Molecular Beam Measurement of the Hyperfine Structure
and Zeeman Effect of $Rb''F

Craig D. Hollowell * and Florentin Lange

Physikalisches Institut der Universitdat Bonn
(Z. Naturforsch. 29 a, 1548 —1552 [1974] ; received August 29, 1974)

Hyperfine structure and Zeeman effect of the ®Rb'F molecule have been measured with a
molecular beam apparatus using electric four poles as deflecting fields and homogeneous super-
imposed electric and magnetic fields in the transition region. Electric dipole transitions were
induced between the hyperfine structure levels of the first rotational state /=1 and the two lowest
vibrational states v=0 and v=1 for the strong field case. The following quantities were determined
and are compared with results from weak field measurements: the magnetic rotational dipole
moment wJ, the nuclear spin-rotational interactions ¢; and ¢, (1 £ Rb, 2 & F), the scalar
and tensor part of the nuclear dipole-dipole interaction ds and dr, the quadrupole coupling
constant egQ of the Rb nucleus, the anisotropy of the magnetic susceptibility £, —&), the aniso-
tropy of the magnetic shielding of the external magnetic ficld at the position of both nuclei
(o, —ay), and (6, —0)a, the magnetic moment of the Rb nucleus multiplied by the scalar part

of the magnetic shielding tensor g, (1—0),.

1. Introduction

In a preceding work?! the hyperfine structure,
Stark effect and Zeeman effect of the diatomic polar
molecule ®°RbF had been measured in the /=1
rotational state with a molecular beam apparatus
having combined homogeneous electric and mag-
netic fields in the transition region. Except for the
determination of the electric dipole moment all
these measurements were done in the weak field
case, i.e. with partial coupling of the angular mo-
menta of the molecule (nuclear spins, rotational
angular momentum). The interaction energy of the
electric quadrupole moment of the rubidium nucleus
with the molecular electric field gradient (70 MHz- k)
is large compared to that of other alkali fluorides *~%.
The weak field case for which the matrix elements
of the quadrupole interaction diagonal in J are also
fully diagonal in all other quantum numbers is
better suited to the measurement of the hyperfine
structure constants.

The strong field case which is characterized by
the decoupling of the angular momenta /;, I, and
J is only realized at Stark effect energies comparable
or larger than the quadrupole interaction. Adjust-
ing the separation of the electrodes (5 mm), which
produce the Stark field, to half an optical wave-
length over the 8 cm long radiofrequency zone
results in a relative homogeneity of 53105, This
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corresponds to a linewidth of TkHz at a (qua-
dratic) Stark effect energy of 70 MHz-h. That is
just sufficient to resolve lines which are separated
by smaller effects like the nuclear spin —rotational
interaction or the anisotropy of the diamagnetic
shielding. At Stark effect energies as low as
45 MHz-h all transitions were observed which are
allowed in the strong field case. The observved line
width was then 5 to 6 kHz and comparable with the
natural line width of about 4 kHz resulting from the
time of flight of the molecules through the transition
region. The present measurements also allow a
check to be made of the interaction constants with
an external magnetic field, which were originally
measured in the weak field case!. The precision of
the measurements is in both cases comparable.

The molecular beam apparatus used for these
studies is described in full detail elsewhere?. Ve-
locity selected molecules in the rotational state
(J.my) = (1,0) were focussed on a hot tungsten-
wire surface ionizer. The intensity of the focussed
beam was 10 times bigger than the background
which resulted mainly from the scattered beam.
Hyperfine transitions Amj;= =1 were electrically
induced in the transition region consisting of a
homogeneous electric field with superimposed mag-
netic field. The resulting diminution of the beam
intensity at the detector was about 2% and the
resonance transitions could be measured with a
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signal —to —noise ratio of 8:1. By repeating the
measurement of the spectrum 10 times the line cen-
ters could be determined to within 100 Hz. The
magnetic field seen by the molecules could be de-
termined to some 1074, the main limiting factor
being the uncertainty in the position of the proton
resonance probe. The highest magnetic field used
was 7000 Gauss.

