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Abstract

The transition density and current provide valuable insight into the nature of nuclear vibrations. Nuclear vorticity is a quantity
related to the transverse transition current. In this work, we study the evolution of the strength distribution, related to density
fluctuations, and the vorticity strength distribution, as the neutron drip line is approached. Our results on the isoscalar, natural-
parity multipole response of Ni isotopes, obtained by using a self-consistent Skyrme—Hartre¢-Eactnuum RPA model,
indicate that, close to the drip line, the low-energy response is dominated-by vortical transitions.
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1. Introduction is to illuminate the effects of the excess protons or
neutrons on the nuclear structure and response. On
the neutron-rich side of the nuclear chart, in particu-
lar, a wealth of exotic phenomena is anticipated, due
to the formation of neutron skins and halos, the large
difference between the Fermi energies of protons and
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sition density (TD), provides valuable insight into the
nature of nuclear vibrationg particular, their “zero-
sound” nature. Theoretically, the TD and TC associ-
ated with a particular typef electric excitation, ap-
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In this work, we examine the response of the iso-
topes®%7811\i, ranging fromN = Z and close-to-
stable (v = 28) to extremely neutron-rich\ = 82).
We focus on the flow properties of the various tran-

proach ideal hydrodynamical behaviour in the case of sitions. The isoscalar strength distributiohs E), re-
very collective states such as giant resonances (GRs).lated to density fluctuations, and respective vorticity

It is predicted[1] that the properties of GRs in drip-
line nuclei are close to the ones pfstable nuclei in

strength distributionsS,, (E) of multipolarity up to
L =4 are calculated, using a self-consistent Skyrme—

this sense. At lower energies, though, the behaviour Hartree—Fock plus continuum-RPA method. We con-

of the TD and TC may deviate significantly from this
picture, as several examgldemonstrate. Microscopic
studies of convection currents in stable nuclei predict
that a variety of flow patterns is possilp-4]; for in-
stance, the isoscalar quadrupole GR®Pb is nearly
irrotational, whereas the corresponding low-lying state
exhibits considerable vorticity. In (stable and unstable)
neutron-rich nuclei, “pygmy15,6] or “soft” [7-9] di-

sider the vorticity related to the convection current.
The evolution of the distributions as the neutron num-
ber increases is discussed.

2. Definitions and method of calculation

Let us consider the response of spherical, closed-

pole modes are observed, interpreted as oscillations Of(sub)shell nuclei to an iszalar (IS) external field

the excess neutrons against the isospin-saturated core

also, toroidal dipole modes are predicted to exist at
a somewhat higher enerd®,10]. A special feature
of the response of very neutron-rich nuclei is the so-

called threshold strength, i.e., the considerable amountg,

Vim(@) =rtYm®.¢) (L > 0). The IS TD8p ()
and TCj(F) characterizing the exted natural-parity
state| L M) of energyE, are determined by their radial
componentsipy (r) and jrr+1(r), respectively2,4].
mf(?) and the ground-state densjtyr), a veloc-

of strength predicted to occur just above the neutron ity field can be defined;(7) = ]7(7)//)(”. Under the

threshold; it is of isoscalar and non-collective nature
and characterized by spatially extended TDs and TCs
owing to the loosely bound neutrofis11-14]

The structure of the particle continuum and the na-
ture of low-lying strength in unstable nuclei are of par-
ticular interest, as they provide information on decay
properties, polarizabilities, shell structure, etc. Close
to the drip line, collective “low-lying” states such as
27 may be located in the continuum. The energy of
2T states as well as othen® modes, may be very
low even for nuclei described traditionally as closed-
subshell configurations, if the shell structure tends to
“melt” at the extremes of isosp[d1]. Such transitions
can hardly be expected to be irrotational.

A standard procedure in studies of nuclear con-
vection currents is to define a velocity field, as dic-
tated by hydrodynamical considerations. In Rdj,
it was shown that the degree to which a transition
is irrotational, can be quantified in terms of the nu-
clear vorticity density. The latter is directly related to

the transverse component of the TC and therefore, to-

gether with the TD, it completely specifies a transition

assumption that a single transition exhausts the avail-
able strength of an external potentia(7), it can be
shown thati(7) o VV (7) [15], which implies irrota-
tional flow, V x i = 0. In classical hydrodynamics, the
flow is always irrotational in ideal, non-viscous fluids.
The IS TD and TC are related through the conti-
nuity equation (CEJ2], which we write here for the
radial components:
d

L
L) =y 2L+1(E -
L+1/d
=/ 2L+1< )jLL+1(F)-
(1)

dr
The transverse part of the curreﬂf, with radial com-
ponentsj!', ., (r), does not contribute to the CE since,
by dgfinitionﬁ . f” = 0. This equation does not de-
fine j uniquely; following Ref.[16], one may set
Ji 1) = jrrsa(r). Then ', (r) is determined
from V - f” = 0. The remaining part of the current

