The electric dipole moment and hyperfine interactions of KOH
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A molecular beam spectrometer has been used to observe the hyperfine spectrum and determine the
electric dipole moment of the KOH molecule. This EDM had never been measured previously,
although theoretical calculations had been made. A refined line shape fitting procedure has helped
make possible this determination from the molecular beam hyperfine spectrum. The value of the
EDM, which we found for the ground vibrational state, is 7.4106002 debye. The hyperfine
constants, including the potassium nuclear quadrupole, both spin—rotation interactions, and the
tensor and scalar spin—spin interactions have been determined for several vibrational states.
© 1996 American Institute of Physids$0021-960806)00433-3

I. INTRODUCTION also about the same in both molecules. We therefore ex-

The molecule KOH has been the subject of numerouj)eCted to see a hyperfine spectrum which was much like that

spectroscopic studies over the past 30 years, which ha Q' lfl_'; ¢ i hich b d h i
steadily expanded the understanding of its structure. Its lin- € transitions which we Observed are pure hypertine

earity has been established, and measurements have bég?psitions, involving changes in the relative orientations of

made of the rotational constant and its dependence on vibr<I;1he huclear and rotational angular momenta. They do not

tional state:® Microwave measurements with sufficient pre- change the vibrationalu) or rotational §) quantum num-
cision to give a value for the potassium nuclear quadrupol®@€'S: SO that the thermal populations established at the oven
interaction have been reportet. Theoretical calculations, (€MPperature are maintained. Since the rotational state does
but no previous experimental measurements have been mafigt change, these transitions violate the angular momentum
for the electric dipole momerf:!t selection rule for first order electric dipole transitions. They
We have used a high-resolution molecular beam electri@evertheless occur by a process which can be thought of as
resonance spectrometer to examine the hyperfine spectruifvolving two photons, usually with one at the frequency of
and in the process have also completed the first measuremehge oscillating electric field, and one at the zero frequency of
of its intrinsic electric dipole moment. We have been able tathe applied dc field.
observe pure hyperfine transitions in rotational stdted — The observed spectrum has the structure shown in Figs.
4, vibrational statesu(; ,v5,v3)=(0,0°,0), (1,8°,0), (2,8°,0), 1-3. There are groups of lines in the frequency ranges
(3,07,0), and (0,2,0). Preliminary reports of our work have 1800-1900 kHZwhich includes all rotational statesJ=1
been given at conferencés®® group in the range 3300-3400 kHzJa2 group between
3050 and 3250 kHz, d=3 group between 2700 and 2800
kHz, etc. Within each of these groups there is a strongest set,
which we take to be the ground vibrational state, repeated in
To first approximation the KOH molecule is very similar a sequence moving toward lower frequency that decreases
to KF.X* The OH radical has the same number of electrons aexponentially in amplitude. We assume that this sequence is
fluorine, nearly the same mass, and the same nuclear spiformed by the excited states of the K—O stretch, just like the
The OH is tightly enough bound that the OH stretching vi-sequence of lines found in KF. Exciting the higher states of
bration modes are not significantly excited at the temperaturthis vibration increases the average bond length, and reduces
of our source. The field gradient at the potassium nucleus ithe field gradient. This is confirmed by the match of the

Il. THE SPECTRUM
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FIG. 1. Initially observed spectrum. FIG. 2. Spectrum predicted from final fitted frequencies.

amplitude ratio for successive sets of the sequence with thél. ANALYSIS
Boltzmann factor for the vibrational states at the temperature  \\o«t of our measurements were made using a pair of

of our source. Each s_et contains three litterwore: for thg electrostatic quadrupole lenses which were 29 cm long.

18001900 kHz groupjust as they did for KF, though with  1poqe \worked well for the rotational statés 2—3, but not

a different order and smaller separation. . for J=1 (for which the inception of the fourth order Stark
Therg was another feature, hovyever, which Was_n%ffect causes the lens to become defocusing for all values of

present in the KF spectrum. There IS another set F’f Ime?‘nj) or for J=4 (for which arcing prevents sufficient poten-

within each group, displaced toward higher frequencies, buﬁm from being applieyl Near the end of the project a longer

smaller in amplitude than the set for the ground vibrational(43 cm set of lenses was made and installed to permit the

state, as visible at the far right in Fig. 3. These we believe tQ,, 5 mination of transitions id=1 and 4. Our initial fitting

be due to th€0,2,0) excited bending mode of the molecule. and analysis thus concentrated on fhe2—3 states.

