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Résumé. — Le spectre d’absorption de la molécule de I'iode, enregistré par spectroscopie de Fourier dans le
visible, a été étalonné a I’aide de la méthode de 1’ézalon interne. 11 en résulte que les nombres d’ondes publiés dans
I’atlas de la molécule de I'iode couvrant le domaine 14 800-20 000 cm ™! doivent étre corrigés. En retranchant
0,005 6 cm~! aux nombres d’ondes publiés, on obtient les valeurs absolues des nombres d’ondes du spectre de

’iode avec une incertitude estimée étre de ’ordre de * 0,002 cm
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Abstract. — The internal standard method has been used to calibrate the absorption spectrum of the iodine mole-
cule recorded in the visible by means of Fourier spectroscopy. The result is that the wavenumbers previously

published in the iodine-atlas extending from 14 800 to 20 000 cm ~ ! must be corrected by substracting 0.005 6 cm

-1

from all wavenumbers. The accuracy of the absolute wavenumbers obtained in this way is estimated * 0.002 cm™*.

1. Introduction. — Recently we have published an
atlas of the iodine absorption spectrum to provide
precise standards, specially for high resolution
works [1]. This atlas extends from 14800 to
20000 cm~! and contains more than 22 000 wave-
numbers. The accuracy of the differences between
the wavenumbers given in this atlas is 0.000 7 cm ™!
(reference [1], p. 24) which corresponds to an uncer-
tainty of about (1/,/2)x 0.000 7 cm~*=0.000 5 cm ™ *
of each wavenumber involved in these differences.
However, the absolute values of the wavenumbers
were estimated to be only defined within + 0.006 cm™*
(reference [1], p. 24), which is one order of magnitude
lower than the internal coherence of these wave-
numbers. This discrepancy is due to the method used
to calibrate the iodine spectrum : although we recorded
simultaneously the absorption spectrum of the iodine
molecule and the atomic emission spectrum of ura-
nium (Fig. 1), these two spectra were given by two
different sources. With this arrangement small mis-
alignements between the two sources always occur
and systematic errors in the calibration of the wave-
numbers are unavoidable. The absolute wavenumbers
of the uranium spectrum were themselves found by
comparison with krypton standards, and of course,
are also liable to some uncertainties [2]. At that time,
we chose this method — called the external standard
method [3] because the internal standard method could
not be used ; in this method some iodine lines whose
absolute wavenumbers are known very precisely
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Fig. 1. — Calibration of the iodine spectrum by means of the
uranium spectrum (external standard method).

from the studies of hyperfine structure are used as
standards. The reason for this is that one cannot be
sure that the centre of gravity of a given recorded line
(in which the hfs components are blended) is really
the centre of gravity of the measured hyperfine
structure of this line. Fortunately, recent progress
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both in the assignment of the iodine spectrum [4], [5]
and studies of the hyperfine structure of numerous
iodine lines [6-14] allow us now to have recourse to the
internal standard method to calibrate the iodine spec-
trum. First, to avoid the problem of possible blends,
we have not used the directly measured wavenumbers
of the iodine lines but in all cases we use the wave-
numbers calculated from the new molecular constants
derived from the careful analysis of the unblended
lines distributed through the whole spectrum [5].
(For lines with J values lower than 100, the agreement
between calculated and measured wavenumbers are
mainly limited by the noise present in the spec-
trum [5].) Secondly, knowing the hyperfine structure of
numerous iodine lines [6-14], and the absolute wave-
number of one hyperfine component in each hyper-
fine structure, it is easy to calculate the absolute
wavenumber of the centre of gravity of these hyper-
fine structure and to use them as standards.
Comparison between these two sets of calculated
wavenumbers (Table II) will enable us to determine
the absolute wavenumbers of the iodine absorption
spectrum and also give an estimate of the consistency
of the molecular constants recently published [5].

