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We have made high-resolution laser spectroscopy of the hyperfine structure of a radioactive isG@pe
(T1»=1.8 y) using an argon-ion sputtering atomic-beam source. From hyperfine conétamd B of the
atomic ground staté*F,, 5d°6s?), the magnetic dipole and electric quadrupole moments of the nuclear
ground state ot"®Ta (1 =7/2) have been determined for the first time}'9=2.2899) uy andQ17°=3.374)
b. It is pointed out that magnetic moments of the ground and isomeric states in the Kegl@®?—-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 numbss): 21.10.Ky, 27.70+q, 32.10.Fn

[. INTRODUCTION fine structure. The present result being combined with our
previous data ort®™™Ta has led to a systematic review of
Measurements of hyperfine structures and isotope shiftguclear moments in the regidt=102-112.
by means of laser spectroscopy have been extensively made
to derive the nuclear electromagnetic moments and changes Il. EXPERIMENT
of nuclear charge radiil]. These studies have been very
fruitful in the understanding of nuclear structure. However,
only few reports[2—-5] of laser spectroscopy of radioactive ~ The experimental setup, which is an off-line laser spec-
isotopes in the region of refractory elemenz=72-77 troscopy system, is schematically shown in Fig. 1. Metallic
have been published because there has been no powerful asaimples with a typical size of 8 mxil5 mm were placed on
versatile tool to produce intense and stable ion beams cx sample holder that can be moved in three dimensions with
atomic beams of the refractory element. stepping motors. The sample atoms were sputtered by 10-
Isotopes in this region are very interesting from thekeV argon ions. Sputtered atoms were collimated by three
nuclear-structure viewpoint since they are in a well-
deformed region, possessing a number of high-spin isomers.
A radioactive isotopet’®Ta (T,,=1.8 y) for instance has
been investigated about the yrast level scheme and the rota- tom Laver 1§ Ring Dye
tional band structure by means of in-beam spectroscopy us- Laser
ing reactions such ap(n) and d,2n) [6], ("Li,4n) [7], and
(p,t) [8]; many high-spin isomeric states, which arise from
high-K multiquasiparticle states, have also been discovered, :
but there are no data available on the static electromagnetic “HI[Cig. N2 wap
properties of the nucleus.
We have developed a powerful and versatile source of ' Filtors
atomic beams using the argon-ion sputtering method to make Mirror <V 6
high-resolution laser spectroscopy of hyperfine structures
and isotope shifts for refractory elemefn®q. With this sys-
tem, we started a systematic laser spectroscopy of Ta and Hf 2
isotopes. First, we determined the electric quadrupole mo-

A. Laser spectroscopy system

Atomic beam

(b)d beam spot on
(a)181Ta sample  Hf sample

Sample holder

ment of ¥MTa, which is a naturally occurring radioactive Arbem Do Slmatron

. . . . 5

|§otope_W|th an extremely long lifetiméT,,>10" y) and A Ar gas
high-spin 1 =97, by means of a laser-rf double-resonance XYZ stage

techniquel10]. In the present work we shall report the first
determination of electromagnetic moments of the nuclear FIG. 1. Experimental setup. Details of the sample set on the
ground state of the radioactive isotoff€Ta from the hyper-  sample holder are shown in the inset.
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diaphragms with an aperture of 4 mm in diameter; the inten-
sity of the collimated atomic beam was about%#toms per

s at an argon-ion beam current of 0.5 mA. The size of the
argon-ion beam spot on the sample was about 1 mm in di-
ameter.

A laser beam from a ring dye las¢€Coherent 699-20
pumped with an argon-ion las¢€Bpectra Physics 17Wwas
guided into a vacuum chamber and crossed with the atomic
beam perpendicularly to avoid Doppler broadening. Fluores-
cence photons from the crossing point were collected and
focused on a cooled photomultipli@damamatsu 1333us-
ing spherical mirrors and a lens. Transmitted light signals of
a confocal Fabry-Perot interferometer with a free spectral
range of 149.7(B) MHz were recorded simultaneously with
the fluorescence signals. This system enables us to measure
the fluorescence spectrum of Ta atoms with an abundance of
10 ppm in the sample. Details of this system were described
in our previous paper®,11].

