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Abstract

The recently measured interaction cross section dat&fr230, and?4F in al2C target at relativistic energies have been
analysed in a few body Glauber model approach. Conventional fixed core-plus-neutron model for halo nuclei is unable to
explain the observed enhanced cross section for these nuclei by any selection of the neutron orbitals. Microscopic calculations
like many-body Monte Carlo shell model, relativistic mean field theory and cluster model are also shown to fail in describing
the large difference if interaction cross section betw&d and230. A possibility of core enlargement is suggested in these
nuclei.0 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction The sudden abrupt increase in radius for the next
isotope (which we refer to as the halo nucleus) in
Study of nuclei far from the stability line has such a model is thus attributed to the large relative
revealed new structure features, thereby modifying our distance of the one or two valence neutrons from the
conventional concept of nuclear shell structure. The core. Since, only one or two neutrons are included in
most striking discovery in this field was the existence a halo, the density outside the core nucleus is small in
of nuclear halo structure [1,2], a phenomenon quite magnitude but stays for a long distance giving rise to
different from the matter distribution of the stable a thin large diffused surface which is the origin of the
nuclei. A halo nucleus is considered to be composed halo characteristic.
of a core with one or two loosely bound neutrons  Experimentally, such a structure manifests itself in
tunneling out at distances far away from the core [3]. several observables like the interaction cross section
The structure of halos are usually analysed by the (o;), the longitudinal momentum distributiop(), the
“core-plus-halo neutron(s)” model. The core nucleus one or two neutron removal cross section (). An
in this model is always assumed to have the same abrupt enhancement of the interaction cross section
size as the bare nucleus that forms a core. Thus theof a nucleus compared to its preceding isotope neigh-
core nucleus has aradius which follows the continuous bours can be a signature of such a halo structure. The
increase following an isotopic chain. observation of large interaction cross section indicates
a larger root-mean-square (r.m.s.) radius for these nu-
el aress riu@postman.riken.gop (R. Kanungo). clei deviating from the usuabAl/3 scaling. Particu-
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Fig. 1. The experimental interaction cross section for Be, Li, C, N, O, F isotopes as a function of the mass number. The upward arrow marks on
the X-axis indicate the nuclei having unusually large cross section.

lar examples of such isotopes inclutd®e, 11Li, 1°C, the nuclei near the drip line the one/two neutron
22N, 230, 2*F, nuclei and are presented in Fig. 1. separation energy is also quite small.

The probability of this quantum tunneling of the The usual core-plus-halo model has been found
valence nucleons is enhanced by the fact that the to be very successful in describing consistently the in-
valence nucleons in these nuclei usually occupy low teraction cross section and momentum distribution of
angular momentum states like the 2-orbital. Thus the core fragment for lowZ nuclei up toZ =5 [4].
the absence of centrifugal barrier for tkeorbital To illustrate this, the case dfBe (1°Be + n) is dis-
facilitates the extension of the tail of the wavefunction cussed later. This model can also explain the experi-
compared to the usual occupation probability of the mental cross sections for isotopes Ifiée which are
d- or p-orbital, coupled to the fact that usually for expected to have more complex structure [5—7] as well
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as neutron skin nuclei like the Na isotopes (see inset even for the next isotope. This feature is probably a
Fig. 2 of Ref. [8]). As seen in Fig. 1 th¥ = 15 nu- reflection of the effect of pairing interaction.

clei, 22N, 230, 2%F, show a large increase in the in-

teraction cross section. This observation leads us to

consider the existence of core(usual size)-plssruc- 2. Analysis

ture for these nuclei. However, beyond our expectation

even 100% occupancy of the neutrons in therbital The present work firstly analyses the available
fails to explain the observed enhancementopfin interaction cross section and momentum distribution
these nuclei. This anomalous increaserpfsuggests  data in a few body Glauber model approach [15]. In
the possibility of a new structure for high neutron- 3 “core-plus-neutron” model the total wavefunction of

rich nuclei. This Letter suggests, that the core nucleus the nucleus is expressed as

surrounded by the valence nucleons is enlarged com- .

pared to the “free” core nucleus. Such a core enlarge- ¥ = Z I/Iéoréz;é,

ment may suppress the halo formation. It maybe men- ij

tioned here that the core polarisation phenomenon has

been discussed for tfe"1Be [2,9] andl”-1%C [10] and

could cause an enlargement of the core. However, this

is not necessarily true, as in Ref. [2] a shrinkage of

"Be core in®B is suggested. The effect of core polari-

sation depends on the excigat;gn energy, which is quite €2~ / db

small for the 2 states of*®:& put is rather high, . -

~ 3.2 MeV [11], for 220. For similar reason qgite x [1~ [(@ol expli xrr(B) +ixur B + s} 190) ]

expectedly the effect of core polarisation fb+1%C 1)

is rather small. In this context it is pertinent to men- wheres; andt are the perpendicular component of the

tion that the ground state configuration dBe can distances of the halo neutron and target, respectively,

be understood without consideration of any enlarge- from the co-ordinate orgih=b — %sl, whereM is

ment of thel®Be core whose ? state is at 3.36 MeV.  the mass of the nucleugyg is the wavefunction of the

