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A dense grid of reference lines in the hyperfine structure of the B–X transitions of molecular iodine ( 127I 2) is presented.
Frequencies of 481 “t”-hyperfine components in 15 vibrational bands covering the wavelength range 595– 655 nm were
determined with an absolute accuracy of 1.0 MHz (1 uncertainty). Spectra were obtained by Doppler-free saturation
spectroscopy using a cw ring-dye laser of 1-MHz bandwidth. Center-of-gravity frequencies of rovibronic lines, determined by
correcting for the calculated hyperfine shift, are included separately in a least-squares parametrization for each band. From the
obtained molecular constants a prediction is made for all t-hyperfine components of the 15 bands covering 595– 655 nm. Hence
a dense grid of reference lines of 1 MHz (1) absolute accuracy is created, with a line in each interval of 1 cm ⫺1 in the entire
range. This spectral atlas of about 3400 lines may provide a useful calibration tool in many laboratories. © 2000 Academic Press
1. INTRODUCTION

In high-resolution laser spectroscopy of atoms and molecules there exists a continuous demand for calibration spectra
of increased accuracy. Since in many laboratories primary
wavelength standards are not readily available, interpolation
and comparison with known reference spectra has become a
common and useful technique. The work of the Aimé–Cotton
group (1, 2) on the Doppler-broadened I 2 spectrum has served
this purpose in a large number of spectroscopic studies in the
past two decades. However, for many applications this reference standard is not accurate enough. In a previous paper (3)
we reported on a dense grid of iodine reference lines in the
range 571–596 nm, with an easily identifiable line in each
reciprocal centimeter interval with an absolute accuracy of 2
MHz. We note that in the previous study the uncertainties were
not explicitly defined; whereas in Ref. (3) we used 2 for the
uncertainty, throughout the present paper we will use 1. This
standard, based on the B–X system of molecular iodine, is
more than an order of magnitude more accurate than previously
existed, due to the application of the Doppler-free saturated
absorption technique. In the present paper we extend the standard to the range 595– 655 nm.
Based on the measurement of transition frequencies of the
t-hyperfine component of 481 rotational lines in 15 different
bands of the B–X system, a reference standard of components
can be constructed, with an accuracy of 1 MHz (taking 1 as
the uncertainty). Our work in the yellow–red range of 571– 655
nm extends the work of the Hannover group, where the focus
Supplementary data for this article are available on the journal home page
(http://www.academicpress.com/jms) and as part of the Ohio State University
Molecular Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.htm).

is on an I 2-reference standard in the near-infrared at 778 – 816
nm (4 –7).
2. EXPERIMENTAL

The experimental setup, schematically shown in Fig. 1, is
essentially the same as the one used for the previous study, and
for details we refer to Ref. (3). For the wavelength ranges
595– 620 nm the ring-dye laser is operated with Rhodamine-B,
whereas for the range 620 – 655 nm DCM dye is used.
It is noted that no direct wavelength measurements are performed and that our procedures rely on interpolation between I2
lines that have been calibrated with high accuracy by other
groups. For the range 595– 655 nm frequencies of a total of 60
hyperfine components in the B–X spectrum of I 2 were determined
by Shiner et al. (8), Quinn (9), Edwards et al. (10), and Sansonetti
(11). These lines are all known to within 0.5 MHz (1) and some
even with much higher accuracy; in the papers usually 2 uncertainties are given. These 60 lines provide a primary frequency
standard for the present experiment.
The measurement procedure of our study is as follows. A
measurement session is defined by the period over which a
633-nm 3He– 22Ne laser can be kept locked to an I 2-hyperfine
component using Lamb-dip stabilization with an I 2 cell inside
the He–Ne laser cavity. Also during the full period of a session
an external étalon is frequency-locked to the output of the
He–Ne laser. For each session the free-spectral range (FSR) of
the étalon is determined by interpolating the frequency separation between two of the 60 well-calibrated lines. For this
purpose only the frequency separation between the specific I 2
resonance with the nearest étalon marker has to be determined;
usually an average over three recordings is taken. The integer
number of étalon markers between the two chosen reference
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FIG. 1.
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Scheme of the experimental setup.