The |l #0 bending modes apparently cannot be observed in The Hamiltonian used was of the form

our pure hyperfine spectrum because they are saturated by

the greatly over-driven first order transitions between these _ ) ]

doublet pairs of states. THedoublet transitions also were H=Heteot Hup ™ Hiort Hiypertne Hstarc @)

likely responsible for a very large background signal whichwhere

was present in our hyperfine data. Again, the ratio of inten-

sity to that of the ground vibrational state confirmed that this ~ HnyperfinedN=Vk - Qi+ Cklic- I+ Cpyly- I+ C3lc- D- 1y

is the correct interpretation. The higher frequency of the teale-l )
(0,2,0) set means that the electric field gradient at the K AT

nucleus is greater for this excited bending mode than it is irand

the ground vibrational state. This contrasts with the fact that

the rotational constant decreases with excitation of both the Hstan=—#-E. ()]
stretching mode and the bending mode. Since the hyperfine Hamiltonian is dominated by the first

In addition to the pure hyperfine transitions, we wereterm, representing the electric quadrupole interaction of the

able to observe two lines which occur betweenltilwublet  potassium nucleus, the most appropriate zero-field coupling
states, at approximately 31 378.3 and 31 315.6 kHz, but wergcheme s that defined by the relations

unable to identify the states involved. These are allowed,
single-photon transitions so that the required amplitude of
the oscillating electric field is much smaller than for the pure
hyperfine transitions. The extreme broadening of these tran-
sitions at the field levels used for the pure hyperfine transi-
tions probably accounts for the very high background levels
that we consistently observed in the 1000—3500 kHz range. 0,0°,0)
The order and separation of the three lines within each
set, which is determined primarily by the hydrogen spin— 1,0°0)
rotation interaction, indicates that this interaction has the op- 0,2°,0)
posite sign and is smaller by about an order of magnitude
than the corresponding interaction of fluorine in KF. A || I
These qualitative conclusions follow from the overall 3100 FREQUENCY (kHz) 3250
appearance of the spectrum. The quantitative analysis, which
gives the numerical values of the hyperfine interactions angg. 3. petail from Fig. 2 showing the predicted spectrum for Jre2
the electric dipole moment, is described in the next sectiongroup of lines. There are three lines within each vibrational set.

2,0%0)
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TABLE |. Molecular constants obtained from fin kHz).

Coefficient of

Constant (v +1/2)  (+127  JA+1) (vyt+1)

K quadrupole

—7462.018 94.188 —0.986 0.0285 —37.451
+0.032 +0.062 +0.022  *+0.0033 +0.045
K spin—rotation

0.2124

+0.0025

H spin—rotation

—0.9920 0.0293 0.0564
+0.0049 +0.0035 +0.012
3190 FREQUENCY (kHZ) 3194 Sp|n_sp|n tensor

0.1748

+0.0052

Spin-spin scalar

0.0115

+0.0034

Dipole moment(debye:

7.263 0.069 —0.004 0.1185
Fi=J+lg, F=F+Ig. (4) +0.012 +0.025 +0.010 +0.0059
Dipole moments determined for individual vibrational states

FIG. 4. Experimental data and fit for the(,v5,v3)=(0,0°,0), J=2 set of
three lines. Line identifications, in the forfy, ,F—F; ,F’, are A: 1/2,1>
5/2,2; B:1/2,1-5/2,3, and C:1/2,6:5/2,2.

Because of the small value of the hydrogen spin

rotation interaction, some of the hyperfine lines were not > Dipole moment Rotational constéhtHz)
completely resolved, and furthermore, the Stark effecto,®0 7.415+0.002 8208.6655-0.0016
caused a mixing of the hyperfine states even at the smalle§:®.0 7.476+0.007 8142.656:0.008
fields needed to produce transitions. To fully take this into2%:0 7.529:0.014 8076.6980.018

. ) : g)d?,O) 7.652£0.004 8135.16320.0028
account, we used a line shape analysis procedure describ

previously’® The zero-field hyperfine Hamiltonian matrix 20ur quoted uncertainties are one standard deviation estimates. Cited uncer-
was found for each vibrational—rotational state using initial tainties for rotational constants are three standard deviations.

: : bY. Kawashima, R. D. Suenram, and E. Hirota, J. Mol. Spectrb&6, 99
guess values of the hyperfine constants and dipole moment,’ P : : e R '
Qorrect'lons were applied to the level pf third order pertyrbafE_ F. Pearson, B. P. Winnewisser, and M. B. Trueblood, Z. Naturforsch.
tion to include the effect of the coupling between rotational Teil A 31, 1259(1976.
states) andJ’ =J=*2 by the nuclear quadrupole interaction.

