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Abstract:

We have used a molecular beam spectrometer to study the hyperfine spectra of RbF and RbCl to test for the consistency of molecular parameters between the two molecules and their different isotopomers. By applying sufficient DC and RF electric fields to resolve the Stark components we can fit and correct for the Stark shifts to achieve a precision of better than one hertz in unshifted frequencies that range up to 23 MHz. By looking at pure hyperfine transitions in a wide range of vibrational and rotational states we can correct for zero-point vibration and centrifugal stretching effects to get equilibrium values for the hyperfine interactions, including the nuclear electric quadrupole interactions, the spin-rotation interactions, and the tensor and scalar spin-spin interactions. The high precision of the measurements means that the ratio of the effective nuclear electric quadrupole moments of the two Rb isotopes can be determined to about 8 significant figures. This ratio is nearly the same in RbCl as it is in RbF, though there may be a small difference that would be evidence for a pseudoquadrupole interaction. The other interactions are fully consistent between the different isotopomers.
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[Title] For the past 20 years our lab at St. Olaf College has been using an electric resonance molecular beam spectrometer to study hyperfine interactions of alkali halide molecules.  [Beam] The spectrometer has a 2-m long transition region, which gives spectra with uncertainty principle limited linewidths of 100-200 Hz.  We would like to take advantage of this unique capability to learn interesting things about the molecules.  In the case of the Rubidium salts the pure hyperfine spectrum is dominated by the Rb nuclear electric quadrupole interaction [Levels], and ranges in frequency up to 23 MHz, so that there is the potential for making measurements with up to 8 significant figures of  precision.  We should, then, be able to determine the nuclear quadrupole interactions to this level.  In order to achieve this precision we have had to deal with a number of problems.  [Prob. 1]

1.  The partition function for these heavy salts is fairly large, and the population of the molecules in the beam is further divided between the different isotopes.  This means that the fraction of the beam molecules in a given low-J, v = 0 quantum state is about 10-5 for 85RbF and only about 2x10-7 for 87Rb37Cl.  The use of a beam stop serves to eliminate molecules other than those of the desired rotational state, but we still have to work with very small fractional changes in the detector signal when a transition occurs.  [Solution]  This requires the use of very long integration times, which in turn requires that the software be able to discriminate against and remove data point outliers that occur during pressure bursts.  [Data 500 sweeps]  Here is an example of a scan of a small portion of the RbCl spectrum after 500 sweeps, or about 20 hours of running.  A couple of resonances are beginning to show up. [Data 5000 sweeps]  Here is the same portion after 5000 sweeps, several days later.  As you can see, the extra integration time continues to improve the signal to noise. The upside of the partition function size is that there are tens of thousands of possible transitions that we can observe.

2.  [Prob 2]  The pure hyperfine transitions violate the selection rule (J = (1 selection familiar to infrared and microwave spectroscopy.  That means we need to use larger electric fields to produce the second-order transitions, and generally combine DC and RF fields.  These fields then also produce significant Stark shifts in the energies that we are trying to measure.  If we know the magnitudes of these fields we can correct for the shifts to obtain zero-field frequencies.  Determining the DC field is relatively straightforward by just using a digital voltmeter, but the RF is more problematic.  The RF amplitude produced by the frequency synthesizer is accurate enough, but at these frequencies there are standing wave effects in the cables and on the plates themselves that affect the amplitude actually applied to the plates.  We do have an RF probe attached to the plates to read the voltage there, but it still does not give us an appropriate average over the length of the plates.  We have found that we can use fields sufficient to fully resolve the Stark splittings, and then fit these splittings to determine the amplitude of the RF field.  [Solution]  The Stark splittings depend approximately on the sum of the squares of the DC and RF(rms) amplitudes, so what counts here is the average of the square of the RF amplitude over the length of the plates.  The transition probability, on the other hand, depends on the average of the product of the DC and RF amplitudes, so that is a different average that we fit separately.  [Unresolved]  Here is a line taken with roughly equal RF and DC amplitudes, so that the Stark shifts are unresolved.  [DC resolved]  Here is the same line with the DC turned up (and the RF down) to fully resolve the Stark components.  [RF resolved]  Here is the same line again, this time split by an increased RF and reduced DC field.  The RF-split data serves to efficiently tell us what the RF amplitude is, while the DC-split run gives detail about the relative amplitudes and widths of the Stark components.  Then this information lets us get more precision out of the unresolved run.

3.  [Prob 3]  The spectra are quite dense.  It is hard to find lines that are sufficiently isolated to avoid having an overlap of lines from different isotopes, rotational and vibrational states.  If there are only 2-3 overlapping lines, we can still fit for them by taking advantage of the well-understood velocity-averaged Rabi lineshape.  The most isolated lines often have fairly small transition dipole moments, but can still be readily observed if we turn up the fields far enough.  [Solution]  Here is one of the more impressive examples of our success in fitting a portion of the spectrum of RbF.  [J = 10 fit]  There are two different Stark-split J = 10 lines (in green), and one J = 6 line of which two Stark components (magenta) lie in the range.  The solid line is a theoretical fit of the data.

4.  [Prob 4]  The hyperfine spectrum includes more than the nuclear quadrupole interactions, and all of the interactions depend upon the vibrational state and the rotational state.  [Solution]  [Hyperfine]  The full set of hyperfine interactions include the nuclear quadrupole interaction for each atom, a spin-rotation interaction for each, tensor and scalar spin-spin interactions, and possibly magnetic octupole and electric hexadecapole interactions.  [Quadrupole 1]  Each of these involves a contribution to the hamiltonian matrix that is a known function times an interaction “constant”, as shown here for the more strongly coupled nuclear quadrupole interaction, and here [Quadrupole 2] for the other nucleus.   The “constants” are not really constant, however, as they depend on the vibrational and rotational state in a way that can be expressed as the series shown here [v-J expansion].  The q00 coefficient is approximately equal to the equilibrium value qe, although there is a small correction that can be estimated from the potential constants.  Except for this correction, the q00 should therefore be independent of the isotopomer.  That means we can find the ratio of the nuclear moments of the two Rb isotopes by taking the ratio of the eQq00 values.  If this is valid, then we should obtain the same ratio of the Rb nuclear moments for RbCl that we do for RbF.

[Results]  [RbF]  If we use this procedure for RbF we get a value of this ratio as shown here.  [RbCl]  If we do the same for the RbCl data, the ratio comes out to be the same, within the estimated combined uncertainties.  Any difference between these would be evidence for a pseudoquadrupole interaction that has the same dependance on quantum numbers, but depends on the nuclear magnetic moments instead of quadrupole moments.  [Cl ratio]  We can also compare the chlorine quadrupole moments determined from the RbCl data.
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