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Nuclear moments of179Ta from optical measurement of hyperfine structure
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We have made high-resolution laser spectroscopy of the hyperfine structure of a radioactive isotope179Ta
~T1/251.8 y! using an argon-ion sputtering atomic-beam source. From hyperfine constantsA andB of the
atomic ground state~4F3/2 5d

36s2!, the magnetic dipole and electric quadrupole moments of the nuclear
ground state of179Ta ~I57/2! have been determined for the first time:m I

17952.289~9! mN andQs
17953.37~4!

b. It is pointed out that magnetic moments of the ground and isomeric states in the regionN5102–112 can be
systematically described in terms of the presently available theory while the revealed systematic behavior of
electric quadrupole moments is hardly reproduced by the theory.

PACS number~s!: 21.10.Ky, 27.70.1q, 32.10.Fn
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I. INTRODUCTION

Measurements of hyperfine structures and isotope s
by means of laser spectroscopy have been extensively m
to derive the nuclear electromagnetic moments and cha
of nuclear charge radii@1#. These studies have been ve
fruitful in the understanding of nuclear structure. Howev
only few reports@2–5# of laser spectroscopy of radioactiv
isotopes in the region of refractory elements~Z572–77!
have been published because there has been no powerfu
versatile tool to produce intense and stable ion beam
atomic beams of the refractory element.

Isotopes in this region are very interesting from t
nuclear-structure viewpoint since they are in a we
deformed region, possessing a number of high-spin isom
A radioactive isotope179Ta ~T1/251.8 y! for instance has
been investigated about the yrast level scheme and the
tional band structure by means of in-beam spectroscopy
ing reactions such as (p,n) and (d,2n) @6#, ~7Li,4n! @7#, and
(p,t) @8#; many high-spin isomeric states, which arise fro
high-K multiquasiparticle states, have also been discove
but there are no data available on the static electromag
properties of the nucleus.

We have developed a powerful and versatile source
atomic beams using the argon-ion sputtering method to m
high-resolution laser spectroscopy of hyperfine structu
and isotope shifts for refractory elements@9#. With this sys-
tem, we started a systematic laser spectroscopy of Ta an
isotopes. First, we determined the electric quadrupole
ment of 180mTa, which is a naturally occurring radioactiv
isotope with an extremely long lifetime~T1/2.1015 y! and
high-spin I592, by means of a laser-rf double-resonan
technique@10#. In the present work we shall report the fir
determination of electromagnetic moments of the nuc
ground state of the radioactive isotope179Ta from the hyper-
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fine structure. The present result being combined with o
previous data on180mTa has led to a systematic review o
nuclear moments in the regionN5102–112.

II. EXPERIMENT

A. Laser spectroscopy system

The experimental setup, which is an off-line laser spe
troscopy system, is schematically shown in Fig. 1. Metall
samples with a typical size of 8 mm315 mm were placed on
a sample holder that can be moved in three dimensions w
stepping motors. The sample atoms were sputtered by
keV argon ions. Sputtered atoms were collimated by thr

FIG. 1. Experimental setup. Details of the sample set on t
sample holder are shown in the inset.
611 © 1996 The American Physical Society
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612 53M. WAKASUGI et al.
diaphragms with an aperture of 4 mm in diameter; the inte
sity of the collimated atomic beam was about 1010 atoms per
s at an argon-ion beam current of 0.5 mA. The size of t
argon-ion beam spot on the sample was about 1 mm in
ameter.

A laser beam from a ring dye laser~Coherent 699-29!
pumped with an argon-ion laser~Spectra Physics 171! was
guided into a vacuum chamber and crossed with the atom
beam perpendicularly to avoid Doppler broadening. Fluore
cence photons from the crossing point were collected a
focused on a cooled photomultiplier~Hamamatsu 1333! us-
ing spherical mirrors and a lens. Transmitted light signals
a confocal Fabry-Perot interferometer with a free spect
range of 149.77~3! MHz were recorded simultaneously with
the fluorescence signals. This system enables us to mea
the fluorescence spectrum of Ta atoms with an abundance
10 ppm in the sample. Details of this system were describ
in our previous papers@9,11#.