E
fic

L—1\
)JLL—l(V)
p

L+42

and unambiguously reflects the zero-sound characteris related taSp, through the CE. Therefore, measure-

of nuclear vibrations.

ments ofsp; and j ;. +1(r), as demonstrated, for ex-
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ample, in the analyses of inelastic electron scattering

data in Ref[16], determine the transition completely.
The vorticity densityi () associated with a transi-
tion from the spherically symmetric ground state to the
excited statg L M), as defined in Ref4], equals the
curl of the transverse current introduced abfvd,
B =V x j"(F)
= QL+ 1) oL NV (). 2)

The radial partoy 1 (r) is given by

2L+1/d
oL (r)= I a—i—

The rL-moment ofw; ;. is identically zero; its-L+2-
moment may be used as a measure of its strefddth
For irrotational and incompressible flow, e.g., in the
Tassie modelp; ;, vanishes.

The strength distribution

L+2
T+)jLL+l(r)~ 3

Sp(E)=Y (fIVLu|0)*8(E — Ep),

f
where| f) are the final states excited by the fiéldy,
and E ; their excitation energies, is related to tife
moment ofsp; (r). Since we are dealing with con-
tinuous distributions, we write the strength in a small
energy interval of widtl/A E' at energyE as

00 2
S,(E) = A_lE{/drapL(r)rH?} .
0

We define thevorticity strength distributiors,, (E) in
a similar way, namely,

[ee) 2
Sw(E) = A—]'E|:fderL(r)rL+4i| .
0

Comparison ofS,(E) and S, (E) allows a discrimi-
nation between collective states of longitudinal zero-
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The quantities introduced above are calculated us-
ing a Skyrme—Hartree—Fock (HF) plus Continuum-
RPA model. For the HF ground-state, the numerical
code of Reinhard18] is used. The calculation of the
response function is formulated in coordinate space, as
described if19-22] First, for given energy, mul-
tipolarity L and isospin character,, the radial part
Gng(r, r’; E) of the unperturbegh Green function
GO(E) is calculated. The indiceg; = 1,2, ... enu-
merate the operators whose propagation is described
by the Green function, namely,

Vi, [V (V24 V)],
[Via® (F£9)],,.

Spin-dependentterms have been omitted in the present
calculation. The continuum is fully taken into account,
as described i19,21] A small but finite ImE en-
sures that bound transitions acquire a finite wid®i.

The RPAph Green function is obtained by solving the
equation

(4)

as a matrix equation in coordinate space (represented
by a radial mesh), isospin character and operators
wui. The ph residual interactionVes is derived self-
consistently from the Skyrme—HF energy functional
[21-23] The radial function$py, jrr—1 andjpr 41,

at given energyE, can be calculated from the RPA
Green function; theng; ;, is obtained using Eq(3)
[24,25]

GRPAE) = [1+ GO(E) Vies] "G(E)

3. Resultsand discussion

We have performed calculations for the IS natural-
parity response of Niisotopes far< 4. Since pairing
is not included in our calculation scheme, only the
doubly closed isotope¥Ni (N = 28), "®Ni (N = 50)
and 119Ni (N = 82) have been studied. The nucleus

sound character and excitation modes which are highly %®Ni lies close to the valley of stability, whil&ONi
vortical and possibly of transverse zero-sound charac- serves as a numerical example of a nucleus with ex-
ter. The latter case applies, for example, to the toroidal treme neutron excess lying close to the drip line. In

dipole mode[6,10]. Note that, in order to quantify
how “collective” (in terms ofS,) a seemingly strong

transition is, and to what extent it is a transverse-zero-

all cases we examined, wave checked that the CE,
Eq. (1), is fulfilled to a satisfactory degree. We present
results for the IS 2, 3= and 4" strength distribution

sound candidate, one would need to establish appro-S,(E) and the corresponding vorticity strength distri-

priate sum rules fos,,.

bution S, (E). The distributions are normalized to 1,
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Fig. 1. Quadrupole strength distritien (left) and vorticity-strength
distribution (right), normalized to 1, for the isotope% 78114
The Skyrme parametrization SKMhas been used.

i.e., Sp,w(E)/Sp,w, tot IS Shown, where§, ,, ot is the
integrated strength in the region 0-50 MeV. For the

P. Papakonstantinou et al. / Physics Letters B 604 (2004) 157-162

L=3
S,(E)/S,, o (MeV'") So(E)/Sq, tor (MeVT)
T T T T

25

2 —
56Ni 56Ni
15 1+ .