lines is known from a first estimate for the FSR: in all sessions
a value of 148.956 MHz with a day-to-day variation of less
than 0.001 MHz is found, due to the temperature and pressure
stabilization of the étalon. In cases when a measurement session lasts several hours repetitive scans of the reference lines
are recorded to verify the locking and the value of the FSR.
Often a third well-calibrated line, out of the 60 available, is
also used for validation. The accuracy in the FSR is, if necessary, improved by choosing pairs of reference lines that are
several 100 cm ⫺1 apart. Depending on the specific choice of
reference lines and their accuracy, the FSR is determined for
each session with a precision of typically 0.2– 0.5 kHz. At this
level of accuracy no effects of dispersion nor of varying
penetration depth in the mirror coatings were observed over the
wavelength range of this study. Finally the data on the newly
calibrated lines also provide an additional consistency check,
because they can be included in a least-squares fit to the
rotational structure (see below).
These procedures in effect connect to the position of each
étalon marker an absolute frequency value. The relative measurement of the separation between an étalon marker and one
of the 60 primary lines establishes this absolute scale.
Subsequently t-hyperfine components of additional lines are
recorded. A typical example of such a spectrum is presented in
Fig. 2 for the P60 and R66 lines in the (7–3) band. The width
of an isolated saturation component is 11 MHz. Absolute
frequencies of the t components in the hyperfine structure can
be determined by fitting the I 2 spectrum as well as the étalon
spectrum to a series of Gaussian profiles and by subsequent
determination of the fractional separation to the nearest étalon
fringe. Again it is noted that these procedures only yield valid
results if the locking of the He–Ne laser and the étalon is
preserved.

The uncertainty in the frequency of a t component can be
calculated from the statistical uncertainty in the measurement
(average over three or more recordings), the uncertainty in the
value for the FSR, and the uncertainty in the reference line
selected. The uncertainty in the FSR is again dependent on the
statistical error in the measurements of the reference lines and
their listed accuracy. Taking all this into account, a measurement error can be determined for each measured value for the
frequency of a hyperfine t-component. For all recorded transitions this error is about 1.0 MHz (1).
3. RESULTS AND ANALYSIS

The hyperfine t-components of 481 rotational lines in the
B–X system of molecular iodine are measured using saturated

FIG. 2. Simultaneous scan of the P60 and R66 lines in the B–X (7–3)
band of I 2 (upper trace) recorded at 629.42 nm and the fringes of a stabilized
étalon (lower trace). The t components are denoted by *.
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Here eQq 䡠 H EQ represents the electric quadrupole term and C 䡠
H SR the spin–rotation term. The spin–spin hyperfine interaction
is neglected. The two terms of Eq. [1] are sufficient to represent
the separation of F ⫽ J hyperfine components with respect to
the center-of-gravity at the 0.2 MHz level when ⌬J ⫽ ⫾2
contributions are included in the diagonalization of the hyperfine matrix. In our previous paper (3) we used expressions for
the differences between hyperfine constants in ground and
excited states ⌬eQq and ⌬C and assumed eQq X ⫽ ⫺2452.6
MHz (13), independent of  and J. Especially for ⬙ ⫽ 4 and
5, used in the present study, this simplification gives deviations

TABLE 1
Measured Hyperfine t Components for
Various Rotational Lines in the B–X (6, 5)
Band of I 2

TABLE 2
Data for the (5, 4) Band

Note. ⌬ hyp represents the calculated shift of the tcomponent from the center-of-gravity of the rovibrational transition. ⌬ o⫺c represents the deviation of the
center-of-gravity from the fitted value. All values
in MHz.
a
From Ref. (11).

absorption spectroscopy. The lines belong to 15 vibrational
bands: (6 –5), (5– 4), (6 – 4), (7– 4), (8 – 4), (7–3), (9 – 4), (10 –
4), (9 –3), (10 –3), (11–3), (12–3), (11–2), (12–2), and (13–2).
These bands have the largest Franck–Condon factor and are
hence most easily detected in the wavelength range that they
cover. The results of these measurements are listed band by
band in Tables 1–15. Uncertainties in the frequency positions
are not listed separately but they are all within 1 MHz (1).
For an analysis of center-of-gravity frequencies and the
rotational structure of the bands first the hyperfine structure in
the ground and excited states must be addressed. At the level of
accuracy of the present analysis only the two most important
terms in the hyperfine Hamiltonian have to be included (12):
H hf ⫽ eQq 䡠 H EQ ⫹ C 䡠 H SR.