B. Preparation of radioactive °Ta sample

We prepared a sample of radioacti/&Ta atoms by bom-
barding a 97% natural Hf targéd.25-mm thick with a 19-
MeV deuteron beam from the RIKEN AVF cyclotron. Reac-
tions of *8Hf(d,3n) and*"*Hf(d,2n) used were expected to
have cross sections of about 1.2 and 0.6 & ahergies of 19
and 12 MeV, respectively, by the.icE code[12]. The total
current of thed beam was 0.6 C. The size of tHebeam spot
on the Hf target was about 6 nfnMost of °Ta atoms were
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FIG. 2. Measured spectra of the 540.3-nm transition in radioac-
tive 17°Ta with reference spectra: The spectriia was obtained

mainly located at the depth less than 0.1 mm from the surwhen the natural Ta sample was bombarded with a 10-keV argon-
face. Since'’°Ta decays without emitting gamma rays, we ion beam as shown in Fig. 1; during the same bombardment the

estimated the number of producétfTa atoms from mea-
surement of the gamma rays coming from the decal/ &
(T1»=2.36 0, which was simultaneously produced by
17814f(d,3n) and*’"Hf(d,2n) reactions. The number &f°Ta
atoms was thus estimated to b B0** atoms, which were
produced in a small volume of 0.6 mirim the Hf target, i.e.,
the abundance df'°Ta in the volume was about 20 ppm.
After cooling off short-lived isotopes such #<Ta, we set

spectrum(b) was obtained for the center of tidebeam spot on the
radioactive sample, and the spectr@cnshows the hyperfine spec-
trum reproduced using hyperfine constants obtained (see Table
I) for "°Ta; the background spectrufd) for a point outside the
d-beam spot on the radioactive sample.

summation of observed three spectra, which is shown in Fig.
2(b). In this spectrum 14 resonance peaks were observed
with significant yields. To identify them, we measured a

the radioactive sample on the sample holder in the off-lingyackground spectrum by bombarding a point outside of the
laser spectroscopy system. A natural Ta sample for referen¢gpeam spot on the radioactive sample with the argon-ion
was also set together with the radioactive one as shown igeam[see the inset of Figs. 1 andd?]. We identified the

the inset of Fig. 1.

four peaks labeled, b, c(d), andf in Fig. 2(b) which are

not coming from the background.

C. Measurement of hyperfine structure of*"°Ta

The hyperfine structure df°Ta should be similar to that
of 18%Ta becausé’®Ta has the same nuclear spin'&&a. We
first observed an optical hyperfine spectrum of a 540.3-nm
transition from the ground staté,, to a 18 504.7 cm'
4D, level of the stable isotop¥'Ta to check wavelengths
of the laser, geometrical conditions of the mirror and sample
position, and focusing of the argon-ion beam on the sample;
these conditions were optimized to get as much fluorescence
signals as possible. The hyperfine spectrum observed for
18T3 is shown in Fig. &). There are six hyperfine peaks
labeled by alphabets—f which correspond to the hyperfine
transitions shown in Fig. 3. Next, we moved the sample so
that the argon-ion beam struck the center ofdHeeam spot
on the radioactive samplesee the inset of Fig.)1At this

D1

540.3 nm

]

