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Hyperfine spectrum of RbClI
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The molecular beam electric resonance technique has been used to conduct a high precision
examination of the hyperfine spectrum of the four isotopomers of RbCl. Coupling constants for the
nuclear electric quadrupole interactions, the spin-rotation interactions, the tensor and scalar
spin-spin interactions, and a rubidium nuclear octupole interaction, and their dependence on
vibrational and rotational states have been determined. The dominant interaction, the rubidium
nuclear electric quadrupole interaction, shows a small shift with substitution of the chlorine
isotope. © 2006 American Institute of Physics. [DOI: 10.1063/1.2212413]

I. INTRODUCTION

In a recent paperl we reported a study of the hyperfine
spectrum of SLil that showed a shift in the iodine nuclear
electric quadrupole interaction constant when the lithium iso-
tope was changed. We here report a similar study of the four
isotopomers of RbCl, in which we determine the nuclear
electric quadrupole and spin-rotation interactions of both Rb
and Cl, the tensor and scalar spin-spin interactions, and a
marginally significant rubidium magnetic octupole interac-
tion (see Ref. 2 for the definition we use for the octupole
interaction). We have measured a total of 210 transitions,
with a precision that ranges between 0.5 and 250 Hz, includ-
ing vibrational states v=0—-4 and rotational states J=1-7.
From these we have fit for the coefficients that describe the
dependence of the interactions on v and J, including the four
isotopomers together by using the expected dependence on
atomic masses and magnetic moments.

As in LiI,l we find a small shift in the rubidium nuclear
electric quadrupole coupling constant (NQCC) as the chlo-
rine isotope is changed from 35 to 37. This shift measures
41.4%5.6 Hz for the **Rb and an insignificant 16+585 Hz
for the ¥'Rb.

The apparatus used and the theory of the hyperfine in-
teractions will not be discussed here since they have been
previously described.'®

Il. DATA AND ANALYSIS

The pure hyperfine spectrum of RbCl is spread over the
frequency range from zero to roughly 17 MHz. By adjusting
the voltage applied to the quadrupole lenses we can optimize
the spectrometer for any rotational state well beyond the J
=1-9 we have included. We have not taken data on all pos-
sible lines for higher J values because the spectra become
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very dense, making it difficult to identify and deconvolute
overlapping lines. This is also the reason for concentrating
on higher frequency lines, where the spectrum is more spread
out. The lines for different vibrational states occur at differ-
ent frequencies and can be identified by the sequences of
nearly equally spaced lines with intensities dropping off in
accordance with the Boltzmann factor for the vibrational en-
ergy differences.

An example of the data from a single run as fitted is
shown in Fig. 1. It includes two lines from each of the
$Rb¥3CI and *Rb¥'Cl isotopomers, as split into their Stark
components. Since the two pairs have the same quantum
numbers, their Stark patterns are quite similar, with the in-
tensities clearly showing the abundance ratio for the two Cl
isotopes. The side lobes on the second highest frequency
component are enhanced by its being overdriven. The quality
of the fit indicates that our understanding of the quantum
mechanical transition process is excellent. This particular run
took over 5 days of running time, averaging 5000 passes
back and forth through the 1100 bins of the frequency range.
For each isotopomer shown, the transitions are from v=0,
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FIG. 1. Fitted data showing an example of two Stark-split pairs of lines
from 33Rb3"Cl (lower frequency pair) and 35Rb¥CI (higher frequency pair).
The quantum numbers of the transitions are v=0, /=2, F;=1/2, F=1,2 to
F=7/2, F=2. The relative abundance of the two CI isotopes is evident in
the line intensities of the two pairs.
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TABLE I. Molecular constants determined from fit (all frequencies in kHz).
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8Rb¥CI constants