[1]
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TABLE 4
Data for the (7, 4) Band

significant on the level of accuracy desired in the present
analysis.
Hence an improved treatment of the hyperfine structure is
invoked, based on recent work of the Hannover group (4 –7).
TABLE 3
Data for the (6, 4) Band

a
d

a

From Ref. (11).
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TABLE 5
Data for the (8, 4) Band

They analyzed a large number of hyperfine splittings over a
wide range of  and J values, resulting in accurate hyperfine
parameters. For both the X and B states the hyperfine constants
can be represented by a power series in  and J (7):
TABLE 6
Data for the (7, 3) Band

a

From Ref. (11).
a
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eQq X ⫽ ⫺2452.3281 ⫺ 0.533共  ⫹ 12 兲

TABLE 7
Data for the (9, 4) Band

⫺ 2.22 ⫻ 10 ⫺4 J共 J ⫹ 1兲
⫹ 4.519 ⫻ 10 ⫺2 共  ⫹ 12 兲 2

[2]

⫹ 6.58 ⫻ 10 ⫺6 共  ⫹ 12 兲J共 J ⫹ 1兲
and
eQq B ⫽ ⫺487.806 ⫺ 1.8644共  ⫹ 12 兲
⫺ 1.66 ⫻ 10 ⫺4 J共 J ⫹ 1兲
⫺ 2.08 ⫻ 10 ⫺6 共  ⫹ 12 兲J共 J ⫹ 1兲
⫺ 2.47 ⫻ 10 ⫺10 J 2 共 J ⫹ 1兲 2 .
TABLE 8
Data for the (10, 4) Band

a

a

From Ref. (11).

Copyright © 2000 by Academic Press

From Ref. (11).

[3]

262

XU ET AL.

TABLE 9
Data for the (9, 3) Band

these constants the shifts from center-of-gravity for the thyperfine components are calculated for all the measured transitions listed in Tables 1–15. The derived shifts ⌬ hyp are included in these tables.
The values for the center-of-gravity frequencies represent
the rovibronic structure of the I 2 molecule in the B–X system.
In an analysis of this structure we adopt the following energy
representations for the X 1 ⌺ g⫹ ,  ⬙ ground and B 3 ⌸ u⫹ ,  ⬘ excited
state:
E X  ⫽ E  ⬙ ⫹ B  ⬙ J共 J ⫹ 1兲 ⫺ D  ⬙ J 2 共 J ⫹ 1兲 2
⫹ H  ⬙ J 3 共 J ⫹ 1兲 3

[5]

E B  ⫽ E  ⬘ ⫹ B  ⬘ J共 J ⫹ 1兲 ⫺ D  ⬘ J 2 共 J ⫹ 1兲 2
⫹ H  ⬘ J 3 共 J ⫹ 1兲 3 ⫹ L  ⬘ J 4 共 J ⫹ 1兲 4 .

[6]

These expressions are used in a least-squares optimization
routine on the data for center-of-gravity frequencies separately
for each band. Some of the values determined previously by
other groups (8 –11) (the ones listed in Tables 1–15) are
TABLE 10
Data for the (10, 3) Band

a

From Ref. (11).

The above expressions give the quadrupole constants in megahertz. For the spin–rotation hyperfine constants C X and C B
accurate formulae have been developed (7). For the present
work, requiring an accuracy of hyperfine splittings of 0.2 MHz,
it is sufficient to fix the value for the C constant in the
electronic ground state: C X ⫽ 3.162 kHz. For the B( 3 ⌸ u⫹ )
state we adopt the expression
C B ⫽ 2.93 ⫺

73913.6
E共  B 兲 ⫺ 19684.6

[4]

neglecting terms representing dependencies on J and v and C B
in kilohertz (7); the energy E(  B ) of the vibronically excited
B( 3 ⌸ u⫹ ),  B state must be given in reciprocal centimeters. With
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TABLE 11
Data for the (11, 3) Band
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the present study is to deliver an accurate algorithm for predicting frequencies of t-hyperfine components and to generate
a spectral atlas. The values for the parameters pertaining to the
excited states are listed in Table 16. In view of the restricted
fitting procedure band origins are given as ⌬E ⫽ E ⬘ ⫺ E ⬙ .
Molecular constants are given in a number of decimals sufficient to obtain a nominal accuracy of 0.2 MHz. We note that
the  2 value in each least-squares minimization routine is less
than one per data point. This demonstrates the consistency of
the procedures followed and it shows that the 1 uncertainty
adopted is not too low. The latter conclusion can also be drawn
from the stated deviations between observed and calculated
values as listed in Tables 1–15.
4. CONCLUSION: THE REFERENCE STANDARD

In the present analysis of hyperfine structure and rotational
structure of 15 bands in the unperturbed spectrum of the B–X

TABLE 12
Data for the (12, 3) Band

a
c

From Ref. (11).
From Ref. (9).