2. Hamiltonian Operator

The Hamiltonian operator of a diatomic polar
molecule in a !X-electronic ground state with J
being the rotational angular momentum and I, and
I, the two nuclear spins has the following form in
an external electric field E and a magnetic field H:

H— BJ?— (u,E) — f’;i 1,-[1-o,()]-H
1

_ M

L [1-0,()]-H- "7 (J-H)

Iy J
—[H-E(J) -H] +c (I d) +ex(I2d) (1)
S A 1050 A T (21, 1 MreqQu) L.
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The index 1 refers to the rubidium nucleus, and
index 2 to the fluoride nucleus. The terms, in order,
correspond to the following energy contributions:
rotational energy, Stark effect of the molecule’s
permanent electric dipole moment with the exter-
nally applied electric field E, Zeeman effect of the
nuclei 1 and 2 in the external field H which is
screened by the electron cloud, Zeeman effect of the
rotation, interaction of the magnetic susceptibility,
the corresponding nuclear dipole —rotation inter-
actions, the magnetic spin —spin interaction and
finally the interaction of the Rb nuclear electric
quadrupole moment with the molecular electric field
gradient. Except for the contribution —%(E-a-E)
of the electric polarizability which can be neglected
at the applied electric field strengths the Hamil-
tonian includes all bilinear interactions of the form
A7 B where A and B stand for one of the five
available vectors E, H, J, I,, I, and 7 is a tensor
of second rank. The scalar and directionally de-
pendent components of the different tensors of the
phenomenological Hamiltonian (1) can be expressed
by the properties of the electrons and nuclei. These
relations are quoted for example in the report?.
They allow the calculation of the quadrupole mo-
ment of the electronic charge distribution, the de-
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composition of the rotational magnetic moment in
the nuclear and electronic contributions and the sepa-
ration of the tensor part of the screening in para-
and diamagnetic contributions. This has been dis-
cussed previously for the case of ®*RbF'. Our re-
sults for the strong field case confirm the weak
field measurements, we therefore refer to the dis-
cussion contained within this report.

3. Energy Matrix and Selection Rules

To evaluate the measured radio frequency spectra,
the energy matrix of the Hamiltonian (1) was con-
structed in the decoupled representation |J, my; I;;
my; Iy, my) . For the case /=1, I, =5/2, I,=1/2
this matrix is given in the report?. The Stark effect
has only off-diagonal elements between J and J £ 1.
Due to the size of the quadrupole interaction it is
not sufficient to use only the energy matrix for /=1
together with the Stark effect perturbation up to
second order. The reason is that the perturbation
calculation in third order, which also takes into
account matrix elements of e ¢ Q off-diagonal in J,
gives, for the case of RbF, contributions up to
100 kHz. The energy matrix therefore had to be
extended up to J=3. All matrix elements of the
Hamiltonian diagonal in J were included and also
those elements of eq() and the Stark effect which
were off-diagonal in J. The contributions of all
other interactions which are not diagonal in J are
below 1 Hz and can be neglected. The energy matrix
then consists of (1923 192) elements. The com-
puter did not have enough core space to diagonalize
a matrix of this size. If one neglecls transverse
components of H (E.;, the effective electric field
seen by the molecules is the axis of quantization)
the energy matrix can then be subdivided into sec-
tions of constant M =my;+m, +ms. These sub-
matrices are smaller (5032 50) and could be di-
agonalized by the computer. Figure 1 shows the
M =0 submatrix and indicates which matrix ele-
ments of the Hamiltonian have been taken into
account.

In passing through the magnetic field H, the
molecules see an additional electric field

E-= (v/e) <H.

If the applied fields E and H are parallel in the
laboratory system then the effective fields seen by
the molecules differ by an angle (=< 1° for our
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measuring condition). This gives rise to matrix ele-
ments which are not diagonal in M. These were
taken into account by diagonalizing the whole
J =1 matrix.

In the case of radio frequency radiation per-
pendicular to the electric field the following selec-
tion rules apply
Al=0; dAmy==*1; Amy=0,£2; Am,=0.

Transitions with Am, = =2 will take place since
the quadrupole interaction has off-diagonal elements
(I,myzmy,ms eqQll,my=2,m;F2,m,)

which are belween energy levels degenerate with
respect to the Stark effect and therefore couple
these terms. These states differ by £ 2 in m,, there-
fore two defocussed states are coupled and addi-
tional transitions are observed. The whole spectrum
consists accordingly of 24 transitions with Am; =0
and a further 16 “coupled” transitions with Am;
— = 2. All these spectral lines were observed. Due
to Amy = £ 2, the “coupled™ transitions change the
projection of [;; these lines therefore allow the
determination of the scalar part of the nuclear
spin-spin interaction d, and also the scalar part
1ty (1 —02) ¢ of the nuclear Zeeman effect.