B. Preparation of radioactive 179Ta sample

We prepared a sample of radioactive179Ta atoms by bom-
barding a 97% natural Hf target~0.25-mm thick! with a 19-
MeV deuteron beam from the RIKEN AVF cyclotron. Reac
tions of 180Hf(d,3n) and179Hf(d,2n) used were expected to
have cross sections of about 1.2 and 0.6 b atd energies of 19
and 12 MeV, respectively, by theALICE code@12#. The total
current of thed beam was 0.6 C. The size of thed-beam spot
on the Hf target was about 6 mm2. Most of 179Ta atoms were
mainly located at the depth less than 0.1 mm from the s
face. Since179Ta decays without emitting gamma rays, w
estimated the number of produced179Ta atoms from mea-
surement of the gamma rays coming from the decay of177Ta
~T1/252.36 d!, which was simultaneously produced b
178Hf(d,3n) and177Hf(d,2n) reactions. The number of179Ta
atoms was thus estimated to be 531014 atoms, which were
produced in a small volume of 0.6 mm3 in the Hf target, i.e.,
the abundance of179Ta in the volume was about 20 ppm.

After cooling off short-lived isotopes such as177Ta, we set
the radioactive sample on the sample holder in the off-li
laser spectroscopy system. A natural Ta sample for refere
was also set together with the radioactive one as shown
the inset of Fig. 1.

C. Measurement of hyperfine structure of179Ta

The hyperfine structure of179Ta should be similar to that
of 181Ta because179Ta has the same nuclear spin as181Ta. We
first observed an optical hyperfine spectrum of a 540.3-n
transition from the ground state4F3/2 to a 18 504.7 cm21

4D1/2 level of the stable isotope181Ta to check wavelengths
of the laser, geometrical conditions of the mirror and samp
position, and focusing of the argon-ion beam on the samp
these conditions were optimized to get as much fluoresce
signals as possible. The hyperfine spectrum observed
181Ta is shown in Fig. 2~a!. There are six hyperfine peaks
labeled by alphabetsa– f which correspond to the hyperfine
transitions shown in Fig. 3. Next, we moved the sample
that the argon-ion beam struck the center of thed-beam spot
on the radioactive sample~see the inset of Fig. 1!. At this
position, we measured the fluorescence spectrum three tim
at the same wavelength region as in Fig. 2~a!. We took a
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summation of observed three spectra, which is shown in F
2~b!. In this spectrum 14 resonance peaks were obser
with significant yields. To identify them, we measured
background spectrum by bombarding a point outside of t
d-beam spot on the radioactive sample with the argon-i
beam@see the inset of Figs. 1 and 2~d!#. We identified the
four peaks labeleda, b, c(d), and f in Fig. 2~b! which are
not coming from the background.

FIG. 2. Measured spectra of the 540.3-nm transition in radioa
tive 179Ta with reference spectra: The spectrum~a! was obtained
when the natural Ta sample was bombarded with a 10-keV arg
ion beam as shown in Fig. 1; during the same bombardment
spectrum~b! was obtained for the center of thed-beam spot on the
radioactive sample, and the spectrum~c! shows the hyperfine spec-
trum reproduced using hyperfine constants obtained here~see Table
II ! for 179Ta; the background spectrum~d! for a point outside the
d-beam spot on the radioactive sample.

