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ABSTRACT

Fifty specified lines of 1277, have been studied by Doppler-free frequency
modulation spectroscopy. For each line the classification of the molecular
transition has been determined, the hyperfine components have been identified,
and one well-resolved component has been selected for a precise determination
of its absolute frequency. In three cases a nearby alternate line was
selected for measurement because no well-resolved component was found for the
specified line. Absolute frequency determinations were made with an estimated
uncertainty of 1.1 MHz by locking a dye laser to the selected hyperfine
component and measuring its wave number with a high~précision Fabry-Perot
wavemeter. For each line results of the absolute measurement, the line

classification, and a Doppler-free spectrum are given.



INTRODUCTION
Fifty specified lines of 127I, have been studied by the method of Doppler-
free frequency modulation spectroscopy. For each line a Doppler-free scan has
been made, the hyperfine components have been identified, the classification
of the molecular transition has been determined, and the absolute frequency of
one hyperfine component has been measured with an accuracy estimated to be
1.1 MHz. In phis report the results are presented along with a brief

description of the experimental methods employed.

EXPERIMENTAL METHODS

The apparatus used to observe the Doppler-free spectra of I, lines by
frequency modulation (FM) spectroscopy is essentially similar to that
described by Hall, Hollbexrg, Baer, and Robinson.l The theory of FM
spectroscopy including an analysis of the observed line shape is given by
Bjorklund, Levenson, Lenth, and Ortiz.2

In our apparatus (Figure 1) a commercial ring dye laser operated with
Rhodamine 6G, DCM, or Rhodamine 110 provides tunable single-frequency
radiation with a line width of less than 1 MHz. The laser beam is split into
a strong saturating beam and a weak probe that counterpropagate coaxially
through the iodine cell. The beams in the cell are approximately collimated
and about 2 mm in diameter. The frequency of the saturating beam is shifted
upward by 72 MHz and its intensity is sinusoidally modulated at 85 kHz by an
acousto—optic modulator. The frequency shif£ introduced by the AOM prevents
optical feedback from thé counterpropagating beams into the dye laser. A

variable attenuator provides adjustment of the saturating beam intensity.
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The probe beam passes through an electro-optic phase modulator that
imposes sidebands at £5.64 MHz from the laser center frequency. The EOM drive
power is adjusted to put 10% of the total power in each sideband by observing
the spectrum of the probe beaﬁ on a 300 MHz spectrum analyzer. As the laser
frequency is scanned the sidebands probe the narrow satp;ated absorption
resonance induced by the saturating beam. Aftexr passing through the iodine
cell a portion of the probe beam intensity is picked off by a beam splittex
and focused on a fast photodiode. - The resulting signal is processed by a high
pass filter, double balanced mixer, and lockin amplifier (Figure 2) to recover
the derivative shaped FM resonaﬂce.2 The phase of the local oscillator signal
to the mixer is adjusted by a variable delay line to produce the best
combination of FM signal and freedom from residual amplitude modulation

induced noise.3

The iodine cell used in this work was constructed in the NIST optical
shop and filled by Howard Layer of NIST. The methods used in preparing the
cell were identical to those used for the cells in Iz—étabilized He-Ne lasers
constructed at NIST.4 Previous tests with such cells have shown that
frequency shifts due to residual background gas pressure are less than 1 part
in 101. The cell is 12 mm in diameter and 30 cm long with fused quartz
Brewster windows and a small sidearm. For all observations reported hexe the
cell and sidearm were operated at room tempgrature, typically 23%1°C. At this
temperature the long cell and collinear beam geometry employed provided
excellent signal to noise ratio even for transitions below 16,000 cml foxr
which heated cells are sometimes required.