2. Determination of the centre of gravity of the
the iodine lines. — 2.1 FROM THE HYPERFINE STRUC-
TURES. — According to the parity of the lines the
number of hyperfine components is 15 if J is even and
21 if J is odd [15]. For lines with J > 30 the intensities
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Fig. 2a. — P, : resulting profile of the 15 hyperfine components
belonging to the R48 (15-5) transition.
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Fig. 2b. — P, : resulting profile of the convolution product of P,
with F (F apparatus function of the Fourier interferometer).

P, : resulting profile of the convolution product of P, with Fand T
(T apparatus function due to the finite aperture of the interfero-
meter). The effect of F or T is enough to efface any trace of the

disymmetrical profile Py

of these 15 or 21 components may be considered
sensibly equal and, in both cases, the centre of gravity
of an iodine line is situated to a good approximation,
at a point at 5/9 of the distance between the compo-
nents labelled « t » and « b » (see Figs. 2a and 3a and
Table I). (For lines with low values of J, the intensities
of the hyperfine components are very unequal and the
resulting profile of the sum of these components may
be very asymmetrical [14]. For this reason we have
chosen, for our calibration purposes, only transitions
with J values higher than 30.)
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Fig. 3a. — P, resulting profile of the 21 hyperfine components
belonging to the R73 (5-5) transition.

Table 1. — Wavenumbers of the centres of gravity of iodine lines.

Measured distances

(MHz)
Transitions oy, — 0, 0; — 0,
R48 (15-5) [10] 874.1 582.3
R73 (5-5) [6] 879.6 588.6

o; (measured) o< S (calculated)
(cm™Y) (cm™Y)
16 340.65195 (5) 16 340.648 73

15 233.367 390 (42) 15 233.364 06
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Fig. 3b. — Here again, using the same apparatus functions Fand T
as those of figure 2b, the disymmetrical profile P, completely
vanishes.

2.2 FROM THE FOURIER SPECTROSCOPY SPECTRUM. —
The recorded profiles of the iodine lines arise from
the convolution of three functions : the source profile
P,, the Fourier apparatus function F = sin x/x
and a rectangular function T due to the finite aperture
of the Fourier interferometer.

Figures 2a and 3a give examples of the complex
resulting profiles in the case of a line with 15 compo-
nents (Fig. 2a) and 21 components (Fig. 3a). Each
hyperfine component is supposed to have a gaussian
profile which is, in case of weak absorption, a good
approximation [15]. The calculated Doppler widths,
at room temperature are respectively, 365 MHz for
the transition R48 (15-5) and 340 MHz for the
transition R73 (5-5). (It can be seen from the figures 2a
and 3a that the maximum of the source profile P,
and the centre of gravity of this complex profile do not
coincide.) The width of the two apparatus functions
were matched to be sensible equal (450 MHz) and
comparable to the width of hyperfine component
(350 MHz). The calculated profiles P, = Py x Fx T
are now almost completely symmetrical and the dis-
crepancies between the positions of the maximum and
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the centre of gravity of the lines are negligible. Thus,
with an effective resolving power of the order of 10°,
the algorithm used to determine the wavenumbers of
the iodine spectrum [16] by observing the maximum
of the lines does not introduce, at least for lines with J
values higher than 30, any detectable systematic error
in the measurements. (For higher resolving powers or
for low J values in the vicinity of the band origins, it is
not always the case [14].)

3. Results. — In column 2 of table II are listed the
measured wavenumbers obtained by the external
standard method using the uranium spectrum as
shown in figure 1. The assignments of these lines are
given in column 1. Some of the lines whose hyperfine
structures are known [6-14], are either blended or not
observed at all in our experimental conditions as for
example the transition R48 (15-5) of figure 2. As
mentioned above, in order to overcome these diffi-
culties and to make valid comparison with the calcu-
lated wavenumbers of the centre of gravity of the
hyperfine patterns, we give in column 3 the calculated
wavenumbers resulting from the whole analysis of
the B-X system [5]. The molecular constants used
to calculate these wavenumbers are given in refe-
rence [S], table V. In column 4 are the measured
absolute values of the wavenumbers of one hyperfine
component belonging to the hyperfine structure of
the line under consideration and in column 5 are the
centre of gravity of the lines calculated accordingly
to the procedure described in paragraph 2.1, table I.
Finally, in column 6 are the differences

(o

between the two sets of calculated wavenumbers :
the first set (column 3) is based on Fourier spectro-
scopy data measured at Laboratoire Aimé Cotton
and the second set (column 5) is taken from recent
laser spectroscopy data given in numerous publica-

Fourier

CG.
calculated — O calculated)

Table II. — Calibration of the iodine spectrum by means of the « internal standard method ».