4B

3

— 2

position, we measured the fluorescence spectrum three times FIG. 3. Hyperfine transitions of °Ta. Transitions labeled—f

at the same wavelength region as in Figa)2We took a

correspond to peaks marked with a—f in the spectrum of Fig. 2.
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TABLE |. Experimental hfs line separation it/°Ta together  duced in the calculatior(The calculation was made using a

with that in ***Ta for comparison. linewidth of 50 MHz) The hyperfine transitio®, which is
— : indicated by a dotted arrow in Fig. 3, was found accidentally
Transition SeparatiofMHz) masked by a background peak.
179-|-a 181Ta
17
ab 1712 (4) 1822.4 (4) ll. NUCLEAR MOMENTS OF 7°Ta
a-c 399920 4147.910) We use the hyperfine constants of the ground $f&jg to
a-d 399920 4197.010) derive the nuclear moments because bothAtend B con-
a-e 6522.316) stants for the reference atolffTa have been precisely mea-
a-f 8473 (7) 8722.822) sured by means of laser-rf double-resonance spectroscopy

[11]. From the well-established relation &f constants and

&The errors quoted are coming from the FWHM of the peétt) nuclear magnetic moments between two isotdie

because the and d transitions energetically coincide with each

other. AL79 M|179/| 179
o e TH @

A peak asterisked in Figs.(2) and (d) was found to be ]

the strongest component of hyperfine transitions'8#ra.

The reason why this peak df'Ta was observed is that a

small amount of*Ta atoms sputtered from the natural Ta ui’®=+2.2899) uy, ()

sample adhered to the surface of the radioactive sample dur-

ing the measurement for optimization mentioned above. Atwhere the nuclear spiit’®=7/2,1%81=7/2, u,, is the nuclear

oms of*'Ta on the surface must quickly disappear becausenagneton; and values @'8! [11] and x 18! [14] used are

of argon-ion sputtering. In fact, this peak disappeared in thgyresented in Table II. The error quoted fof,° contains an

second scan onwards at the same position of the argon-iaskperimental error and the uncertainty of magnetic hyperfine

beam spot on the sample. The other nine peaks with no labahomaly (Bohr-Weisskopf effe¢t[15], which is taken into

in Fig. 2lb) come from impurity atoms or molecules sput- account in the same way as described in our previous paper

tered from the Hf sample. It should also be stated that thesg1 0].

background peaks were observed for another Hf sample that The ratio of B constants of two isotopes should also be

was purchased simultaneously withodtbeam bombard- equal to the ratio of the nuclear spectroscopic quadrupole

the magnetic moment!’® of 1°Ta is derived to be

ment. momentg 13],
The hyperfine peaks df°Ta have been identified as la-
beled by alphabeta—f in the following procedure. The ex- B9 Q!
perimental line separations obtained in Figb)2are pre- BBl 8l €)

sented in Table I. Here Zeeman splittings of the hyperfine S

levels due to a stray magnetic field are negligibly small com-The momentQ 17° of 1"*Ta is thus derived using thB"®
pared with the experimental linewidth. Assumir_lg that theseconstant determined here and known valueB%f[11] and
lines a, b, c(d), andf correspond to the transitiors b, 181 of 1814 that is the value estimated from the weighted

C(d), andf between the hyperfine levels as shown in Flg 3average of quadrupo|e momer{@ Comp”ed in[14] (see
like the case of*®'Ta, we made a least-squares fit to the Taple 1):

experimental line separations with a well-known formula for

the hyperfine splitting13]. Hyperfine constantd andB of 9= 13374) b. (4)
the ground statéF, and the excited statéD,,, thus ob-
tained are summarized in Table II; the previously known
values ofA andB for '8'Ta are given for comparison. Using
the A and B constants derived, the hyperfine spectrum of It is known that the Nilsson orbital for an unpaired proton
17Ta is well reproduced as shown in Figc® the calculated in the ground states of Ta isotopes is 7/204],. in the region
spectral linex andd coincide with each other, and the yield N=102-112 and these isotopes have an isomeric state with
of the observed peak at position ofandd is well repro- another orbital of 9/2[514]_. at a low excitation energy.

IV. DISCUSSION

TABLE II. Hyperfine constants and nuclear moments-Gffa together with those df*Ta for comparison.