FIG. 3. Hyperfine transitions of179Ta. Transitions labeleda– f
correspond to peaks marked with a–f in the spectrum of Fig. 2.
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53 613NUCLEAR MOMENTS OF179Ta FROM A MEASUREMENT OF . . .
A peak asterisked in Figs. 2~b! and ~d! was found to be
the strongest component of hyperfine transitions in181Ta.
The reason why this peak of181Ta was observed is that a
small amount of181Ta atoms sputtered from the natural Ta
sample adhered to the surface of the radioactive sample d
ing the measurement for optimization mentioned above. A
oms of181Ta on the surface must quickly disappear becau
of argon-ion sputtering. In fact, this peak disappeared in th
second scan onwards at the same position of the argon-
beam spot on the sample. The other nine peaks with no la
in Fig. 2~b! come from impurity atoms or molecules sput
tered from the Hf sample. It should also be stated that the
background peaks were observed for another Hf sample t
was purchased simultaneously withoutd-beam bombard-
ment.

The hyperfine peaks of179Ta have been identified as la-
beled by alphabetsa– f in the following procedure. The ex-
perimental line separations obtained in Fig. 2~b! are pre-
sented in Table I. Here Zeeman splittings of the hyperfin
levels due to a stray magnetic field are negligibly small com
pared with the experimental linewidth. Assuming that thes
lines a, b, c(d), and f correspond to the transitionsa, b,
c(d), and f between the hyperfine levels as shown in Fig.
like the case of181Ta, we made a least-squares fit to th
experimental line separations with a well-known formula fo
the hyperfine splitting@13#. Hyperfine constantsA andB of
the ground state4F3/2 and the excited state4D1/2 thus ob-
tained are summarized in Table II; the previously know
values ofA andB for 181Ta are given for comparison. Using
the A and B constants derived, the hyperfine spectrum o
179Ta is well reproduced as shown in Fig. 2~c!; the calculated
spectral linesc andd coincide with each other, and the yield
of the observed peak at position ofc and d is well repro-

TABLE I. Experimental hfs line separation in179Ta together
with that in 181Ta for comparison.

Transition Separation~MHz!
179Ta 181Ta

a-b 1712 ~4! 1822.4 ~4!

a-c 3999~20!a 4147.9~10!
a-d 3999~20!a 4197.0~10!
a-e 6522.5~16!
a- f 8473 ~7! 8722.8~22!

aThe errors quoted are coming from the FWHM of the peakc(d)
because thec and d transitions energetically coincide with each
other.
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duced in the calculation.~The calculation was made using a
linewidth of 50 MHz.! The hyperfine transitione, which is
indicated by a dotted arrow in Fig. 3, was found accidental
masked by a background peak.

III. NUCLEAR MOMENTS OF 179Ta

We use the hyperfine constants of the ground state4F3/2 to
derive the nuclear moments because both theA andB con-
stants for the reference atom181Ta have been precisely mea-
sured by means of laser-rf double-resonance spectrosco
@11#. From the well-established relation ofA constants and
nuclear magnetic moments between two isotopes@13#

A179

A1815
m I
179/I 179

m I
181/I 181

, ~1!

the magnetic momentm I
179 of 179Ta is derived to be

m I
179512.289~9!mN , ~2!

where the nuclear spinI 17957/2, I 18157/2,mN is the nuclear
magneton; and values ofA181 @11# andm I

181 @14# used are
presented in Table II. The error quoted formN

179 contains an
experimental error and the uncertainty of magnetic hyperfin
anomaly~Bohr-Weisskopf effect! @15#, which is taken into
account in the same way as described in our previous pap
@10#.

The ratio ofB constants of two isotopes should also b
equal to the ratio of the nuclear spectroscopic quadrupo
moments@13#,

B179

B1815
Qs
179

Qs
181. ~3!

The momentQs
179 of 179Ta is thus derived using theB179

constant determined here and known values ofB181 @11# and
Qs

181 of 181Ta that is the value estimated from the weighte
average of quadrupole momentsQs compiled in @14# ~see
Table II!:

Qs
179513.37~4! b. ~4!

IV. DISCUSSION

It is known that the Nilsson orbital for an unpaired proton
in the ground states of Ta isotopes is 7/21@404#p in the region
N5102–112 and these isotopes have an isomeric state w
another orbital of 9/22@514#p at a low excitation energy.
TABLE II. Hyperfine constants and nuclear moments of179Ta together with those of181Ta for comparison.