The eigenvalues and eigenvectors of these matrices were
found, along with the effective Stark matrix, as expressed in

the representation which diagonalizes the zero-field Hamil-

tonian. The effective Stark Hamiltonian was then evaluate(PUt in practice were found to be rather similar, reflecting the

for the fields used in the transition, and the Hamiltonian forth€mal populations of the different states. Other parameters

hyperfine plus Stark interactions rediagonalized. The finatvhich we had previously treated as variables determined by
eigenvalues were the Stark shifted energies, and the eigef€ fit, such as the time of passage through the transition
vectors were used to find the transition probabilities betweefegion, or the probability of transition, were reduced to pre-

the Stark-mixed states. dictions by the above procedure.

In order to find an accurate velocity distribution of the In order for this procedure to accurately correct for the
molecules as focused by the lenses, a computer program w&sark shifts in the line positions, the electric dipole moment
used to track the trajectories in the transverse phase space&sd the rotational constant must be known. Rotational con-
they move through the different parts of the apparatus.  stant values in different vibrational states had been reported,
this way, the fraction that were expected to be focused on thg;t no values of the dipole moment were available. We

detector could be calculated for a range of longitudinakerefore made a series of observations at different fields,
speeds. This was combined with the Boltzmann d'St”bUt'OrLsing the lined=2, (F,,F) = (1/2,1)—(5/2,2), because it is

of the speeds leaving the oven to give the complete velocitéS
distribution. The observed line shape corresponds to the Ral tark shift. This is the lowest frequency line of the set of

function summed over the velocity distribution. h h ‘ h vibrational in Eig. 3. We fi h
With a known line shape, each observed line, includingt ree shown for each vibrational state In Fig. 3. We fit eac

all its Stark components, was fitted using a simplex methodn.easurement starting with a range of initial guesses of the
with only three variable parameters: the zero-field frequencydiPole moment. The correct value of the dipole moment
the amplitude, and the background. If multiple transitionswould give no shift in the zero-field frequency as the field
occurred in the range of an experimental run, they could bavas increased. With this dipole moment value determined,
fitted with separate zero-field frequencies, but a commorthe other lines of the spectrum could also be fitted giving
background. The amplitudes could be varied independentlhyconsistent zero-field frequencies independent of the actual

olated, has a single Stark component, and shows a sizable
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TABLE Il. Comparison of observed and fitted frequencies.

