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Calculating single-particléNilsson) levels in axially symmetric quadrupole-deformed potentials in coordi-
nate space, the structure of weakly bound neutron orbits is studied in the absence of pair correlation. It is
shown that in the wave functions 6¥7=1/2" orbits, where) expresses the projection of the particle angular
momentum along the symmetry axis, theO (s;,) component becomes overwhelmingly dominant as the
binding energy of the orbits approaches zero, irrespective of the size of the deformation and the kind of Nilsson
orbits. Consequently, alb™=1/2" levels become practically unavailable for both deformation and many-body
pair correlation, when the levels approach continuum or lie in the continuum.
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The physics of nuclei far from the line g8 stability, smaller(} values. In textbook$3,9] we learn that the Nils-
especially close to the neutron drip line, which has beerson orbits can be classified in terms of asymptotic quantum
developed for the last years together with the experimentaumbers[Nn,AQ], where Q is a good quantum number.
using radioactive nuclear ion beams, issues an intensive chabther three quantum numbefsin,A] would become ap-
lenge to the conventional theory of nuclear structure. A charproximately good quantum-numbers for larger deformation

acteristic feature unique to the weakly bound neutron SySyhere the ‘effect of axially symmetric quadrupole deforma-
tems is the importance of the coupling to the nearbyi,n gominates over the spin-orbit splitting. Indeed, various
continuum of unbound states, as well as the impressive rol

played by weakly bound neutrons with low orbital angularEind.S.Of gxperimental data on deformed nuclei close'tqahe
momentat. A typical phenomenon is the observed change Ofstabmty line havg been very successfully analyzed in terms
: ‘ : : ; . of the asymptotic quantum numbef8]. The asymptotic
magic numbers in very light neutron-rich nucldi,2] from ymp d . .
those known inB stable nuclei. The change can be under-guantum humbers are derived b"’?sed on the axially symmet-
stood from the difference in the properties of smalheu- "I uadrupole-deformed harmonic-oscillator plus spin-orbit
trons from those of weakly bound largeneutrons, of which ~ Potentials, which can be appropriate for analyzing the prop-
the wave functions stay mostly inside the nuclear potential®rties of well-bounds stable nuclei. _
Weakly bound smalt neutrons have an appreciable prob- [N the present paper we study the structure of one-particle
ability to be outside of the core nucleus and are therebyrbits in axially symmetric quadrupole-deformed Woods-
insensitive to the strength of the potential provided by theSaxon plus spin-orbit potentials, solving the Schrédinger
well-bound nucleons in the system. As seen in the shellequation in coordinate space with the correct asymptotic
structure change, the competition between pairing and shag®undary conditions. We focus our attention on the structure
deformation, which has been a central issue in the manysf weakly bound neutron orbits in deformed finite-well po-
body problem ofg stable nuclei[3], is expected to be a tentials.
fundamentally important theme also in the study of nuclear In order to study the behavior of weakly bound orbits, it is
structure far from the stability ling4]. In neutron drip line  absolutely necessary to use a realistic finite-well potential.
nuclei the presence of loosely bound neutrons as well as thiéor simplicity, we use the Woods-Saxon potential as a re-
very neutron rich environment near the nuclear surface opengdacement of the HF potential and include the deformed part
new interesting aspects in this competition, which have nobf the Woods-Saxon potential. Our axially symmetric
yet been well studied. quadrupole-deformed potential consists of the following
In Ref. [5] the pair correlation in spherical nuclei close to three parts:
the neutron drip line, especially the unique role played by
weakly bound low¢ neutrons, was studied by solving the _
: s - Y . V(r) = Vs f(r),
Hartree-Fock-Bogoliubov equation in a simplified model in
coordinate space with the correct asymptotic boundary con-
ditions[6—8]. It was shown that for a given bound system the - o
occupation probability of the lowef levels of the Hartree- Vooup() = = BK(r) YaoF),
Fock (HF) potential decreases considerably when the binding
energy of the HF one-particle level becomes small, and those A\21 df(r) .
orbits soon become almost unavailable for the pair correla- Ved(r) = —szv<—> ——(g-4), (1)
tion of the many-body system. It was concluded in RBSf. 2/ T
that the unavailability of those lowérorbits would be much
more serious in deformed nuclei, since the components oithere A is the reduced Compton wavelength of nucleon
lower ¢ orbits spread in essence over all Nilsson orbits withA/m;c,
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= -
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r o
We fix the parameters to ba=0.67 fm, V\ys=-51 MeV, N o . A
and v=32, which are the standard parameters use@ in SN \ VNN SN W V. N
stable nucle{10]. The nuclear radiuf is varied so as to 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36
vary the strength of our one-body potential. Or, equiva- (Riro)®
lently, we vary the mass numbéy of the system withR
=ro,A"Y3 wherery,=1.27 fm isused. In the expressiofi) FIG. 1. Neutron energy levels in axially symmetric quadrupole-

