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Precision Method for Hyperfine-Structure Studies in Low-Abundance
Isotopes: The Quadrupole Moment of 43Ca
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Precision hyperfine-structure measurements in the 4s4p P z metastable state of Ca
were performed using the atomic-beam magnetic-resonance method combined with a sin-
gle-mode dye laser for the detection. For the first time the electric quadrupole moment
of the particularly interesting 3Ca nucleus was accurately determined: Q ( 3Ca) =—0.065
(20) b. In addition, isotope shifts and hyperfine structure in the transition 4s4p P,

4s5s 3S& were obtained using high-resolution laser spectroscopy.

For many reasons information on the isotope
shifts and hyperfine interaction for calcium iso-
topes is of great interest. The nuclides '„'Ca and

,",Ca are both doubly magic and isotope shift
studies in the series of Ca isotopes yield informa-
tion on the effects associated with the addition of
neutrons in the f,l, shell. ' As the only stable
isotope with nonzero nuclear spin, "Ca has a
static spectroscopic quadrupole moment, and a
determination of this quantity yields information
on the nuclear deformation. Calcium is also an
element of great biological interest and in NMR
studies involving this element, "Ca is the only
useful isotope. Knowledge of the static quadru-
pole moment is necessary in order to understand
different relaxation processes. ' Whereas spectro-
scopic studies of "Ca are highly motivated, such
investigations meet with considerable experimen-
tal difficulties. The isotope has a very low nat-
ural abundance (0.145%). Studies using enriched
samples in sealed-off cells are hampered by the
extreme chemical reactivity of calcium with
common cell materials. A determination of the
static moments cannot be performed in the ground
state because of the electronic symmetry of this
state ('S,), and thus a suitable excited state must
be chosen. Level-crossing experiments in the
short-lived 4s4p 'P, state were performed by
Kluge and co-workers" using enriched "Ca sam-
ples in specially adapted cells. The unfavorable
relation between hyperfine splittings and natural
radiation width of this state prevented any deci-
sive conclusion concerning the quadrupole mo-
ment. Recently, Neumann and co-workers" have
applied high-resolution intracavity spectroscopy
for studying the very weak intercombination line
6573 A (4s' 'So —4s4p 'P,). These measurements
have recently been revised. ' However, no ac-
curate value of the quadrupole moment has yet
been obtained.

In the present paper we report on precision

measurements of the hyperfine interaction in the
metastable 4s4p'P, state of "Ca. The atomic-
beam magnetic-resonance (ABMR) technique with
laser detection was used. " For enhancing the
"Ca signals a single-mode dye laser acting selec-
tively on this isotope was used. From the meas-
urement a useful value for the quadrupole mo-
ment was obtained for the first time. In addition,
the isotope shifts in the 6162-A (4s4p 'P, —4s5s-
'S,) line and the magnetic dipole coupling constant
for the 'S, state were determined in high-resolu-
tion laser-spectropy experiments on a collimated
atomic beam.

In our experiments, two separate atomic-beam
setups were used in connection with a narrow-
band single-mode dye-laser spectrometer. The
experimental arrangement is shown in Fig. 1. In
the lower part of the figure the ABMR apparatus
is shown. This equipment was used in the radio-
frequency experiments and will be discussed be-
low. In the right-hand part of the figure the col-
lirnated-atomic-beam apparatus for high-resolu-
tion optical spectroscopy studies is shown. The
laser system consists of a Coherent Radiation
model 599 single-mode dye laser, pumped by a
3000-K Kr ' laser. For monitoring the single-
mode sweep, two confocal spectrum analyzers
with free spectral ranges (FSR) of 1.5 and 7.5

GHz, respectively, were used. An absolute de-
termination of the laser frequency was obtained
with a digital wave meter. ' An accurate frequen-
cy scale is provided with a spherical Fabry-Perot
interferometer with a FSR of 50 MHz.

Atoms in metastable states were produced by
means of a plasma discharge in an oven of a type
described in an earlier paper. ' The light from
the single-mode laser is irradiated at right angles
to the cqllimated atomic beam. Fluorescent light
released after the excitation is detected in a di-
rection perpendicular to the atomic beam as well
as to the laser beam.
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FIG. l. Schematic diagram of the experimental setup.