Measured Predicted Ratio
(vq,05,03) J F,,F—F,,F freq. (kHz) Uncert? frequency Resid. resid/uncert
0,0,0) 1 1/2,155/2,3 1490.312 0.020 1490.2911 0.0210 k.05
0,0,0) 1 1/2,1-5/2,2 1489.345 0.020 1489.3325 0.0125 .62
0,0°,0) 1 1/2,153/2,2 3353.830 0.010 3353.8354 —0.0054 —0.54
0,0,0) 1 1/2,1-53/2,1 3353.043 0.010 3353.0442 —0.0012 -0.12
(1,0,0 1 1/2,1-3/2,1 3311.600 0.045 3311.5518 0.0482 1.07
0,0,0) 1 1/2,0-5/2,2 1488.601 0.030 1488.5826 0.0183 6.61
0,0,0) 1 1/2,0-3/2,2 3353.085 0.015 3353.0854 —0.0004 -0.03
0,0°,0) 2 7/2,4-5/2,3 1863.818 0.030 1863.7902 0.0275 6.92
0,0,0) 2 7/2,3-5/2,3 1865.700 0.030 1865.7042 —0.0042 -0.14
0,0°,0) 2 7/2,3-5/2,2 1863.924 0.100 1863.8224 0.1010 ko1
0,0,0) 2 1/2,1-5/2,3 3193.310 0.015 3193.3070 0.0028 6.18
(1,0,0 2 1/2,1-5/2,3 3153.786 0.016 3153.7774 0.0086 6.54
2,0,0 2 1/2,155/2,3 3115.088 0.020 3115.0931 —0.0051 -0.28
3,0,0 2 1/2,1-5/2,3 3077.400 0.050 3077.2540 0.1460 2.92
0,0°,0) 2 1/2,155/2,2 3191.430 0.010 3191.4252 0.0048 0.48
1,0,0 2 1/2,1-55/2,2 3151.934 0.013 3151.9509 —-0.0172 -1.32
2,00,0 2 1/2,1-5/2,2 3113.321 0.010 3113.3218 —0.0008 -0.08
3,0,0 2 1/2,1+5/2,2 3075.600 0.100 3075.5380 0.0620 0.62
0,0,0) 2 1/2,1-3/2,2 1862.812 0.020 1862.8287 —-0.0167 -0.83
1,00,0 2 1/2,153/2,2 1839.755 0.010 1839.7731 —-0.0181 -1.81
0,0,0) 2 1/2,1-3/2,1 1861.078 0.015 1861.0812 —0.0032 -0.2P
1,0°,0 2 1/2,153/2,1 1838.046 0.010 1838.0724 —0.0264 —2.64
0,8,0) 2 1/2,0-5/2,2 3193.627 0.015 3193.6278 —0.0005 -0.03
(1,0,0 2 1/2,0-5/2,2 3154.105 0.014 3154.0948 0.0102 6.73
2,0,0 2 1/2,0-5/2,2 3115.410 0.020 3115.3620 0.0029 0.14
3,00,0 2 1/2,0-5/2,2 3077.750 0.100 3077.5647 0.1853 1.85
0,0°,0) 2 1/2,0-3/2,2 1865.028 0.020 1865.0312 —0.0036 -0.18
0,0,0 3 9/2,5-7/2,4 1864.025 0.100 1863.9947 0.0303 0.30
0,0°,0) 3 9/2,4-7/2,4 1866.878 0.250 1866.8512 0.0264 6.11
0,0,0) 3 9/2,4-7/2,3 1864.239 0.100 1863.9673 0.2717 2.72
0,0,0) 3 3/2,2-7/2,4 2731.283 0.010 2731.2831 —0.0001 —-0.0P°
1,00,0 3 3/2,257/2,4 2697.450 0.100 2697.4664 —0.0164 -0.16
0,0,0) 3 3/2,2-7/2,3 2728.395 0.010 2728.3993 —0.0043 -0.43
0,0°,0) 3 3/2,255/2,3 1862.500 0.010 1862.4974 0.0026 0.26
(1,0,0 3 3/2,2-5/2,3 1839.451 0.005 1839.4436 0.0077 1.68
0,0°,0) 3 3/2,255/2,2 1859.631 0.050 1859.5701 0.0609 k22
1,0,0 3 3/2,2-5/2,2 1836.619 0.025 1836.6016 0.0174 .70
2,0,0 3 3/2,2-5/2,2 1814.141 0.025 1814.1262 0.0148 6.59
0,0,0) 3 3/2,1-7/2,3 2731.694 0.010 2731.6954 —0.0014 -0.14
0,0,0) 3 3/2,1-5/2,3 1865.784 0.010 1865.7935 —0.0095 —-0.95
0,0°,0) 3 3/2,155/2,2 1862.880 0.020 1862.8661 0.0139 0.69
0,0,0) 4 5/2,3-9/2,5 2514.560 0.040 2514.5549 0.0056 6.14
0,0°,0) 4 5/2,2-9/2,4 2514.940 0.040 2514.9844 —0.0446 -1.12
0,2,0) 2 1/2,1+5/2,3 3225.367 0.020 3225.3662 0.0008 .04
0,2,0 2 1/2,1-5/2,2 3223.762 0.005 3223.7620 —0.0000 -0.00
0,2,0) 2 1/2,0-5/2,2 3225.670 0.010 3225.6702 —0.0002 -0.02

@Uncertainties are 1 standard deviation estimates.
PMeasurements included in fit. Other lines were observed initially but not later confirmed.

field used. In a similar manner, the dipole moments werely. In order to test these, we observed similar transitions in
determined for the other observed vibrational states. Figure the KF molecule, for which the dipole moment is known. In
shows an example of the fit of the set of three lines for theorder to fit the Stark shifts observed in KF, we had to apply
J=2, (vy,03,03)=(0,0,0) state. a small correction of about 0.25%. Our quoted dipole mo-
The accuracy of our dipole moment value was limited byment values take this correction into account.

the accuracy and uniformity of the spacing between the With the Stark shifts more accurately accounted for, our
milled and lapped aluminum plates that form our C field, andzero-field frequencies could be used in a fit to improve the
by our knowledge of the potential difference between thevalues of the hyperfine constants. This iterative process was
plates. The latter was set by a 12 bit D—A converter dividingrepeated several times as additional lines were observed and
a 10 V reference, which then controlled a 100 V power sup4identified. The final list of measured zero-field frequencies is
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