1 — - -

0.5 . | . J’L |
Al A 1 VAN
T T

1.2 T T T

78N 78\
08 Ni | | Ni |

lJ‘AM—JLJl /\1. ]

04 1k
0.2 - q9F
T
"oy

0 4 el 1
0.6 T T
0.5
0.4

03 =

0.2 =

0.1 - —
0 na AN
20 30

0 10
E (MeV)

T
110Ni

‘/{k AN
0 10 20 30
E (MeV)

Fig. 2. As inFig. 1, octupole strength distributions.

considerable vorticity strength, at around 15 MeV. The
hexadecapole strength distribution f7&i, Fig. 4,
appears fragmented. Vorticity strength is carried by all
peaks. IN1Ni a striking amount of vorticity develops

results shown we have used the Skyrme-force para- at very low energy.

metrization SkM [26], tailored to describe GRs of

The neutron-rich nucleu&€Ni is possibly doubly

stable nuclei and employed in previous studies of the magic [27]. We notice that its low-energy response

response of exotic nuclei as well (e.g.[in11-13).
As we observe irfrig. 1, most of the IS quadrupole

does not differ dramatically from the respons@®i.
The transition strength df-Ni is located in the con-

strength is concentrated in two peaks, a low-energy tinuum in all examined cases. We have performed cal-

collective state and the GR. The width of the GR in-
creases and its energy deases as we approach the
neutron drip line. The GR carries a large fraction of
Sy, tot and little vorticity. It has been verified that, in
the three Ni isotopes studied, its velocity field resem-
bles that of ideal hydrodynamical flow. On the con-
trary, the lowest 2 state is strongly vortical. The oc-
tupole response o®Ni ("8Ni), Fig. 2, is dominated
by one (two) collective state(s) carrying almost no
vorticity strength; a large part of thg, lies in the
3hw region. The situation is quite different in the case
of 11ONi, where highly vortical threshold strength ap-
pears at low energy. In order to illustrate the differ-
ence, inFig. 3we plot the velocity field corresponding
to the 9.3 MeV state if®Ni and the 3.4 MeV tran-
sition in 110N, in an arbitrary scale. Fot®"i, it is
interesting to notice a very weak octupole state with

culations also for the®®and I response of the three
isotopes. IN1ONi, the threshold energy for these mul-
tipoles is higher than for thé = 2, 3,4 multipoles.
The threshold strength 3£%Ni for L > 0 carries in-
creased vortical strength. This result should be antici-
pated given the single-particle character of the thresh-
old strength. The present results indicate that, close to
the neutron drip line, the low-energy response is dom-
inated byL > 1 transitions of transverse character. 1
as well as 3 excitations may gain importance with
respect to 2 and 4" in the special case of nuclei de-
scribed asi¢-closed configurations.

We have also used the Skyrme force MJR3],
whose parameters were determined by fitting the val-
ues of nuclear masses, calculated using thertHEFCS
method, to the measured ones, for 1888 nuclei with
various values ofN — Z|/A. The two forces have sim-
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Fig. 3. Left (right): velocity fiéd for the octupole excitation ofNiat E =
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9.3 MeV (110Nj at E = 3.4 MeV) plotted up to a radial distance of

6 fm (7.6 fm). The scale of the velocity amplitude is arbitrary. Tkexis is along the page.
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Fig. 4. As inFig. 1, hexadecapole strength distributions.
ilar nuclear-matter properties, except for the effective

massm*. The SkM force (n*/m = 0.786) predicts
that the last occupied neutron state'&iNi is bound.

obtained with the two Skyrme parametrizations agree
qualitatively. The strength distributions are systemat-
ically shifted towards lower energies when MSK7 is
used.

We should stress that the nucldd@Ni was studied
as an academic example of a closed-shell Ni isotope
close to the neutron drip line, as has been done before
in Ref. [11]. This particular choice was dictated by
the limitations of our model, which does not account
for pairing correlations. According to SHF results, the
N = 82 closure may still be valid in the Niregi¢bl],
although not conclusively. Ideally, one should per-
form a (preferably self-consistent) quasiparticle-RPA
(QRPA) calculation including the full continuum, as
proposed in Ref[29]. The correct treatment of the
continuum when pairing is present, in the ground state
as well as in the excited states, is particularly impor-
tant in weakly bound neutron systems, where the pair-
ing field couples the neutrons in the bound states with
those in the low-energy continuuf80-32] In gen-
eral, pairing correlationare not expected to modify
dramatically the electric transitions of even—even nu-
clei (the same may not hold for magnetic transitions,
however)33]. They can introduce new transitions and

The nucleus appears soft against excitations of vortical change the energy and strength of the ones that we

nature. In the case of the MSk7 forae*{(/m = 1.05),
the last neutron state 3f°Ni appears as a resonant

have already examind@9,34] Therefore, we expect
that our conclusions would still hold qualitatively, af-

state at positive energy and therefore the nucleus liester pairing is taken into account. Of course, they are
beyond the neutron drip line. In general, the results restricted to spherical nuclei.
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In conclusion, our results for the IS, natural-
parity response of Ni isotopes, obtained using a self-
consistent Skyrme—Hartree—Fo¢kContinuum RPA
model, indicate that, close to the neutron drip line,
instabilities develop in the form of > 1 transitions

of transverse character. We have used the vorticity

strength distribution to quantify the irrotational char-
acter of the various transitions. Future work should

account for the spin current, besides the convection

current. It would be useful to examine the magnetic
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