Hyperfine constants Nuclear moments
Ground4F3/2 Excited4D1/2

Isotope A ~MHz! B ~MHz! A ~MHz! m I(mN) Qs ~b! Q0
a ~b! b

179Ta 492~1! 21 043 ~10! 2569~1! 12.289~9! 13.37~4! 17.22~9! 0.286~4!
181Ta 509.081 03~9!b 21 012.228 2~6!b 2593.65~2! 12.237 05~7!c 13.266~13!d 17.00~3! 0.275~1!

aEstimated values fromQs in the limit of a well-deformed rigid rotor.
bReference@11#.
cReference@14#.
dWeighted average of experimentally determined values compiled in Ref.@14#.
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614 53M. WAKASUGI et al.
They are normal-parity orbitals and have the highest value
V in the major shell they belong to. Since no state in t
neighborhood interacts with them through a Nilsson fie
they keep havingj as a good quantum number: 7/21@404#p
and 9/22@514#p are well represented byg7/2,7/2 and h9/2,9/2,
respectively. Figure 4 shows magneticgI factors
[gI5m I /(ImN)] for states having these proton orbitals in T
and neighboring odd-Z elements Lu and Re. As is seen fro
this figure, the missing data on179Ta is nicely fulfilled in a
systematical manner by the present measurement. ThegI fac-
tors of the states with the 9/22@514#p orbital are about two
times larger than those of the states with the 7/21@404#p or-
bital. Since an unpaired particle mainly contributes to t
nuclear magnetic moments, those of states with the s
proton orbital should be similar to each other, being indep
dent of elements. In microscopic calculation using sing
particle Nilsson wave functions,gI50.629 of the ground
state with the 7/21@404#p orbital andgI51.09 of the isomeric
state with the 9/22@514#p orbital have been predicted fo
odd-A Ta isotopes@16#; these values are in good agreeme
with the experimental ones including the present measu
ment ~see Fig. 4!.

We estimate the intrinsic quadrupole momentQ0 using
the spectroscopic quadrupole momentQs and a well-known
formula based on the strong-coupling limit@17#

Qs5
3K22I ~ I11!

~ I11!~2I13!
Q0 , ~5!

whereK5I ; thus we haveQ0
17957.22~9! b. This value is

slightly larger than that for the ground state of181Ta.
The intrinsic quadrupole moments known for the grou

states with the 7/21@404#p orbital and the isomeric state
with the 9/22@514#p orbital in Ta isotopes are plotted in Fig
5. Those for the ground states of Hf isotopes@14,18#, which
are the core nuclei of Ta isotopes, are also plotted in
figure. There have been only five data reported for Ta i
topes: the ground and isomeric states of181Ta @14#, the
ground state of175Ta @14#, and two isomeric states of178mTa
@14# and180mTa @10#. Systematic behavior of the quadrupo
moments of both states has become clear by adding dat

FIG. 4. Systematic trend of the magnetic moments of Ta a
neighboring odd-Z elements Lu and Re. Open symbols are for t
ground states with the 7/21@404#p proton orbital, and closed one
for the isomeric states with the 9/22@514#p proton orbital: circles
are for Ta@10,14# including the present data, triangles for Lu@14#,
and squares for Re@14#. Dashed and dotted lines are theoretic
values@16# for the 7/21@404#p and the 9/22@514#p states, respec-
tively.
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180mTa and179Ta. The quadrupole moments of the groun
states are slightly larger than those of the core-nuclei Hf;
contrast those of isomeric states are just the opposite.
deviations of the moments for both states from the co
nuclei Hf are plotted in Fig. 6; they have opposite signs a
it seems that they decrease with increasing neutron num
Theoretical values estimated using single-particle Nilss
wave functions by Ekstro¨m et al. @16# are shown by1 sym-
bols in the figure: their calculation gives the same values
both the ground and isomeric states and cannot represen
behavior revealed experimentally.

