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The atomic-beam magnetic-resonance method has been used to measure the magnetic
dipole and electric quadrupole hyperfine-structure interaction constants A and B for the
3D, °D,, and !D, states of the  + * (6s)(5d) configuration for '%¥Ba and 13"Ba. The experi-
mental results for ¥Ba are A (\D,) =~ 73.429(4) MHz, B (\D,) = +38.710(15) MHz, A ¢D,)
=+370.6(7) MHZ,B(3DZ) =+18.3(22) MHz,A (3D 3) =+408.1(14) MHz, B(3D3) =+20(8) MHz; and
for 13"Ba, A(!D,)=-82.180(3) MHz, B(D,) =+59.564(14) MHz, A(D,) = +413.9(9) MHz,

B@D,) =+26.8(30) MHz,A(Dy) = +455.4(16) MHz,B(®D;) =+36(9) MHz. A comparison is made
between the value of the electric quadrupole moment of the 3’Ba nucleus obtained from
these results, which depend on the interaction of the 5d electron, and the value obtained
from earlier results, which depend on the interaction of the 6p electron. There is a sub-
stantial difference in the values of @ (3"Ba) obtained from these two sets of measurements
if one does not take the quadrupole shielding into account. Taking the quadrupole shielding
into account markedly reduces this difference.
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I. INTRODUCTION

During the past ten or so years, the detailed
properties of the lower-lying electronic states
of atomic barium have been extensively studied.
Radiative lifetimes,'”* electronic g factors,?#:®
and the hyperfine structure!+®~® (hfs) of some
of the states of the (6s)(6p) configuration have been
studied by various optical techniques. A number
of other investigations have also been made of the
hfs in sp configurations in several species, but
little detailed work has been done on the hfs of
the terms of an sd configuration. In a situation
unique to barium, all the terms arising from the
lowest sd configuration are metastable and are
amenable to study by atomic-beam magnetic-
resonance (ABMR) techniques® as well as optical
techniques.’® This paper is a report of an ABMR
study of the hfs of the !D,, *D,, and 3D, terms of
the (6s)(5d) configuration of *’Ba and '*SBa.

In addition to providing general information on
the nature of the hfs interaction in a configuration
of the sort (ns)(z’d), these measurements can
provide information on the relative size of the
quadrupole shielding factors for the 54 and 6p
electrons. As is shown below, if one neglects
the quadrupole shielding factors, the value of the
nuclear quadrupole moments of *’Ba and '**Ba
obtained from these measurements on the inter-
action of the 5d electron with the barium nucleus
are in substantial disagreement with the values
of the quadrupole moments obtained from mea-
surements on the interaction of the 6p elec-
tron.!:¢~8:!! Taking account of these correction
factors markedly reduces the disagreement.

II. THE EXPERIMENT

A. General procedures

The lowest-lying electronic levels of Bal are
shown in Fig. 1. The ground-state configuration
is ... (6s)? and has no hfs interaction. The first
excited configuration ... (6s)(5d) gives rise to the
states 'D,, °D,, ®D,, and ®D,. Since all these
states lie below the states of the configuration
...(6s)(6p), they cannot readily decay by radiative
transitions. The fact that they can be detected
in an ABMR experiment means that their radiative
lifetime must be greater than 1 msec.

If one ignores interactions which are off-diagonal
in J, the electronic angular momentum, the inter-
action Hamiltonian for a free atom in a uniform
magnetic field is

LT 332 +3(-3) - 10 +1)JU +1)
H=hAL-J ”‘B< 312l - 11727 - 1) )

~gsugd Hogpupl-H. )

In Eq. (1), I and J are respectively the nuclear and
electronic angular-momentum operators, A and

B are the magnetic-dipole and electric-quadrupole
hyperfine interaction constants, , is the Bohr
magneton, % is Planck’s constant, and g, and g,
are respectively the nuclear and electronic g
factors in terms of the Bohr magneton. Equation
(1) also neglects the octupole interaction.