included as well in the fitting routines. In our previous study it
turned out that good convergence was obtained when the
molecular constants for the ground state, B ⬙ , D ⬙ , and H ⬙ , are
fixed to the values obtained by Gerstenkorn and Luc in the
analysis of the Doppler-broadened spectrum (1). However for
the present work we decided to take advantage of progress in
the field, and now use the improved rotational analysis and the
constants derived by the Hannover group. They developed a set
of Dunham constants (7) from which we derive rotational
constants for the electronic ground states. We list the constant
used in our rotational analysis in Table 16. For the excited
B( 3 ⌸ u⫹ ) state we fix the constant representing the third-order
centrifugal distortion L ⬘ fixed at the value determined by
Bodermann (7) of 3.86261 ⫻ 10 ⫺21 cm ⫺1 for all vibrational
bands.
The fitting routines are restricted to a band-by-band analysis.
All the fits entail a four-parameter least-squares minimization
routine varying B ⬘ , D ⬘ , H ⬘ , and ⌬E. Since some excited
vibrational levels are probed via various ground vibrational
levels, a more refined procedure to extract molecular constants
from the combined set of data is possible. However, the goal of
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TABLE 13
Data for the (11, 2) Band

the appendix to this paper (to be found in the database of the
Journal of Molecular Spectroscopy) for all P and R transitions
from J ⫽ 9 to 120 for the 15 bands delivering roughly 3400
reference lines. In all bands the rotational fits include values up
to J ⫽ 110, while in several bands values up to J ⫽ 120 were
obtained. In the latter cases inclusion of the highest J values
does not induce a significant shift in the parameters. For this
reason it is justified to allow for some extrapolation to J ⫽ 120
in some bands. Since the 15 bands are chosen to overlap, the
entire wavelength range 595– 655 nm is covered with a referTABLE 14
Data for the (12, 2) Band

a
b

From Ref. (11).
From Ref. (8); various components used.

system of I 2, a representation is found for the hyperfine components in the spectrum. The rotational analysis, using fixed
values for the ground state (listed in Table 16) and fitted values
for the excited state (listed in Table 17), yields a representation
accurate to within 1 MHz for all rotational lines up to J ⫽ 120.
The hyperfine structure is known to much higher precision and
with the presently used approximations still is good to within
0.2 MHz. Hence all t-components can be predicted from the
defined parameter space to within 1 MHz with a 1 uncertainty. Calculated values for these t-components are listed in

a
b
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TABLE 15
Data for the (13, 2) Band
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TABLE 17
Values for the Rotational Constants of the B 3⌸ uⴙ, v ⴕ States
Resulting from the Fitting Routines

Note. L v⬘ is fixed at 3.86261 ⫻ 10 ⫺21 cm ⫺1. All values in cm ⫺1.

a
b

From Ref. (11).
From Ref. (8).

ence line per reciprocal centimeter. This density is required
since most scanning laser systems of the highest resolution
only allow for single continuous scans of a wavenumber.
Combined with our previous work (3), the range 571– 655 nm
TABLE 16
Values for the Rotational Constants of the X 1⌺ gⴙ, v ⴖ
Ground State Used in the Fitting Routines

Note. Values in cm ⫺1.

is now covered with a dense grid of reference lines that may
provide a useful spectral atlas for future research. A remark of
caution deals with the interaction between the B 3 ⌸(0 u⫹ ) state
and the repulsive 1 ⌸ 1u state, causing predissociation in the B
state and possibly shifts in the rovibrational structure (14),
particularly in the range where the interaction is strongest, near
v⬘ ⫽ 5– 6. In the interaction with a continuum state the shifts
are global, slowly varying over the J-quantum number; hence,
the perturbation is included in the set of parameters describing
the B state. No marked deviations in the rotational structure are
found as an indication of the perturbation.
The presently obtained data can be included in a highly accurate description of the B–X system in terms of a Dunham or a
potential representation for both ground and excited states. Bodermann (7) embarked on such a project taking all data of wellcalibrated I 2-saturation lines available in the literature, including
the ones of our previous study (3), in the input set. Based on this
analysis, a prediction can be made for the absolute frequency of
any hyperfine component in a rovibrational band in the B–X
system. We verified for two bands that predictions for the frequencies of the t-components for all J values are within 5 MHz of
the presently measured values. This demonstrates the usefulness
of such an analysis; the entire I2-absorption spectrum can now be
predicted to within this accuracy; undoubtedly inclusion of the
presently measured 481 additional lines will improve the accuracy
of the representation, and possibly the entire spectrum ranging
from 500 to 900 nm can in the future be predicted to within 1
MHz. As an intermediate step we restricted ourselves to the
band-by-band analysis pertaining to a limited range; in the range
595– 655 nm a secondary frequency standard of 1 MHz accuracy
is established.
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