Thus, our suggested enlarged core structure maynot bevalence neutron. The phase shift functions are given

due to core polarisation only. Further experimental in- by:

vestigation may shed more light on the possible rea-

son. ixrr(b) = —// dsdtTr(Tr () '(b+s—1),
Densities of the?30 nucleus derived from many

body Monte Carlo calculations [12] are unable to anT(b)z—/dt Tr) (b —t):

explain the observed rise of the cross section as shown

later. Density distributions based on relativistic mean b l—ia (wn

field theory [13] and cluster model densities with rb)= ?/320‘0t exp(—ﬁ>

antisymmetrized molecular dynamics [14] approach -

are also unable to predict the observed amount of rise is the profile function. The parametersand oy,
in cross section fromM20 to 230 as presented in this have been taken from Ref. [16]. We adopt a zero range

Letter. calculation here, thus finite range parameges 0.0.
An interesting feature can be noted if one compares The thickness functions,
the increase of cross section in the eenuclei with
that of the oddZ isotopes in Fig. 1. Itis seen thatinthe  7F(s) =/pF(S, z)dz,
evenZ case {!Be, 1°C, 220), the rise of cross section
is a rather abrupt increase, with the next isotope TT(;):/pT(;,Z)dZ,
neighbour not showing much more increase in cross
section. However, for the odd case {2N, 2%F) the for the fragment and target, respectively, are defined
cross section shows a continuously increasing trend through the respective densities; (s, z) andpr (¢, z).

wherei, j denote the different configurations for the
core nucleus and the valence neutrons, respectively.
Theoreacin such framework is given by
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The longitudinal momentum distribution for one
neutron halo nucleus is given by [17]

do _ 1 drfdz¢é(u,z/)¢o(u,z)
dpy  2m
x explik;(z — z’))/db Db.ri) (2)
where,
D(b,r1)=
exp{—ZiXFT <b - M’j- p” rl) }

X [1—exp{—2ix,ﬂ<b— - mMrleu)H
3

is the distorting function expressing the reaction dy-
namics.

The ingredients required for evaluation of these
guantities are the density distribution of the core and
the wavefunction for the valence nucleon. The core
is considered to have a harmonic oscillator type of
density distribution. At first the oscillator width is ad-
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placed in the 2, orbital with the coré®Be in the 0"
ground state. There could however be a possibility that
the core exists in the first'2state Eex = 3.368 MeV)

with the neutron in the ds/> orbital. Thus we con-
sider a mixture of the 0; 251> and 2; 1ds» config-
urations with varying contribution of the-wave for

the halo neutron to evaluate the interaction cross sec-
tion and momentum distribution. The neutron wave-
function with core in excited state is calculated so as
to reproduce the relevant separation energy (i.e., the
ground stateS,+ excitation energy). The density of
the core is considered to be same for tHedhd the

2T states.

Fig. 2(a), shows that the experimental [4] for
11Be + 12C interaction atE|ap = 790 A MeV, favours
80% to 100%s-wave component for the ground-state
within the usual core-plus-halo model. The analysis
of the longitudinal momentum distribution data for
1Be + %Be at Ejap = 63 MeV [19], see Fig. 2(b),
also supports an 80% ground state structure for this
nucleus, and is thus consistent with the observations
from the interaction cross section. The conclusion
from this analysis for the ground state configuration

justed to reproduce the experimental interaction cross of 11Be is a dominant ®; 2s51/2 configuration with up
section for the bare core nucleus. It should be noted to 20% core excited (2 1ds,2) admixture.

that in doing so, one also includes possibility of that

This is in agreement with the observation of spec-

nucleus being deformed. This, however, assumes thattroscopic factors from the transfer reaction studies of
the core size is same as the bare nucleus. The va-this nucleus by Fortier et al. [20], and also from the
lence neutron wavefunction is obtained by solving the momentum distribution measurement by knockout re-
eigenvalue problem of the neutron bound in a potential action by Aumann et al. [21].