Fourier Spectroscopy (cm™ ')

Laser spectroscopy (cm™ ')

Measured absolute values ¢ Differences
o Fourier o Fqurier of the wavenumbers Centre of gravity o Fqurjer - 5C.G.
Transition Atlas [1] [4] Global fit [5] of hyperfine components (calculated) (em™1)
R73 (5-5) 15 233.370 9 (6) 15233.370 7 o, = 15 233.367 390 (42) [6] 15233.364 1 + 0.006 6
P33 (6-3) 15 797.981 4 o, = 15797.979 62 [7] 15 797.976 3 + 0.005 1
R127 (11-5) not observed 15 798.004 6 o; = 15 798.002 95 [8] 15 797.996 0 + 0.0050
P48 (11-3) 16 340.636 3 o, = 16 340.634 80 [9] 16 340.631 6 + 0.004 7
R48 (15-5) } 16 340.643 9 (5) 16 340.654 2 o, = 16 340.651 95 [10] 16 340.648 7 + 0.005 5
R47 (9-2) (blend) 16 340.659 2 o; = 16 340.658 05 [10] 16 340.654 7 +0.0045
P117 (21-1) 17 594.805 7 (10) 17 594’804 3 o, = 17 594.812 0 [11] 17 594.799 + 0.005 1
R76 (40-0) 19 194.617 6 (5) 19 194.616 6 o, = 19194.593 3 [11] 19 194.609 +0.0076
R98 (58-1) 19 429.738 2 (20) 19 429.736 5 not published 19 429.730 [12] + 0.006 5
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Average : + 0.0056
+ 0.0010
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tions [6-14]. The calculated wavenumbers obtained by
means of Fourier spectroscopy are systematically
higher by an average amount 6 = 0.0056 cm™! than
the absolute wavenumbers determined by laser spec-
troscopy.

4. Discussion and conclusion. — The accuracy of
the differences between the wavenumbers published
in the iodine atlas was estimated to be of the order of
1 0.000 7 cm ™! for the strongest unblended lines and
was based on the consideration of constant differences
according to the combination principle. (Reference [1],
Table II.) However, the use of the combination
principle has to be made with some caution. Indeed,
if all the measured wavenumbers o of a given spec-
trum are shifted by a constant quantity J, or either
by a quantity proportional to o, that is to say :

Oobserved = Otrue + 0 OT  Ogbserved = Otrue(l + &),

¢ being a constant factor, then the differences between
pairs of lines obeying the combination principle will
appear as constant : in other words observation of
constant differences does not put in evidence a shift
of a constant quantity, which is obvious ; but also an
error proportional to the wavenumbers cannot be
detected. Now, precisely systematic errors in Fourier
spectroscopy are often proportional to the fre-
quencies [3]. To eliminate this source of errors, we
have calibrated the iodine spectrum by means of the
uranium spectrum, but the constant difference

6 =0.0056 £ 0.001 0cm™*

found on average between the calculated wavenumbers
(column 6, Table II) shows that the calibration by
means of the uranium spectrum was not adequate.
However, the standard deviation of * 0.001 0 cm™!
which characterizes the quantity J is a definite proof
that the differences between the measured wave-
numbers are of the order of this standard deviation,
which in turn, is comparable to the uncertainties
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produced by the noise present throughout the whole
spectrum (reference [1], p. 22). Thus, to obtain the
absolute wavenumbers of the absorption spectrum
of iodine, it is necessary to correct the published
wavenumbers of the atlas by subtracting 0.005 6 cm™*!
from all these wavenumbers. The wavenumbers
calculated from the molecular constants given in
reference [5], still represent the absolute value of the
iodine wavenumbers providing that an amount of
0.005 6 cm ™! is subtracted from the values of the band
origins o,,- given in table V of reference [5].