we have included only the lowest-order term in deforma-deformed Woods-Saxon potential as a function of the potential
tion parameteB of the deformed Woods-Saxon potential. strength. The radius of the Woods-Saxon potential is expressed by
This is an approximation, however, for our present pur-R While ro=1.27fm is used. The asymptotic quantum numbers
pose to illustrate the unique behavior of weakly boundNMZA€] assigned traditionally to these levels afe011/2,
low-¢ neutrons the simple form of the deformed potential[220 1/2,[2113/3, [2111/3, [2025/2, [330 1/2, [2001/2,

. - . . ) . . [321 3/2, and[202 3/2, from the left[smaller(R/ry)® valueg to
is sufficient. We write the single-particle wave function asy o right [larger (R/ro)* valueg at &, ~0. The neutron numbers 6

and 24, which are obtained by filling in all lower-lying levels, are

1 o R
W(F) = FE Reim(NY ¢im(®), (4)  indicated with circles. We not& =m.
€
which satisfies P =— 2”;128”‘ (9)
HY,=en Vo (5
The normalization condition is written as
The coupled equation for the radial wave function is written
as %
) > IRejm(M)]? dr=1. (10
2 ¢+1) 2m €j 7o
(W ——z t ?[Sm - V(r) - Vso(r)]>R€jm(r)
For a given value of the deformation paramegewe vary
2m the potential radiusR so as to obtain the required one-
= ﬁz <Y€jm|vcoupI|Y€’j/m>R€’j’m(r)y (6) parncle energy .
¢ In Fig. 1 we show the calculategl, values, which are
where relevant tos-d shell nuclei for the neutron numbeX

=6-24, for 3=0.5 as a function oR. The spherical one-
particle levels,s;;s, 0, ds;o, and gy, are included in the

Y timlVeoupt Y erjrm) = = B KXY tjm| V2o )Y ¢1m) calculation for positive parity, while for negative parity the

e QRI+D2) +1) P1/2: P32 50, @and f, levels are taken into account. Here
=-pkr)(-1) ——n_. intentionally we do not write the radial quantum-numier
20w . . .
for the levels included, since the shape of radial wave func-
x C(j,j",2;m,—m,0) tions Ryjm(r) obtained from Eq.(6) can be very different
><C(j,j’,2;%,— %0) @ from that of eigenfunctions of the Woods-Saxon potentials.

The structure of deeply bound orbits such as those:fpr

The eigenvalue(<0) of the coupled equation®) fora —-10 MeV is similar to what is expecte@3] from the
given value ofm, which is equivalent taQ) in the usual asymptotic quantum numbers in the deformed harmonic-
notation of asymptotic quantum numbdisn,AQ], is ob-  oscillator model. The level energies with"=1/2", which
tained by solving the equations in coordinate space for givere expressed by solid curves with solid circles, are seen to

values of 8 and R, with the asymptotic behavior d;,(r) ~ show smaller slope especially as— 0, though in this ex-
for r — oo, ample the order of levels does not happen to change in the

limit.
Rejm o 1 hy(ar), (8) In Fig. 2 the calculated probabilities of tisg,, ds/,, dss,
and gy, components in th¢220 1/7 level are shown as a
whereh,(-iz) =j,(2) +in,(2), in which j, andn, are spheri- function of . It is observed that the;,, component be-
cal Bessel and Neumann functions, respectively, and comes dominant as,,— 0. Thes,;;, wave function for small
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Pise, Pap, fs2 and f7, probabilities in the [330 1/2] orbit
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FIG. 4. Calculated probabilities qfy 5, s, 52, andf;, com-

ponents in thg220 1/2 level as a function of energy eigenvalue ponents in thd330 1/ level as a function of energy eigenvalue