We have estimated the change of the quadrupole mom
due to adding a proton to the Hf core using an equat
which is based on BCS theory:

Q05Q0
c12~ui

22v i
2!

$3V22 j ~ j11!%$3/42 j ~ j11!%

~2 j21! j ~ j11!~2 j13!

3SN1
3

2D \

mv0
, ~6!

whereQ 0
c is a quadrupole moment of the core,v i

2 is an
occupation probability of thei th orbital, andu i

2512v i
2;

\/(mv0)51.02A1/3; N, j , andV are the oscillator quantum

nd
e

al

FIG. 5. Systematic trend of the intrinsic quadrupole moments
Ta isotopes and core nuclei Hf. Open circles are for the grou
states with the 7/21@404#p proton orbital in Ta@14# including the
present data, closed ones for the isomeric states with the 9/22@514#p

proton orbital@10,14#, and squares for the ground states of Hf is
topes@14,18#.

FIG. 6. Deviations of intrinsic quadrupole moments of Ta fro
those of the core nuclei Hf. Open circles are for the ground sta
and closed ones for the isomeric states.1 symbols are estimated
values from theoretical calculations given in@16#. Dashed and dot-
ted lines indicate the calculated values using Eq.~6! for the
7/21@404#p and the 9/22@514#p states, respectively.
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53 615NUCLEAR MOMENTS OF179Ta FROM A MEASUREMENT OF . . .
number, the total angular momentum, and the projection
the symmetry axis, respectively, for the single particle. So
have the intrinsic quadrupole moments for both t
7/21@404#p and the 9/22@514#p states: Q 0

7/2

5Q 0
c20.211(u 7/2

2 2v 7/2
2 ) and Q 0

9/25Q 0
c20.131(u 9/2

2

2v 9/2
2 ). The parametersv i

2 andu i
2 can be calculated using

the equation

v i
25

1

2 S 12
e i2l

A~e i2l!21D2D , ~7!

whereei is a single-particle energy,l the Fermi energy, and
D the pairing gap. The difference of single-particle energ
between the two states ise9/22e7/2;600 keV at a nuclear
deformation ofb;0.28 that is obtained from the intrinsi
quadrupole moment of181Ta in the limit of a well-deformed
rigid rotor ~see Table II!. The Fermi surface for protons i
between the two single-particle states andD is about 1 MeV
in this region according to@17#. The changes are thus est
mated to beQ 0

7/22Q 0
c510.06 b andQ 0

9/22Q 0
c520.04 b

~see Fig. 6!. These values are so small, but the signs hav
definite meaning compared to@16#.

The present calculation explains well the signs of bo
changes found experimentally. It is, however, unable to
produce the experimental values quantitatively. Discrepa
between the calculations and the experimental values sh
be mainly due to the core polarization effect that is not tak
into account in the present calculation. The core polarizat
effect relates to the excitation energy of theb-vibrational
state in the core nucleus. It is expected that the core po
ization effect becomes smaller with increasing neutron nu
t
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ber because the excitation energy of theb-vibrational band-
head in Hf nuclei becomes higher with increasing neutro
number@19,20#. This expectation matches the experiment
trend shown in Fig. 6. It is, however, difficult to calculate th
contribution of the core polarization effect using present
available theories.

V. CONCLUSION

By means of high-resolution laser spectroscopy, we ha
determined the magnetic dipole and electric quadrupole m
ments of the ground state of179Ta for the first time. The
magnetic moment of179Ta is in good agreement with the
systematics. It is also concluded that the quadrupole m
ments of the 7/21@404#p ground states are getting larger tha
those of the core nuclei Hf with decreasing neutron numb
and by contrast those of the 9/22@514#p isomeric states are
getting smaller. Further measurements ofmI and Qs for
neutron-deficient Ta isotopes would be desirable to und
stand the details of the nuclear structure in this mass reg
where high-spin isomers exist.
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