Finally, comparison between the absolute wave-
numbers now determinated by the internal standard
method and those published by Simmons and Hou-
gen [17], using an external standard method of cali-
bration, namely, the thorium spectrum as standard
and a grating spectrograph, shows that the wave-
numbers published by these authors in their atlas of
iodine extending from 18 000-19 000 cm™! are also
too high by an average quantity of

(0.012 * 0.004) cm~! .

In conclusion, it is necessary to subtract a constant
value of 6 0.0056 cm~! from the published wave-
numbers, to obtain 22 000 absolute wavenumbers
in the region 14 800-20 000 cm™*'. The accuracy of
these absolute wavenumbers is * 0.002 cm ™! (twice
the standard deviation), the probability of an error
exceeding this amount being only 59[. From the
measurements made by Simmons and Hougen in the
region 18 000-19 000 cm ™!, it is necessary to subtract
0.012 cm™! and the accuracy of the absolute wave-
numbers will be in this case of the order of
+ 0.008 cm ™! which is twice better than the estimate
made by these authors (+ 0.015 cm™ 1) [17].

Acknowledgments. — The authors are much obliged
to Mrs. D. Garcés who has written the convolution
programs and to A. Brillet for communication his
results on hyperfine studies prior to publication.
We also thank Prof. D. A. Jackson for kindly reading
this manuscript and giving us valuable comments.

References

[1] GERSTENKORN, S. et Luc, P., Atlas du spectre d’absorption de la
molécule de I’iode entre 14 800-20 000 cm™* (Editions du
C.N.R.S., 15, quai Anatole-France, 75700 Paris).

[2] GERSTENKORN, S. and Luc, P., Nouv. Rev. Opt... (1976) 148.

[3] GueLAcHVILL, G., Thése, Orsay, France (1973).

[4] GERSTENKORN, S. and Luc, P., « Assignments of several
iodine (I ) lines in the B-X system », to be published in
J. Mol. Spectrosc. (1979).

[5] Luc, P., « Molecular constant and Dunham parameters des-
cribing the I, B-X system », to be published in J. Mol.
Spectrosc. (1979).

[6] GoLpsMITH, J. E. M., WEBER, E. W. and HanscH, T. W., Phys.
Rev. Lett. 41 (1978) 1525.

GoLDpsMmITH, J. E. M., WEBER, E. W., KowaLsk1, F) V. and
ScHAWLOW, A. L., Appl. Opt., to be published (1979) and
private communication.

[7] HANEs, G. R., LAPIERRE, J., BUNKER, P. R. and SHOTTON, X. C.,
J. Mol. Spectrosc. 39 (1971) 506.

[8] ScHWEITZER, W. G., KESSLER, E. G., DESLATTES, R. D., LAYER,
H. P. and WHETSTONE, J. R., Appl. Opt. 12 (1973) 2927.
[9] Cerez, P. and BENNETT, S. J., Metrologia, to be published
(1979).
[10] BRILLET, A., CEREZ, P., MAN, N., LUQUET, P., private commu-
nication (1979).
[11] KowaLsky, F. V., HaAwkiNs, R. T. and ScHAwLOw, A. L., J.
Opt. Soc. Am. 66 (1975) 965.
[12] GiLL, P. and BENNETT, S. J., Metrologia, to be published (1979).
[13] VIGUE, J., BROYER, M. and LEHMANN, J. C., J. Phys. B, Atom.
Molec. Phys. 10 (1977) L 379.
[14] HARTMANN, F., STOECKEL, F., PIQUE, J. P., private communica-
tion.
[15] KroLL, M. and INNEs, K. K., J. Mol. Spectrosc. 36 (1970) 295.
[16] GERSTENKORN, S., Luc, P., PERRIN, A. and CHAUVILLE, J.,
Astron. Astrophys. 58 (1977) 255.
[17] Simmons, J. D. and HouGEN, J. T., J. Res. Nat. Bur. Stand.
(U.S.)81 (1977)25.