The basic experimental technique used here is
the standard ABMR technique in which atoms ef-
fuse from an oven, pass successively through
three magnets labeled A, C, and B, and impinge
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FIG. 1. Low-lying electronic states of Ba1.

on a detector. The A and B magnets are inhomo-
geneous deflecting magnets. If the sign of the ef-
fective magnetic moment is reversed in the homo-
geneous C magnet, the atoms in the beam are
deflected towards the detector; if not, they are
deflected away from it. In the C magnet the beam
atoms interact with a weak rf magnetic field.

If the frequency of the rf field corresponds to the
difference in energy between two appropriate
Zeeman levels of the atom, the necessary re-
versal of the sign of the effective magnetic mo-
ment takes place, which results in an increase

in the number of atoms reaching the detector. One
can then fit the measured resonant frequencies to
Eq. (1) to determine the hfs parameters A and B.

B. Apparatus

The atomic-beam apparatus used in this experi-
ment is similar to one previously described in
the literature'? and will not be discussed in detail
here. It uses a six-pole A magnet and a two-pole
B magnet, both of which are permanent magnets.
The C magnet is a Hall-probe-regulated variable
electromagnet. All the magnets are located in-
side the vacuum envelope of the apparatus.

The beam of metastable barium atoms was pro-
duced by a dual electron bombardment technique
which was a modification of the technique used by
Brink and Hull.® A sample of metallic barium was
placed in a steel oven with a circular orifice in
one side of it. Electrons emitted by one filament,
stretched across the top of the oven, were pri-
marily used to heat the oven. Electrons emitted
by a second filament, hung in a loop below the

oven orifice, were used both to heat the oven and
to excite the barium atoms as they emerged from
the oven. The two filaments could be independently
biased with respect to the oven and each other.
When the exciting filament was being used one
could see an intense light at the oven orifice.
This fact, coupled with the intensity of the meta-
stable beam, seemed to imply that the excitation
took place in a discharge in the short exit channel
of the oven! We estimate that (10-20)% of the
barium beam was excited into metastable states.

The A magnet deflects atoms with negative ef-
fective magnetic moments toward the axis of the
beam machine and atoms with positive effective
magnetic moments out toward the pole pieces of
the magnet. The B magnet deflects atoms with
positive magnetic moments towards the detector
and those with negative magnetic moments away
from it. Metastable barium has integral electronic
angular momentum, and there are states for
which the effective magnetic moment is zero.
Under certain conditions, atoms whose effective
magnetic moment is zero in either the A or B
magnet can also reach the detector. However, for
the particular set of experimental conditions under
which this experiment was carried out, atoms
whose effective magnetic moment was zero in
either the A or B magnet did not give rise to
signals which were large enough to be useful.

The barium beam was detected by surface ion-
ization on a set of tungsten filaments followed by
mass analysis by a Paul mass filter and an elec-
tron multiplier. The ionization potential of meta-
stable barium is less than the work function of
tungsten, so that the surface ionization is very
efficient. In point of fact, it is also possible to
detect ground-state barium atoms with reasonable
efficiency by surface ionization, even though the
ionization potential (5.2 eV) is somewhat higher
than the work function of tungsten. We ran the
filaments at about 1800 °C to minimize the sticking
time of the barium on the filaments.

Data were recorded by a digital signal averaging
system built around a Data General Supernova
computer. Pulses from the electron multiplier are
stored in the memory of the computer which re-
peatedly scans through the resonance. In this ex-
periment, the procedure was to set the C-magnet
field at a particular value and scan the frequency.
The computer was programmed to allow one to
vary the rate of scanning, the size of the frequency
increments, the total number of scans, and so on,
in order to optimize the signal-to-noise ratio.