Hyperfine constants Nuclear moments

Ground®*F 3/, Excited“D ),
Isotope A (MHz) B (MHz) A (MHz) mi () Qs (b) Qo* (b) B
17%7a 4971) —1043(10) —-569(1) +2.2899) +3.374) +7.2209) 0.2864)
1811y 509.081 0®)° —1012.228 26)° —593.6%2) +2.237 0%7)° +3.26613) +7.003) 0.2751)
dEstimated values from in the limit of a well-deformed rigid rotor.
bReferencd 11].
‘Referencd 14].

dWeighted average of experimentally determined values compiled in[ B&f.
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FIG. 4. Systematic trend of the magnetic moments of Ta and FIG. 5. Systematic trend of the intrinsic quadrupole moments of
neighboring oddZ elements Lu and Re. Open symbols are for theTa isotopes and core nuclei Hf. Open circles are for the ground
ground states with the 7/2404],. proton orbital, and closed ones states with the 7/2[404], proton orbital in Ta[14] including the
for the isomeric states with the 9/§514],. proton orbital: circles  present data, closed ones for the isomeric states with th¢3¥2],.
are for Ta[10,14] including the present data, triangles for [14], proton orbital[10,14], and squares for the ground states of Hf iso-
and squares for REL4]. Dashed and dotted lines are theoretical topes[14,18.
values[16] for the 7/27[404], and the 9/2[514], states, respec-
tively. 180nTa and!’®Ta. The quadrupole moments of the ground

states are slightly larger than those of the core-nuclei Hf; by
They are normal-parity orbitals and have the highest value ofontrast those of isomeric states are just the opposite. The
Q in the major shell they belong to. Since no state in thedeviations of the moments for both states from the core-
neighborhood interacts with them through a Nilsson field,nuclei Hf are plotted in Fig. 6; they have opposite signs and
they keep having as a good quantum number: 7[204], it seems that they decrease with increasing neutron number.
and 9/2[514], are well represented bg;, 7, andhg,en  Theoretical values estimated using single-particle Nilsson
respectively. Figure 4 shows magnetig, factors wave functions by Ekstro et al.[16] are shown by+ sym-
[9/=m /(1 my)] for states having these proton orbitals in Ta bols in the figure: their calculation gives the same values for
and neighboring odd-elements Lu and Re. As is seen from hoth the ground and isomeric states and cannot represent the
this figure, the missing data dri’Ta is nicely fulfilled in a  behavior revealed experimentally.
systematical manner by the present measurementgTiae- We have estimated the change of the quadrupole moment
tors of the states with the 9/p514] orbital are about two due to adding a proton to the Hf core using an equation
times larger than those of the states with the'74B4], or-  which is based on BCS theory:
bital. Since an unpaired particle mainly contributes to the
nuclear magnetic moments, those of states with the same s {392_j(j+1)}{3/4_j(j+1)}
proton orbital should be similar to each other, being indepen- Qo=Qg+2(u; —v{) — -
q . . ; . . 2j—=D)j(j+1)(2j+3)

ent of elements. In microscopic calculation using single-

particle Nilsson wave functiongg,=0.629 of the ground
state with the 7/2[404], orbital andg, =1.09 of the isomeric X
state with the 9/2[514], orbital have been predicted for
oddA Ta isotopes{lG]; these yalue§ are in good agreementwherng is a quadrupole moment of the core? is an
with the experimental ones including the present measureﬁccupation probability of théth orbital, andu2=1—yv 2

ment(see Fig. 4 _ hl(Mmwy)=1.02AY3% N, j, andQ are the oscillator quantum
We estimate the intrinsic quadrupole momépy using

the spectroscopic quadrupole moméntand a well-known
formula based on the strong-coupling limit7] 1 L

h
— (6)

3
N+ = ,
mwo

2

3K2=1(1+1)

Qs:m 0 5)

whereK=1; thus we haveQ3’°=7.229) b. This value is
slightly larger than that for the ground state8fTa.