8’Rb*Cl constants

$Rb*’Cl constants

8Rb*'CI constants

i.j
Rubidium quadrupole (eQqgy;)
0,0 —52884.585+0.028 -25587.2+1.2 —52 884.543 8+0.005 6 -25587.2+1.2
1,0 413.482+0.074 199.387+0.036 405.494+0.073 195.508+0.035
2,0 -1.597+0.050 —-0.768+0.024 —-1.536+0.048 —-0.738+0.023
3,0 —0.006 0+£0.009 6 —0.002 9+0.004 6 —0.005 7+0.009 1 —-0.002 7+0.004 4
0,1 0.08021+0.000 74 0.038 55+0.000 36 0.077 14+0.000 72 0.037 06+0.000 34
1,1 —0.000 75+0.000 29 —-0.000 36+0.000 14 —0.000 71+0.000 27 —0.000 34+0.000 13
Chlorine quadrupole (eQqcy;)
0,0 838.25+0.046 838.226+0.029 660.55+0.16 660.55+0.18
1,0 -138.17+0.11 —137.71+0.11 -106.752+0.086 —-106.379+0.086
2,0 1.447+0.068 1.438+0.067 1.097+0.051 1.089+0.051
3,0 —-0.059+0.013 —-0.059+0.012 —-0.044 0£0.009 4 —-0.043 6+0.009 3
0,1 —-0.03236+0.000 90 —0.032 15+0.000 89 —0.024 52+0.000 68 —-0.024 35+0.000 67
1,1 —0.000 14+0.000 87 —-0.000 14+0.000 86 —0.000 11+0.000 65 —0.000 11+0.000 64
Rubidium spin-rotation (cy;)
0,0 0.394 76+0.000 77 1.3289+0.002 6 0.379 66+0.000 74 1.2777+0.002 5
1,0 —-0.003 8+£0.001 9 —0.012 6x0.006 5 —0.003 5+0.001 8 —0.0119+0.006 1
2,0 0.0000+0.001 3 0.000 1+0.004 3 0.000 0£0.001 2 0.000 1+£0.004 0
3,0 0.000 01+0.000 25 0.000 040+0.000 84 0.000 010+£0.000 23 0.000 030+0.000 76
0,1 0.000 004+0.000 014 0.000 014+0.000 047 0.000 004+0.000 013 0.000 013+0.000 043
Chlorine spin-rotation (ccy;;)
0,0 0.3943+0.001 2 0.391 6+0.0012 0.315 63+0.000 99 0.31343+0.000 98
1,0 0.003 1+£0.002 7 0.003 0+0.002 7 0.0024+0.002 1 0.0024+0.002 1
2,0 —-0.004 0+£0.001 7 —0.004 0£0.001 6 —-0.003 1£0.001 3 —-0.003 1+£0.001 3
3,0 0.000 66+0.000 30 0.000 65+0.000 29 0.000 5+0.000 22 0.00049+0.000 22
0,1 0.000 019+0.000 018 0.000018+0.000 018 0.000 014+0.000 014 0.000 014+0.000 014
Tensor spin-spin (c3;)
0,0 0.033+£0.001 1 0.1120+0.003 6 0.027 51+0.000 89 0.0932+0.003 0
1,0 —0.000 7+0.002 3 —0.002 2+70.007 6 —0.000 5+0.001 8 —0.001 8+0.006 2
2,0 —0.000 17+0.000 76 —-0.000 6+0.002 6 —0.000 14+0.000 61 —0.000 5+0.002 0
Scalar spin-spin (cy;;)
0,0 0.026 51+0.000 63 0.089 8+0.002 1 0.022 07+0.000 52 0.074 8+0.001 8
1,0 —-0.001 3+0.001 3 —0.004 5+£0.004 2 —0.001 1+£0.001 0 —-0.003 7+0.003 4
2,0 -0.000 61+0.000 41 -0.002 1+£0.001 4 0.000 49+0.000 33 -0.001 6+0.001 1
Rubidium Octupole (ewQgy;;)
0,0 0.000 202+0.000 095 0=+0 0.000 202+0.000 095 0+0

J=2, F|=1/2, F=1,2 to F;=7/2, F=2. The three stark
components of the lower frequency triplet for each belong to
Mr=0,+1, and £2, and the higher frequency singlet belongs
to Mp==1, the M =0 component being forbidden.

The results of the fits for the observed lines are listed in
tables filed with EPAPS.® The Stark-corrected line frequen-
cies are shown in the “Measured” column, along with our
estimates for their one-sigma uncertainties.

The frequencies of the four isotopomers are fitted to-
gether to determine the molecular constants that are listed in
Table I, with the frequencies predicted by the fitted constants
shown in the “Predicted” column of the data tables. The
values of the constants for the ®Rb*’Cl isotopomer are used
as the fitted parameters, with the other three isotopomers
calculated from these using the expected dependence on
B,/ w, and the known nuclear moments. In order to account
for possible isotopomer shifts as well as refined values for
the nuclear quadrupole moment ratios for the two Rb iso-

topes and the two Cl isotopes, eight additional parameters
were included in the fit. These are (1) the ratio of the nuclear
quadrupole moments of the two Rb isotopes, (2) the ratio of
the quadrupole moments of the two Cl isotopes, [(3)—(5)] the
possible shifts in the 7,j=0,0 terms of the rubidium NQCC
for the other three isotopomers, and [(6)—(8)] the possible
shifts in the i,j=0,0 terms of the chlorine NQCC for the
other three isotopomers. This procedure effectively means
that the i,7=0,0 terms of both NQCCs are independent for
all four isotopomers, while the nuclear moment ratios are
determined from the other terms.

The question of which parameters to include in the fit is
significant. One can certainly not include parameters for
which the data give no information. For example, it would be
meaningless to include any i,j=3,0 terms if there were no
observations of vibrational states beyond v=2. The singular
value decomposition method of fitting we used provides in-
formation about whether the parameters are determined by
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the data. Beyond that simple consideration, however, there is
the more subtle matter of whether the measurement uncer-
tainty is larger than any reasonable range of the parameter
value itself. We have included several parameters in our fit
whose values came out to be not significantly different from
zero. Forcing these to be zero and removing them from the
fit would tighten up the fits of the other parameters. We be-
lieve it is appropriate to include them because we do not
have reason to expect them to be small compared with their
uncertainty, and the resulting larger uncertainties in the oth-
ers are probably realistic. In the absence of a theoretical ex-
planation of the isotopomer shifts in the NQCC values, we
have retained the full freedom of all the 7,j=0,0 terms to
avoid imposing any prejudice on the values.

The reduced y value for the fit is about 2.0. This indi-
cates that the parameters selected come close to fitting the
data, but not quite within the range that would be expected
on purely statistical grounds. As is customary in hyperfine
spectroscopy, there are apparently small systematic errors
that are not fully accounted for. Our quoted one-sigma un-
certainties in the fitted parameters have been scaled by the y
value to take this into account.

lll. RESULTS

In addition to the hyperfine coupling constants listed in
Table I, our fit has given values of the nuclear electric quad-
rupole moments of the two Rb isotopes as
O(®’Rb)/ (¥ Rb)=0.483 837+0.000 022, and for the two Cl
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isotopes as Q(*’C1)/Q(**Cl1)=0.787 82+0.000 24. The Rb
ratio is consistent with the ratio determined for the RbF mol-
ecule, as described in an accompanying paper,7 but the latter
is more precise by an order of magnitude. Again, a success-
ful theory for the isotopomer anomaly described in Ref. 1
would make it possible to extract more precise information
for both molecules.
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