An atomic energy-level diagram of the low-ly-
ing states of calcium is displayed in the left-hand
side of Fig. 2. The diagram includes the transi-
tion used by Kluge and co-workers, '4 and zu
Putlitz and co-workers, ' ' as well as the transi-

tion used in the present work. This line connects
the metastable 4s4p'P, state with the short-lived
4s5s S, state. By studying the hyperfine struc-
ture of this line, information on the magnetic
dipole [A('P, )] and the electric quadrupole inter-
action constant [B('P,)] for the 'P, state and
the dipole intera. ction constant [A('S,)] for the
'S, state was obtained. We performed these meas-
urements in the collimated-atomic-beam appara-
tus described above. A recording obtained in a
laser scan of this line is shown in Fig. 2 with the
50-MHz Fabry-perot fringes in the lower part of
the figure. The spectrum is dominated by the
strong signal from the "Ca isotope (96.97/z)
which in this recording has been attenuated by a
factor of 10'. All the weak components outside
the attenuated part of the curve are due to hyper-
fine transitions in "Ca. In the right-hand part of
the figure the hyperfine energy-level diagram
corresponding to the "Ca components is given.
The individual components are designated with
the appropriate F quantum numbers. From about
25 recordings of the type shown in Fig. 2 we de-
duced the hyperfine coupling constants for the
'P, and 'S] states. We obtained for the lower
state A('P, ) = -171~s9(7) MHz, B('P,) = -5(5) MHz,
and for the upper state A('S, ) =-463.3(1.0) MHz.
From the center of gravity of all the hyperfine
components the isotope shift (IS) of 4'Ca relative
to the dominating 4 Ca was obtained: b,v,b, (43r40)
= -38.2(2.0) MHz. It is not possible to deduce the
IS between the even-even isotopes except for 'Ca
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FIG. 2. High-resolution fluorescence spectrum of the 6162-A Ca line, obtained in a single-mode laser sweep of
a duration of about 4 min. In the figure a scheme of the low-lying states of Ca is included as well as a diagram of
the relevant hyperfine transitions for 43Ca.
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(0.185%) relative to '0Ca. The small 4'Ca com-
ponent can be seen close to the center peak in the
attenuated recording. From suitably amplified
curves the IS was found to be hv, b, (48, 40) =

-116(4) MHz. The normal mass shifts for this
Ca line are Av„~, (43, 40) = 462, 4 MHz and Av„,
(48, 40) = 1104.6 MHz, respectively. Thus the
specific mass and volume effects give rise to the
shifts b v(43, 40) = -500.6(2.0) MHz and Av(48, 40)
= —1221(5) MHz. Therefore, these effects slight-
ly overcompensate the normal mass shift.

The accuracy of the electric quadrupole interac-
tion constant obtained for the '&, state in this
experiment is not sufficiently good for an evalua-
tion of the nuclear quadrupole moment. In order
to improve the accuracy, rf-resonance experi-
ments were performed.

The atomic-beam magnetic-resonance method
is suitable for studies of ground and metastable
atomic states. This method is particularly power-
ful when combined with laser detection. "As
compared with conventional techniques, this type
of detection has the advantage of being state
selective, which means that the signal and the
observed background emanate only from the
chosen state. So far, we have used this technique
with a cw dye laser in multimode operation or
with a pulsed dye laser. By employment of a
single-mode laser, - the sensitivity and signal-to-
noise ratio in the measurements is greatly im-
proved, Bnd in addition the detector is in most
cases isotope selective. In the present experi-
ment these features were necessary in order to
get detectable signals from "Ca. In the ABMR
apparatus the atoms in the metastable 'p', state
are polarized in the inhomogeneous magnetic
field of the A magnet. When radio-frequency
transitions are induced between two different I'

levels, in the homogeneous C-field region, a de-
polarization of the atomic beam occurs. As a
result, atoms in one of the E levels can pass the
analyzing B magnet. By tuning of the single-
mode laser to an optical transition from this I'

level to a certain hyperfine level in a higher elec-
tronic state (in our case 4s5s 'S,), the rf transi-
tions can be detected by the released fluores-
cence light following the excitation. Such suitable
optical transitions can be found among the re-
corded 'Ca components in Fig. 2. In Fig. 3, a
recording of rf transitions in the 4s4p 'P, state
is shown. For detecting these resonances the
single-mode laser was tuned to the I' = +—E'=+
optical transition shown in Fig. 2. In order to
ensure a correct laser tuning, this transition
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FIG. 3. Radio-frequency transitions between the E
=~—I =~ levels of the 4s4p 3P