4. Results and Discussion

The #RbF spectrum was measured for the vibra-
tional ground state v=0 and the first excited state
v=1 at 7 combinations of the electric and magnetic
fields. For any combination of the two applied fields
the spectrum was measured in 5 to 6 runs by scan-
ning each spectral line back and forth. All those
lines were measured for which the the splitting into
two lines by ¢,, dy and e, (1 — 6¢) 5 was sufficiently
large that they were well separated. The individual
line width was 5 — 6 kHz. In addition. all those lines
were measured for which this splitting was so small
that the width (FWHM) of the resulting line did
nol exceed 5 to 6 kHz. In the analysis this was
taken inlo account by taking the mean of the two
corresponding linear equations. The analysis con-
sisted essentially of the following procedure: the
energy mairix was diagonalized with an initial sel
of constants: this allowed the evaluation of correc-
tions to be applied to the measured frequencies
before solving an over-determined system of linear
equations giving a new set of constants. This iter-
ating procedure was previously % described in greater
detail.
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For the evaluation of the molecular constants the
following data were used:

Y, =6315.548 MHz  up = 2.6287 uy

‘,n = —45.652 MHz LRy = 1.348 N
Y, — 0.099MHz u,(v=0) = 8.5464 Deb
e (v=1) = 8.6127 Deb .

The measured molecular constants are summa-
rized in Table 1. The errors given in brackets for
our results are three standard deviations, in units of
the last decimal. For comparison we list the “best
set” of values chosen from different measurements °
which were all done for the weak field case. All
Zeeman effect data were taken from the previous
publication’. The results agree within the given
errors. One can see that ¢; could be more precisely
determined from the weak field case. The reason is
that in this represenlation the matrix elements of
¢, , the interaction between the magnetic moment of
the Rb nucleus carrying the quadrupole moment
and the magnetic field which arises from the mole-
cule’s rotational angular momentum are fully diago-
nal. One would have expected on the other hand
that the interactions with the applied magnetic field
could be determined more accurately for the strong
field case for which the Zeeman effects of the nuclei
and the rotation are fully diagonal in /=1 for all
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quantum numbers. In addition the applied magnetic
fields were almost a factor of two higher than for
the weak field case measurements. The reason for
not reaching a higher accuracy must be sought in
the rather large off-diagonal elements of e g () which
also effect the accuracy of the data analysis. This
is supported by the difference in accuracy of
(6. —0/), and (6| —a)), for the strong field case.
Comparing the combinations of linear equations
that determine (5] —a ), with those for (6. —0/),
one can see that in the first case the contributions
from perturbation almost cancel, leading to a good
accuracy in (0] —o0)),, while for the latter this is
not so and the accuracy of (6| —o0); is rather
poor.

For the weak field case the tensor part of the
magnetic susceptibility can be determined from the
measured spectrum at a fixed combination of elec-
tric and magnetic fields. This is not possible for the
strong field case where (5| — ) shifts all spectral
lines by the same amount. This constant can there-
fore be determined from the center of mass shift of
the spectrum at different magnetic fields keeping all
other parameters fixed. The agreement of our mea-
surement of (£ —5) with the value from the
weak field case is satisfactory considering the gen-
erally rather poor reproducibility in this measure-
ments for other molecules.

Table I. Results (%RbF: J=1).

our results

“best values™ 10

v=>0 r=1 v=0 v=1
(eqQ),/h —70341.5(22) —69550.9 (84) —70340.5(4) —69555(2)
[kHz]
ey/h 0.465(84) 1.4(20) 0.525(10) 0.52(5)
[kHz]
cy/h 10.37 (47) 10.11(52) 10.615 (60) 10.483 (100)
[kHz]
ds/h 0.29(21) — 0.15(5) 0.06(12)
[kHz]
drlh 0.76(20) 0.84(21) 0.93(10) 0.77(10)
[kHz]
will 29.73(5) 29.63 (6) —29.79(2) —29.71(2)
[10—% ug]
(6| —0)),"10 —0.3(30) —0.3(36) —3.8(21) ==
(6 —0), 104 —3.12(25) —2.96(30) —2.6(3) —
1y (1—72) 1.3483 (4) — 1.3474(5) -
[Lx]
=& 8 (4) - 12 (6) —

[10—30 erg/G?)
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