hyperfine pa-
rameters by inverting the expression O(v8, J8)
5 ^vJ8

8 uO(R)uvJ8
8 &, where O(v8, J8) denotes one of the

four hyperfine parameters for a particular level (v8, J8)
in the B state and uvJ8

8 & is the corresponding vibrational
wave function (properly normalized). The inversion is
made by expansion of the function O(R) as a polynomial
with its coefficients determined from an experimental
fit.42,43 Le Roy’s program LEVEL44 is used in the inversion
process to calculate the vibrational wave functions from
the B-state potential energy curve.28 Figure 7 plots
eqQ(R), CB(R), dB(R), and dB(R), along with the corre-
sponding residual errors of the interpolation. Consistent
with the smooth variation in CB , interpolation function
CB(R) has small residual errors (within 60.02, relative)
for the entire range v8 5 3 –70, as shown in the inset of
Fig. 7(b). Conversely, the large residual errors in the in-
terpolation of eqQB , dB , and dB for v8 > 56 reflect
Fig. 7. R dependence of hyperfine operators eqQB(R), CB(R), dB(R), and dB(R). These hyperfine operators are obtained by inversion
of the expression Ov8J8 5 ^vJ8

8 uO(R)uvJ8
8 &, where O represents one of the hyperfine parameters. Insets are residual errors of the inter-

polation. (a), (c), (d) Solid and dashed curves are fits up to v8 5 55 and v8 5 70, respectively. The fit in (b) is up to v8 5 70. The large
residual errors for eqQB , dB , and dB in the region 55 , v8 < 70 are due to strong perturbation from the 1g(1Pg) state.



830 J. Opt. Soc. Am. B/Vol. 21, No. 4 /April 2004 Chen et al.
Fig. 8. eqQB , CB , dB , and dB versus R centroid ^vJ8
8 uRuvJ8

8 &. Solid curves were calculated from the interpolation functions for these
hyperfine parameters. The data presented here cover a relatively large range of internuclear separation and join the previous results
at both small and large internuclear separations. The visible scatter of the data points in eqQB , dB , and dB near 5 Å is due to the
strong perturbation from the 1g(1Pg) state.
their abnormal variations observed near v8 5 57, 59 [see
the insets in Fig. 7], restricting a reliable interpolation
only to levels of v8 , 56.

The hyperfine parameters extracted from the spectra
are directly associated with specific quantum numbers
(v8, J8) but not internuclear separation R. Alterna-
tively, these hyperfine parameters can be plotted against
R centroid ^vJ8

8 uRuvJ8
8 &, which is the expectation value of

the internuclear separations sampled by the nuclear vi-
bration and evaluated by use of the same B-state
potential.28 Figure 8 shows such plots for eqQB , CB ,
dB , and dB , where solid curves are calculated from
^vJ8

8 uO(R)uvJ8
8 & and symbols are experimental data.

Again, the visible scatter of data points in eqQB , dB , and
dB near 5 Å (50.5 nm) is due to the strong perturbation
from the 1g(1Pg) state.

In the region R , 5 Å, valuable information can
readily be extracted from eqQB to assist the investigation
of the electronic structure of 127I2 . Unlike the other
three hyperfine parameters whose major parts originate
from perturbations at nearly all possible values of R, a
significant part of eqQB is due to the interaction between
nuclear quadrupole moment Q and electric field gradient
q(R) generated by the surrounding charge distribution of
a largely B-state character.5,45 This fact is more evident
if we focus on the region R , 5 Å, where perturbations
from other electronic states are negligible by comparison.
Moreover, when they move from a separated-atom model
to small internuclear separation, the two atomic wave
functions are increasingly distorted, their overlapping
also increases, and hence eqQB deviates gradually from
the value calculated from a separated-atom basis set or
linear combinations of atomic orbitals. Therefore, when
R , 5 Å, the vibration-removed interpolation function
eqQB(R), coupled with a priori information on q(R), can
be used to determine iodine’s nuclear quadrupole moment
or to serve as a benchmark for molecular ab initio calcu-
lations of the electronic structure at various values of R.
For this purpose we list in Table 2 the coefficients of the
interpolation function for eqQB(R) over the range R
5 3 –5 Å.

5. CONCLUSIONS
Hyperfine interactions in the B0u

1(3Pu) state of 127I2 have
been systematically studied. By saturated-absorption

Table 2. Vibration-Removed Interpolation
Function eqQB(R)a

i ai

0 2487.80(17)b

1 2236(11)
2 112(26)
3 163(28)
4 2210(18)
5 87.8(6.5)
6 212.73(94)

Standard deviation (MHz) 0.21

a eqQB(R) 5 ( i 5 0
6 ai(R 2 Re)

i, 3 Å , R , 5 Å, and Re 5 3.027082
Å. The fit includes 69 levels with v8 , 57, which are taken from this
study and from published data summarized in Refs. 13 and 25.

b Quoted uncertainties (1s) are estimated from the standard deviations
of the fit.
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spectroscopy of hyperfine spectra of the B
← X transitions at a wavelength range 500–517 nm, four
effective hyperfine parameters, eqQB , CB , dB , and dB ,
were determined for a large number of rovibrational lev-
els spanning the intermediate region (42 < v8 < 70),
yielding rich information about the rotational and vibra-
tional dependence of the hyperfine parameters. In addi-
tion to the second-order effect that is responsible for the
smooth trend of these hyperfine parameters, abnormal
variations in eqQB , dB , and dB at vibrational levels v8
5 57–60 have been observed, and it was found that some
hyperfine spectra in this region cannot be fully described
by the effective hyperfine Hamiltonian. By examining
the cluster of electronic states converging with the B state
and the strong u –g mixing recorded at transition P(84)
60–0, we have concluded that these anomalies are caused
by the hyperfine perturbation from the 1g(1Pg) electronic
state through the rotational coincidence, which confirms
the previous observation of u –g mixing at level v8 5 59
in the optical–optical double-resonance excitation of the
ion-pair states with u symmetry. Various perturbation
effects in the B state so far identified have been summa-
rized briefly. We also examined the radial dependence of
the hyperfine interactions by removing the vibrational av-
erage in the hyperfine parameters.

The systematic determination of hyperfine parameters
in the intermediate region provides useful information for
applications of optical frequency stabilization that explore
the transitions with wavelengths below 517 nm. Also,
extension of the calculation of the hyperfine parameters
to low-lying vibrational levels as well as to their rota-
tional dependence permits a detailed analysis of the mo-
lecular electronic structure from the perspective of hyper-
fine interactions.
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42. V. Špirko and J. Blabla, ‘‘Nuclear-quadrupole coupling func-
tions of the 1Sg

1 and 3P0u
1 states of molecular-iodine,’’ J.

Mol. Spectrosc. 129, 59–71 (1988).
43. W. S. Barney, C. M. Western, and K. C. Janda, ‘‘Measure-

ment of the electronic wave function: separated atom
wave function analysis of the R-dependent hyperfine con-
stants of the iodine monochloride A state,’’ J. Chem. Phys.
113, 7211–7223 (2000).

44. R. J. Le Roy, ‘‘LEVEL 7.5: A computer program for solving
the radial Schrödinger equation for bound and quasibound
levels,’’ University of Waterloo Chemical Physics Research
Rep. CP-655 (2002). The source code and manual for this
program may be obtained from the Computer Programs
link on the www site http://leroy.uwaterloo.ca.

45. R. Bacis, M. Broyer, S. Churassy, J. Vergès, and J. Vigué,
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