~ state, measured in
an external magnetic field of 1.075 6. The signals
were recorded with the single-mode laser tuned to the
I" = ~—I ' =

2
optical transition (the third component

from the right in Fig. 2). The curve was obtained by
averaging repetitive radio-frequency sweeps during a
total measuring time of about 15 min.

was simultaneously monitored in the collimated-
beam setup. We have also measured the other
observable hyperfine intervals of the 'P, state by
tuning the rf oscillator to the proper rf frequency
and the single-mode laser to the appropriate opti-
cal component. The rf transitions were driven in
a low external magnetic field and the A and 8 fac-
tors were determined in a least-squares fit of
the observed rf resonances by the hyperfine
Hamiltonian. Recorded cQrves from fourteen dif-
ferent transitions covering three hyperfine inter-
vals have been used in this procedure. We ob-
tained

A('P, ) = -171.962(2) MHz,

8('P ) = —5.436(8) MHz .
For the evaluation of the quadrupole moment

(Q) an ab initio value of the radial quadrupole pa-
rameter (r ') has been calculated using the
Hartree-Fock method with the result (y-')HF
= 0.637 a.u. This yields a quadrupole moment
QH„= -0.091 b. This is a first-order result and
it does not include polarization and correlation
effects. In an analysis of the analogous 3s3p con-
figuration in Mg, using the multiconfigurational
Hartree-Fock method, Bauche, Couarraze, and
Labarthe" estimated the higher-order effects to
reduce the quadrupole moment by an amount of
40% compared to the HF value. Assuming that
the situation is similar for Ca, we can estimate
a corrected quadrupole moment to be QHF
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= -0.054 b. More detailed calculations of polar-
ization and correlation effects using techniques
developed at our laboratory are now in progress.
At present we give the following estimation of
the quadrupole moment of "Ca:

Q(~'Ca) = -0.065(20) b,

where the limits of error are believed to bracket
the unknown polarization and correlation effects.
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Solutions of the Navier-Stokes equations for strong shock waves in a dense fluid agree
we11 with recent atomistic simulations using nonequilibrium molecular dynamics.

In the last few years nonequilibrium molecular
dynamics has been applied to the simulation of
transport processes in dense fluids, where trans-
port is dominated by interparticle forces. A sig-
nificant advance in nonequilibrium molecular dy-
namics has just been published by Klimenko and
Dremin. ' Their novel simulations now make it
possible for us to assess the usefulness of the
Navier-Stokes description of strong shock waves
in liquid argon. These two cases correspond to
shock waves traveling at 1~ 8 and 2.6 km/sec.
(The velocity estimate of 2.0 km/sec tluoted in
Ref. 1 for the weaker shock is inconsistent with
the profiles published in that paper. ) They used
the Lennard- Jones potential

y (r) = 4~Ho/r)" —(o/r)'1

with e/k =120 K and o =0.3405 nm. For both cal-
culations the initial molar volume was 36 cm' and
the temperature 131 K. The resulting data are of
great interest because they represent the first
detailed simulations of a realistic dense shocked

Quid, far from equilibrium, in which the equa-
tions of motion are solved without approximation.
Previous work on shock waves has been primar-
ily devoted to the ideal-gas case' 4 although Niki
and Ono have studied an imperfect gas of hard
spheres at densities up to about one-third the
freezing density. ' Tsai' and Holian and Straub'
have also carried out dense-Quid shock simula-
tions. Holian and Straub have obtained prelimi-
nary results very similar to those of Ref. 1.

A hydrodynamic understanding of the atomistic
shock structure requires a complete description
of the constitutive behavior of the Lennard-Jones
Quid. This information is now available. Bee
has developed ana. lytic expressions for the pres-
sure and energy as functions of volume and tem-
perature. Although similar to the Levesque-Ver-
let' equation of state, Ree's is specifically de-
signed to handle the high-temperature, high-den-
sity region in which equations based on the col-
lision-diameter approach fail. Transport coef-
ficients for the Lennard-Jones Quid are available

l531