which is constructed by folding the density distribu-

tion of the core with an effective nucleon—nucleonin- 2.2. Analysisof N, O, F isotopes

teraction. The modified Seyler—Blanchard interaction

[18] having density and isospin dependence is chosen Motivated by the success of the “core-plus-neutron”
for this purpose. The depth of the potential is adjusted model for the light one neutron halo nucleus, we
to reproduce the separation energy of the halo neutron.now explore the structure of the th¥ = 15 neu-
tron rich N, O, F isotopes using the recently avail-
able experimental interaction cross section data [8,22]
for a 12C target at incident energies of 96¥MeV,

In this work we focus our attention to the possible 961 A MeV, 1004 A MeV, respectively. As discussed
one neutron halo cased!Be, is a well established earlier (Fig. 1), the experimenta} data show an in-
one-neutron halo nucleus. Thus, we first examine teresting enhancement f&N, 230, and?*F isotopes.
this nucleus within our framework to understand its  The previous experience with lighter neutron-rich
structure and check the consistency from such analysisnuclei, in such a situation leads us to consider a
with other experimental observations. formation of halo structure in these nuclei. However,

2.1. Analysisof 11Be

The ground state spin parity 6fBe is experimen-
tally known to be ¥2*, contrary to the normal ex-
pectation of }2. This means that the last neutron is

we would like to note here is that the single-neutron
separation energy for these nuclei exceedes 1 MeV
(S, = 1.27 MeV for 22N, S, = 2.75 MeV for 220,
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Fig. 2. (a) Thel!Be + 12C interaction cross section data [4]
(horizontal lines). The shaded region represents the etror
bar of the data. The solid line is the few body Glauber model
calculation with varyings-wave probability for the halo neutron.
(b) The 11Be + 9Be longitudinal momentum distribution data, at
E|ap =63 A MeV [19]. The solid line represents the Glauber model
calculation with 80%s-wave probability for the halo neutron.

S, = 3.86 MeV for 2%F). Thus, it is expected that the
tail of even as-wave would not extend appreciably far
out for these nuclei.

Since the ground-state structure for these nuclei
still awaits experimental investigation, we consider
two possible location for the valence neutron, namely,
the 1/, orbital (expected from normal shell model
ordering) and theds,» orbital.

The density of the core nuclélN, 220, 23F, are
considered to be of harmonic oscillator type. As a
starting point the r.m.s. radii of the core nuclei are
considered to be the same as the b, 220,
23F nuclei, which reproduces the experimental
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data [8,22] for these nuclei. This consideration is in
accordance with the usual core-plusnodel.

Fig. 3 represents the prediction 6f by the few
body Glauber model calculation with the above dis-
cussed possible neutron configurations. Results of the
usual core-plugs model that is represented as the
Ar = 0 point in the figure, underpredict the cross sec-
tion in all the possible configurations for tR&N, 230,
24F. It thus shows that any combination of these con-
figurations cannot reproduce the experimental cross
section.

This deviation from the so far accepted picture of
neutron-rich nuclei thus makes it additionally chal-
lenging to study the structure of these nuclei. Since
s-wave contribution gives the largest cross section, we
have no way to explain the observed interaction cross
section with the present halo model. It may be men-
tioned here that even consideration of two neutrons
occupying thes-orbital fails to explain the observed
enhancement af;.

Description 0f230 with many-body Monte Carlo
shell model densities considerit§O core+ multi
neutronsis unable to reproduce the observed (Fig. 4(a))
o;. Cross sections with densities derived from cluster-
model calculations based on AMD [14] also fall be-
low the experimental observations (Fig. 4(b)). The rel-
ativistic mean-field theory densities [13] with pairing
also cannot explain the amount of rise of experimental
cross section frorf?0 t0230. The important aspect to
note is that all these different microscopic models pre-
dict a smooth increasedf; along the Oxygen isotopic
chain showing no abrupt rise &0.

As a new possibility to explain the observed inter-
action cross section, we propose here the ocurrance of
an enlarged core structure. To examine the effect of
core enlargement we increase the r.m.s. radius of the
core by an amount & Ar < 0.5 fm by changing the
harmonic oscillator width. In each case, the valence
neutron wavefunction was constructed by folding the
nucleon—nucleon interaction cross section with the rel-
evantincreased core density. The results of the calcula-
tion are shown in Fig. 3. From the figures one finds that
a minimum increase of 0.2 fm in the core r.m.s. radius
is capable of explaining the observed magnitude. One
of the reasons for core enlargement could be the exis-
tence of the core in an excited state and related to core
polarisation. However, the2state 0220 is found to
be at 3.2 MeV [11], which is quite high for core polar-