&m

values ofle,,| shows halo structure, and the major part of the

Em

tion. In Ref.[5] we have found thas,,, orbits become un-

large s, probability comes from the outside of the nuclear available for the many-body_ pair correla_tior_l as the energies
potential. Since weakly boursl,, neutrons are insensitive to aPProach continuum. Combining these findings, we may say

the decreasing strength of the potential, the boun@
=1/2" orbits can survive by increasing tlsg, component.

that all Nilsson orbits wit)™=1/2" become unavailable for
both pair correlation and deformation when those orbits ap-

This fact also implies that the major component of anyProach continuum or lie in the continuum.

weakly boundQ)™=1/2" neutrons in deformed nuclei must

be s, and thereby show halo phenomena.

In Fig. 3 the probabilities of the;;, component in three
0™=1/2" Nilsson levels of thes-d shell, [220 1/2,
[211 1/2 and[200 1/2, are plotted as a function &f,. It is
seen that in all)™=1/2" orbits thes,;;, component becomes
dominant ase,,— 0. This feature appears for any realistic

values of in deformed nuclei.

What is observed in Figs. 2 and 3 means that in deforme
nuclei all Nilsson orbits witf)™=1/2" are dominated by the
Sy component ass,,— 0, which exhibits halo structure,
though the actual value aof,, at which thes;,, component
becomes dominant depends on Nilsson orbits. Consequent
those orbits become unavailable for constructing deforma*

probability
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FIG. 3. Calculated probabilities of th&,, component in three
QO7™=1/2" Nilsson levels in thes-d shell,[220 1/2, [211 1/2, and
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What is described above on t@"™=1/2" orbits works

also, but to a slightly lesser extent, for the&=1/2" or 3/2

orbits where the role of thé=0 orbit is replaced by that of
the €=1 orbit. For reference, in Fig. 4 the calculated prob-
abilities of py pgya fsp, and fy, components in the
[330 1/2 level are shown as a function ef,. It is observed
that theps, component becomes dominant while the prob-

ability of the f;, component decreases drastically as

g 0. Since a part of th&=1 one-particle wave functions
remains inside the potential in the limit of,— O, in contrast

to the case of =0 [10], we obtain a milder dominance in the
limit. However, since the width of=1 neutron resonant
ates becomes quickly large as the energies increase in the
ontinuum, due to the low centrifugal barrigi, all Nilsson

orbits with)™=1/2" and 3/2 become unavailable for both
pair correlation and deformation soon after the one-particle
energies increase to positive values.

In conclusion, we have shown that the lowéstompo-
nent becomes dominant in the neutron orbits of the realistic
deformed potential as the binding energies approach zero,
irrespective of the size of deformation and the kind of orbits.
Thus, the structure of the wave functions of weakly bound
neutrons is very different from the one expressed by
asymptotic quantum numbers in textbooks. AlF=1/2"
levels become unavailable for both deformation and many-
body pair correlation, as the levels approach continuum or lie
in the continuum. Weakly bound)™=1/2" neutrons in
deformed nuclei become almos{, neutrons and thereby
exhibit halo phenomena. In such a case possible rotational
spectra of the deformed halo nuclei must come from that
of the deformed core. The properties of weakly bound
(or continuum low-¢ neutrons unique to finite-well
potentials should be carefully taken into account when the
nuclear structure information is extracted from measured

041306-3



RAPID COMMUNICATIONS

IKUKO HAMAMOTO PHYSICAL REVIEW C 69, 041306R) (2004

quantities such as observed neutron emission widthddowever, the mean-field approximation is the simplest gen-

The ground-state structure and excitation spectra of theral approach to deformed nuclei. Therefore, the physics
one-neutron halo nucleusBe, which are being studied ex- found in the present work should be useful not only for
perimentally at the moment, may be an example directly remedium-heavy neutron-rich nuclei but also for gaining a

lated to the present result. In the theoretical study of suclimple intuitive understanding of light halo nuclei.
light halo nuclei various models, which are specific to indi-

vidual nuclei with adjusted parametéfsr example, see Ref. The author expresses her sincere thanks to Professor Ben
[11]), are often used rather than a mean-field approximationMottelson for fruitful discussions.
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