Radio frequencies below 70 MHz were produced
directly by amplifying the output of a General Radio
1164-A frequency synthesizer. Frequencies be-
tween 70 and 500 MHz were obtained by multiply-



ing the output of the frequency synthesizer, and
then amplifying the output of the multiplier with
a tuned amplifier. The rf hairpin was either a
shorted coaxial line or a U-shaped copper strap.

C. Experimental procedure

The general procedure for measuring a hfs in-
teraction by ABMR is to follow one or more of the
AF=0 (F=1+J) transitions as a function of mag-
netic field, using the deviation from the linear
Zeeman effect to determine the hfs intervals. One
can then use the values of the hfs intervals deter-
mined in this way as the starting point for a di-
rect measurement of the hfs interval by observa-
tion of a AF =11 transition.

Figure 2 shows the energy levels of the 'D,
state of *’Ba as a function of magnetic field. The
AF =0 transitions that were observed are labeled
a and B. Because barium has integral J, the only
AF =0 transitions which can readily be observed
in our beam machine are two quantum transitions
with AM_= -2, As one goes to higher and higher
magnetic fields, such transitions require increas-
ingly higher rf power levels and eventually become
unobservable. With our apparatus we could ob-
serve such two quantum transitions until the dif-
ference in frequency between the two single-
quantum transitions was a few MHz.

The beam of metastable barium atoms was pro-
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FIG. 2. Energy vs magnetic field for the Zeeman
hyperfine levels of the 'D, state of !3"Ba. The observed
transitions are indicated by the arrows.
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duced by heating and exciting a sample of barium
metal with the natural isofopic composition in the
manner described above. The natural isotopic
abundances of !*°Ba and '¥'Ba are 6.6% and 11.3%,
respectively. This fact, plus the requirement that
the beam had to be excited by electron bombard-
ment to produce the metastable states, meant that
only a small fraction of the total atomic beam was
in the states of interest, and necessitated the use
of the signal averaging techniques.

The usual procedure was to scan through a reso-
nance at a rate of 0.01 sec per channel, incre-
menting the frequency in steps of 4 to 8 kHz per
channel. Good signals could typically be seen
after 500 to 1000 scans over a resonance. An
example of a AF = +1 resonance in the 'D, state
of '3"Ba is shown in Fig. 3.

The C field was calibrated by observing AJ =0
transitions between the Zeeman levels of the 3D,
or 'D, states of the even mass barium isotopes,
principally '**Ba. These isotopes have no hfs
and have an isotopic abundance of 82%. Signals
from the even mass isotopes could typically be
seen with a signal-to-noise ratio of 3:1 after one
scan through the resonance. The electronic g
factors used to calculate the field are those of
von Oppen.*°

For the 'D, state we observed AF =0 resonances
at several values of magnetic field, and then using
the results of these observations we searched for
and observed AF =+1 transitions at low values of
magnetic field to obtain precise values of A and B.
For the 3D, and ®D, states we observed AF=0
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FIG. 3. AF =—1 resonance in the 'D, state of 3"Ba.
For the points without error bars, the size of the sta-
tistical uncertainty is of the order of the size of the dot.
The jitter in the baseline is probably due to fluctuations
in the source discharge.
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transitions out to a field of about 150 G. We did
not search for the AF = -1 transitions in these
states because the necessary rf equipment was

not available to us. In all cases data were taken
for both *"Ba and !**Ba. Signals from the °D, state
were too small to permit a measurement of the
hfs of this state.

The Berkeley computer program HYPERFINE -68
was then used to determine A and B by making a
least-squares fit of the data to Eq. (1), treating
A and B as variable parameters. In making the
least-squares fit, the values of the nuclear g factor
used were taken from Fuller and Cohen.'?

III. DATA ANALYSIS
A. Results

The results of the least-squares fit are shown
in Table I. The values labeled “uncorrected” are
obtained directly from the output of the least-
squares fit. The “corrected” values are explained
below. Within the experimental uncertainties the
values for the ratios of the A’s and B’s for *"Ba
to those for '*Ba are the same for all three states.