Each of the specified I, lines was initially,scanned to observe its

hyperfine structure and identify a hyperfine component suitable for the
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absolute frequency measurement. The laser was tuned to the line of interest
by using a travelling Michelson wavemeter with an accuracy of about +0.002
cml. Typically a scan 0.045 cml wide was made in a period of about 4 min.
with a lockin time constant of 0.1 sec. The iodine hyperfine components
observed had widths of about 4 to 6.MHz. After an appropriate hyperfine
component was selected for the absolute measurement, the laser was servo-
locked to the zero crossing of the FM sngal. The servo-lock was implemented
through the ex?ernal scan input of the laser controller. It was able to
maintain a stable lock for an indefinite period and was found not to increase
or decrease the laser bandwidth. )

The absolute frequency measurement of the dye laser locked to an I line
was made using the Fabry-Perot wavemeter developed in our laboratory. This
instrument uses a plane plate Fabry-Perot interferometer to measure the
wavelength of a tunable laser with respect to the I;-stabilized He-Ne laser,4
which is the best realization of the definition of the meter in the optical
region. A brief description of the instrument is given in the paper included
as Appendix A of this report. It has been shown to be relatively insensitive
to systematic errors of alignment, and routinely produces results with an
precision of better than 2 MHz.

To obtain the highest absolute accuracy from the Fabry-Perot wavemeter,
its results must be corrected for the wavelength dependence of the phase shift
that occurs when light is reflected from its aluminized plates. In previous
work5.6 this phase correction has been determined by measuring Doppler-free
lines of I, in the region 15,233 - 17,352 cml and of Te; in the region 19,917 -

21,221 cm-! using several Fabry-Perot spacers of varying lengths.? Since the

phase dispersion for aluminum coatings is known to be smoothly varying,8 the
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correction for this work was obtained by fitting a curve through these two
sets of data as shown in Figure 3. Over the range of measurements reported
here, the phase correction determined from this curve should be accurate to

better than 0.0005 order.

RESULTS

Results for the I, lines observed in this work are collected in Table 1.
The number in the leftmost column is the line number from the list of lines
specified by LINL for measurement. In a few instances it has been necessary
to select alternate lines for measurement because no clearly resolved )
component of the specified line was observed. These alternate lines are
flagged with an "A" (i.e. 23A). Two additional lines (15,233 and 17,352 cml)
were measured to verify the accuracy of the absolute measurements because they
have been previously measured with high precision in other laboratories.9-11

Doppler—free scans of all lines studied are collected as Appendix B. On
each chart the experimental parameters pertaining to that scan are noted. All
identified hyperfine components are labeled. Primes are used to differentiate
components of different ro-vibrational transitions. The hyperfine component
measured is indicated with -an arrow. Wave numbers given at the beginning and
end of each scan are from the Michelson wavemeter. Since the scans are linear
within 2%, they can be used to determine component spacings and line widths.
The relative accuracy of these beginning and ending wave numbers should be
+0.001 cm-l. 1In some cases, however, they may not have been corrected for the
index of refraction of ambient air. Their absolute accuracy is not specified.

The classifications reported in Table 1 are based on calculations of the

transitions of the I, B-X band system made using Dunham parameters derived by
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Gerstenkorn and Luc from their obserxvation of the Iz absorption spectrum by
Fourier transform spectroscopy.l2 In general the I spectrum is very dense
with several transitions predicted within the Doppler profile of each line
listed in the iodine atlas.l3 The classifications given are based on the line
position, hyperfine structure, and expected intensity. A classification is
listed if hyperfine components belonging to that transition were observed in
the scan presented in Appendix B. It is possible that additional transitions
that had no components within the scan contribute to the Doppler broadened
line given in the iodine atlas.

In a few cases hyperfine components were observed that could not be
identified with any predicted transition of the B-X band system. These may
belong to some other band or to transitions with J h%gher than that for which
the Dunham parameters are applicable. Where unidentified transitions were
observed, the entry "unk" appears in the classification column with the number
of hyperfine components if it could be determined.

For most lines it was possible to measure the “t" component of the
hyperfine structure. Note that in this work the hyperfine components are
designated as in Reference 14. In some published works this component is
labeled "o" for fifteen component structures. In a few cases the "i®
component was measured as noted in Table 1. In all cases the component can be
readily identified by reference to the scans in Appendix B.