266

1400 [
F 22N, 12 (a)
1350 EEgp= 967A MeV
s-wave -7
1300 £ —_—
o] r ’.’J
= g =
--_41250 __ = =
6. | / RE WS
1200 | Z
1150 i usual core size
C same as the bare core nucleus
1100 lII(IqIIII!?IIIIqOIIII?i}lI
0 0.1 0.2 0.3 0.4 0.5
Ar (r.m.s.) increase of core size (fm)
1350 2
L 230412C e (b)
1300 F -
o) /.’
E
B Egp= 961 A MeV
1250
= usual core size
’ (same as the bare core nucleus)
e mrarSP AT AVETETET IPEPEE BTN
0 0.1 0.2 0.3 0.4 0.5
Ar (r.m.s.) increase of core size (fm)
1400
[ 24p,12(¢ (c)
- Eap= 1004A MeV
51300 L
E 300 i
6 i
1200 =
- <€—— usual core size
r (same as the bare core nucleus)
1100-IIII||I|IIIIIIIIIII|IIII

0 0.1 0.2 0.3 0.4 0.5
Ar (r.m.s.) increase of core size (fm)

Fig. 3. (2)22N, (b) 230, and (c)?*F interaction cross section data

[8,22] are represented by the horizontal lines. The shaded region

shows the & error of the experimental data. The solid (dashed)
lines indicate the Glauber model calculation considering the valence
neutron to be in thegq > (1ds2) orbital.

R. Kanungo et al. / Physics Letters B 512 (2001) 261-267

1350} (a) Monte-Carlo Shell model
£ 1604xn 1
1250} !
— 1
o E 1 7
E ji50f ) : f
b_ 3 ° I T experimental data
E T 1 2nin 28y, data
1050 EI: s Inin 2sy;; data
L = xnin 1ds, data
950 18 20 22 23 24
1400 Mass Number A
£ (b) Relativistic Mean @
1300F Field theory
o) g
= 1200 é
© 1100F
1000 E_ o 1 experimental data
E ORMF
900E 1 1 1 1 1 ] 1 1 1
15 17 19 21 23 25
1400 Mass Number A
[ (c) Cluster model (AMD)
1300F
_e] C
g, 200}
o -
1100
1000 :_ 1 experimental data
B O Cluster model (AMD
900 Lot v b vl b b e s
15 17 19 21 23 25
Mass Number A
Fig. 4. The experimental interaction cross sections (squares) of

the Oxygen isotopes [8,22]. Calculated cross sections with den-
sities derived from (a) Monte Carlo shell model, where cir-
cles/triangles/rhombus represent cases with two neutrons; js 2
orbital + (x — 2) neutrons in s/, orbital/one neutron in 2,
orbital + (x — 1) neutrons in @5, orbital/x neutrons in &5 or-

bital; (b) cluster model based on AMD (circles); (c) relativistic mean
field theory with pairing blocking (circles).
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isation to affect the core so strongly. On the other hand [7] J. Wurzer, H.M. Hofmann, Phys. Rev. C 55 (1997) 688.

a low lying monopole strength could exist, but is still
just a conjecture. A similar situation of core enlarge-
ment with core in the excited state has been suggeste
for the1°C nucleus in Ref. [23].

3. Conclusion
In conclusion, the present analysis indicates that

the usual core-plus-model for neutron rich nuclei
with the core nucleus remaining same as the bare

(8]

[9]
10]

[11]

A. Ozawa, T. Kobayashi, T. Suzuki, K. Yoshida, |. Tanihata,
Phys. Rev. Lett. 84 (2000) 5493.
N. Vinh Mau, Nucl. Phys. A 592 (1995) 33.

T. Baumann, M.J.G. Borge, H. Geissel, H. Lenske, K. Marken-
roth, W. Schwab, M.H. Smedberg, T. Aumann, L. Axels-
son, U. Bergmann, D. Cortina-Gil, L. Fraile, M. Hellstrom,
M. Ivanov, N. lwasa, R. Janik, B. Jonson, G. Munzenberg,
F. Nickel, T. Nillson, A. Ozawa, A. Richter, K. Riisager,
C. Scheidenberger, G. Schrieder, H. Simon, B. Sitar, P. Str-
men, K. Summerer, T. Suzuki, M. Winkler, H. Wollnik,
M.V. Zhukov, Phys. Lett. B 439 (1998) 256.

O. Sorlin, Presentation at the 7th International Conference on
Nucleus—Nucleus Collision, 2000.

nucleus is successful in explaining structure of light [12] T. Otsuka et al., private communication.

neutron rich nuclei up toZ = 5. But as we enter
the s—d shell region the scenario possibly changes
with a possibility of core enlargement coming up.
The reason for the enlarged core has to be studied
in more detail. The possibilities include excitation of
the core nucleus, if some very low lying monopole
or quadrupole excitation is present, or maybe some
cluster structure which also needs further experimental
and theoretical investigation.
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