The theory of the hfs of an sl configuration was
first worked out years ago by Breit and Wills.!*
Later, Lurio, Mandel, and Novick'® (referred
to as LMN) showed how one can extend the theory
to take into account the second-order corrections
to the hfs due to interactions between the different
J states of an L-S multiplet.

For the °D,, *D,, and 'D, states of an sd config-
uration, one can write the parameters A and B
of Eq. (1) in terms of one-electron hfs parameters
as follows'®:

A(CD,) =3a,+3ay,, (2a)
A(CD,) = (3¢5 —5c}a, +’gcia5/2 + %Cgaa/z

- (1/24V6)tc cay,, (2b)

3
A('D,) = (563 —3cd)a, +gc§”5/z + icia's/z

+(7/24V86) £c\Chas), (2¢)

and
B(*Dy) =by,, (2d)
B(*D,) =33y, + €30y —VENC, by, (2e)
B('D,) =4c3byys +Cibyyy +VENECD g, - 2f)

Here, a, is the dipole coupling constant for the

s electron, and a;,, and b,,, and a,s, and by,

are the dipole and quadrupole coupling constants
for the d electron in the j=3 and j =3 states, re-
spectively. They are defined, for example, in
LMN. In the limit of no configuration interaction,
the a,’s and b,’s would be the same for the triplet
and singlet states. The validity of this assumption
is discussed below. The parameters ¢ and 7 are
relativistic correction factors whose values are
close to 1. They are defined by Schwartz.'® The
parameters ¢, and ¢, are the intermediate coupling
coefficients for the ®D, and 'D, states. For meta-
stable barium, values of ¢, and ¢, needed to cal-
culate electronic g factors in agreement with ex-
periment are given by Brink and Hull.® We use
these values in our subsequent data analysis. In
addition to the above relationships, the definitions
of the a,’s and b,’s imply that

a3/2=§(F3/2/F5/2)a5/2 (3a)

and

b3/2=136(R3/2/R5/2)b5/2 » (3b)

where the F,’s and the R,’s are the relativistic
correction factors of Casimir.!’

The experimental data were analyzed in the
following way for *’Ba. First, it was assumed
that a,,, and a, were the same for the *D; and
D, states. Then, using Egs. (2a), (2b), and (3a)

TABLE I. Values of the hyperfine-structure interaction constants. The “uncorrected”
values are taken directly from the output of the least-squares fit. The “corrected” values
have been corrected for the second-order hfs interactions between states of the 6s5d con-

figuration.
A (uncorrected) A (corrected) B (uncorrected) B (corrected)
Isotope and State (MHz) (MHz) (MHz) (MHz)
137, p, —82.180(3) —-82.229 +59.564 (14) +59.759
1878, %, +413.9(9) +414.0 +26.8(30) 4217.0
18783 3p, +455.4 (16) +455.4 +36(9) +36
1%5Ba 1p, -173.429(4) -73.471 +38.710(15) +38.830
1%pa *p, +370.6(7) +370.3 +18.3(22) +18.5
13%5Ba Dy +408.1(14) +408.1 +20(8) +20
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and the experimental values of A(*D;) and A(*D,),
we determined a value for a,,, and a,. This value
of a, was assumed to be the same for the triplet
and singlet states, and was used to extract a
second value of a,,, using Eq. (2c¢) and (3a) and
the experimental value of A(*D,). For each value
of as/,, one for the triplet states and one for the
singlet state, one can obtain a value of (»"%),.
These results are shown in Table II. The agree-
ment between the triplet and singlet values of
as;, and (%), is quite good, and possibly fortu-
itous, considering the neglect of any explicit at-
tempt to account for such effects as configuration
interaction.