The absolute frequency for each line was measured at least twice on
separate days to try to minimize any systematic alignment factors that might
affect the results. Some lines were measured three times for consistency
checks and diagnostic purposes. Each of these measurements is the averagg of

80 individual determinations from the Fabry-Perot wavemeter accumulated over a




period of about 2 min. The standard deviation of each set of 80 values is
about 0.000004 cml (0.13 MHz). Measurements taken on different days vary
significantly more than this short term random variation. This indicates that
the dominant errors in the Fabry-Perot wavemeter are systematic in nature.
Previous experience shows that variations as large as 2 MHz from the average
of a large number of measurements taken over many days are occasionally seen
(less than 1% probability; see Appendix A, Figure 2). For the results
reported in Table 1, no single measurement differed from the reported average
by more than 0.7 MH=z.

A number of contributions to the uncertainty of the absolute wave
numbers reported can be identified. First, the dye laser is locked to the I
hyperfine component by a first derivative type lock. The lock point can be
shifted from the actual center of the resonance by baseline shift in the FM
signal or by line asymmetry. From our recorded line profiles we estimate that
this effect does not exceed 5% of the line width, hence it may contribute 0.3
MHz to the uncertainty. Second, the directly measured laser wave number must
be corrected for the frequency shift introduced in the saturating beam by the
AOM. This amounts to increasing the measured value by one half the frequency
shift. Since the AOM is driven by a high precision synthesizer, this
correction contributes negligibly to the uncertainty. Thixd, there is the
uncertainty of the wave number of the reference laser for the Fabreregot
wavemeter. This laser is frequency-offset locked to an I, stabilized He-Ne
laser with an uncertainty smaller than that of the wave number of the Ip
stabilized laser. Its uncertainty, about 30 kHz, is also negligible. Fourth,
there is the daily systematic variation in the results of the Fabry-Perot

wavemeter mentioned above. From previous tests the standard deviation of a

13



large ensemble of measurements of the same transition is about 0.5 MHz. Based
on this, the three standard error uncertainty for the average of two
measurements is about 1 MHz. Finally, there is the uncertainty in the phase
correction applied to the Fabry-Perot results. At wavelengths close to the
reference laser this correction is approximately zero and its uncertainty is
negligible. For those lines most distant from the reference laser it does not
exceed 0.0005 order or 0.4 MHz for the 218 mm Fabry-Perot spacex used in this
work. Adding these sources of error in quadrature we obtain 1.1 MHz as an
estimate of the uncertainty of our final results. Comparison of the two lines
measured for verification of the absolute wave numbers with previous results
is shown in Table 2. For both lines the current results fall within 1/3 MHz

of the best values from other laboratories.

CONCLUSION

Work specified under contract #923-003 between Lawrence Livexrmore
National Laboratory and the National Institute of Standards and Technology has
been completed. All lines listed in Table 1 of the Description of Requested
Work have been studied, and Doppler-free scans are included as Appendix B of
this report. In three cases alternate lines within 0.5 cml of the specified
line have been selected for measurement because the original line was a blend.
Scans of the alternate lines are also presented. Fifty iodine hyperfine
components have been measured with an estimated absolute accuracy of 1.1 MHz.
Test measurements on two lines previously measured with high accuracy in other
laboratories show agreement at the level of 1/3 MHz. This confirms the

general accuracy of the methods employed. i
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Table 2. Comparisons with Previous Measurements

1271, Line This Experiment
(cml)

Other measurements
(cr1)

Deviation
{cm1)

R 73( 5-5) i 15233.367434(37)

P 62(17-1) t 17352.231351(37)

15233.367443(40)2
15233.367429(42)>
17352.231348(40)2

17352.231340(11)¢

0.000009

-0.000005

-0.000003

-0.000011

2 Reference 9.

b rReference 10.

¢ Reference 11 with uncertainty quoted as three standard deviations.
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Description of Fabry-Perot Wavemeter
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