The intrinsic quadrupole moments known for the ground
states with the 7/2404]_ orbital and the isomeric states
with the 9/2'[514],. orbital in Ta isotopes are plotted in Fig.
5. Those for the ground states of Hf isotopad,18, which

are the core nuclei of Ta isotopes, are also plotted in the g, 6. Deviations of intrinsic quadrupole moments of Ta from
figure. There have been only five data reported for Ta isOthose of the core nuclei Hf. Open circles are for the ground states
topes: the ground and isomeric states '6fTa [14], the  and closed ones for the isomeric statéssymbols are estimated
ground state of °Ta[14], and two isomeric states 6f™"Ta  values from theoretical calculations given|[it6]. Dashed and dot-
[14] and*8"Ta [10]. Systematic behavior of the quadrupole ted lines indicate the calculated values using Eg). for the
moments of both states has become clear by adding data av2[404],. and the 9/2[514],. states, respectively.

Qu(Ta) - Qo(HE) (b)
[

_1 1 1 1 1 1
100 102 104 106 108 110 112
Neutron number
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number, the total angular momentum, and the projection oer because the excitation energy of Bwibrational band-
the symmetry axis, respectively, for the single particle. So wéhead in Hf nuclei becomes higher with increasing neutron
have the intrinsic quadrupole moments for both thenumber[19,20. This expectation matches the experimental
7/2°[404], and the  9/2[514] states: Q4?2  trend shown in Fig. 6. It is, however, difficult to calculate the
=Q§-0.211u%,-v 2%, and Q872=Q8—0.131(u 5>  contribution of the core polarization effect using presently
—v35,). The parameters 2 andu? can be calculated using available theories.
the equation

V. CONCLUSION

1 i—A
Uizzi (1— % , (7) By means of high-resolution laser spectroscopy, we have
V(e—N)“+A determined the magnetic dipole and electric quadrupole mo-

ments of the ground state df°Ta for the first time. The
magnetic moment of"®Ta is in good agreement with the
ssystematics. It is also concluded that the quadrupole mo-
ments of the 7/2[404]_ ground states are getting larger than
those of the core nuclei Hf with decreasing neutron number,
and by contrast those of the 9[{514]_, isomeric states are
getting smaller. Further measurements @f and Q¢ for

whereg; is a single-particle energy, the Fermi energy, and
A the pairing gap. The difference of single-particle energie
between the two states ig,,—e;,~600 keV at a nuclear
deformation of3~0.28 that is obtained from the intrinsic
quadrupole moment df*Ta in the limit of a well-deformed
rigid rotor (see Table ). The Fermi surface for protons is

it;\ei\r/]vieern tfilentwo S|pé;ilr(]a-pt%rlt%IeTshtatei a:u$ ab?uttﬁ MeV i neutron-deficient Ta isotopes would be desirable to under-
S region accoraing - 1he changes are thus esti- 44 the details of the nuclear structure in this mass region

mated to beQ {2~ Q§=+0.06 b andQ >~ Q§=-0.04 b o :
(see Fig. . These values are so small, but the signs have \élvhere high-spin isomers exist.

definite meaning compared 6.

The present calculation explains well the signs of both
changes found experimentally. It is, however, unable to re- The authors would like to thank Dr. Y. Yano for his con-
produce the experimental values quantitatively. Discrepancgtant support of this study. Thanks are also due to Dr. K.
between the calculations and the experimental values shoubdorita for comments and enlightening discussions. One of
be mainly due to the core polarization effect that is not takerus (W.G.J) would like to acknowledge support from the spe-
into account in the present calculation. The core polarizatiorial researchers’ basic science program. Another author
effect relates to the excitation energy of tfevibrational (M.G.H. also gratefully acknowledges financial support
state in the core nucleus. It is expected that the core polafrom the Science and Technology Agency that enabled him
ization effect becomes smaller with increasing neutron numto come to RIKEN.
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