The values of (»~3),, thus obtained were also
used with Eqs. (2d), (2e) and (2f), and Eq. (3b),
and the experimental values of the quadrupole hfs
constants B to obtain a value for the quadrupole
moment of '*’Ba. The quadrupole moment of '**Ba
could be obtained from the ratio of the quadrupole
coupling constants.

Finally, the values of the a,’s and the b,’s were
used to calculate the second-order corrections to
the measured values of A and B, using the formu-
las of LMN. For the 'D, state these corrections
are substantially larger than the experimental er-
rors. For the °D, and °D, states, the corrections
are smaller than the experimental errors. In
either case, these second-order corrections
caused no significant change in the one-electron
parameters a, and b,, so that it was not necessary
to redo the whole calculation in an iterative man-
ner.

B. Quadrupole moment of 'Ba

The values of the nuclear electric quadrupole
moment of *’Ba obtained from the quadrupole
coupling constants B by the method described
above are

'D,: @=+0.42(1)x107% cm?,

’D,: @=+0.37(4)x1072* cm?,

D,: @=+0.28(7)x107% cm?.
The errors quoted for the *D, and °D, states
TABLE II. Values of the one-electron magnetic hfs

parameters. The parameter a; is assumed to be the
same for both the triplet and singlet states.

a, a5y "y
State (MHz) (MHz) (a7®)
’Dy, °D, 2530 39.5 0.910
D, 2530 42.0 0.970

represent experimental errors in the measured
values of the hfs constants, while the quoted error
for the 'D, state derives from the uncertainties in
the procedure for obtaining A from B. The agree-
ment between these values of @ is marginal but
probably not completely unreasonable when one
considers the assumptions that have gone into ex-
tracting these numbers from the interaction con-
stants. For example, the assumption that q, is

the same in the singlet and triplet states is cer-
tainly open to question. Moreover, similar dis-
crepancies have been found for the value of A(**"Ba)
obtained from measurements on the 3P, state’

and the ‘P, state.!'® All of these values of Q(**"Ba)
are uncorrected for quadrupole shielding effects.

If one uses a value of (*~*),,based on the fine struc-
ture of the D states, the above values for Q(**'Ba)
are increased by about 15%.

As mentioned above, there have been several
previous measurements®'’::}! of Q(*3"Ba) based
on the hfs interaction of the 6p electron. One can
compare values of Q(**’Ba) with these values.
zu Putlitz” finds Q(**"Ba)=+0.28(3)x10"2* ¢m?
from measurements on the hfs of the *P, state,
Becker et al.'* find Q(**"Ba) = +0.26(3) x10"%% cm?
from measurements on the Ball spectrum, Jackson
and Tuan® find Q(**’Ba)=+0.21(5)x1072* cm? from
measurements on the hfs of the Bal resonance line,
and Lurio! finds @(*3"Ba)=+0.20 X10"%* ¢cm? from
measurements on the hfs of the 'P, state. Our
most reliable value is Q(**’Ba)=+0.42(1)x1072*
cm?® based on the 'D, hfs. Neglecting the quadrupole
shielding leaves the values of Q(**’Ba) obtained
from the measurements on the D states and the
P states in substantial disagreement.

The quadrupole shielding factor R is defined by
Q=@ /(1 -=R), where Q is the value one would
measure in the absence of shielding and @’ is the
actual measured value. For the 54 electron,
Sternheimer'® gives R=-0.4+0.1, giving 1/(1 - R)
=0.71 and

Q(**"Ba, 5d) = +0.30X10"2* cm?,

using the value of Q(**’Ba) derived from the 'D,
hfs. For the 6p electron, Murakawa'® gives
R=-0.1, giving 1/(1 -=R)=0.90, and

Q(**"Ba, 6p)=+0.25x107%¢ cm?,

using the results of zu Putlitz.”

The corrected values are thus in much better
agreement than the uncorrected values, although
there are still differences between the values of
the quadrupole moments derived from different
measurements that are much larger than the ex-
perimental errors associated with the measured
values of the quadrupole interaction constants.
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