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Analysis of experiments with radioactive beams from6He to 20C have yielded rms matter radii of neutron
rich nuclides. These radii increase more rapidly thanA1/3, suggesting the existence of neutron halos. We ha
used a single-particle potential model to compute these radii by adding the radius of a valence neut
quadrature with that of the core. This radius is then taken to be the core radius of the next isotope, et
resulting radii are in reasonable agreement with reported values obtained with various models of re
mechanism and nuclear structure.@S0556-2813~96!04009-5#

PACS number~s!: 21.10.Gv, 21.60.2n, 27.20.1n
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INTRODUCTION

In the last ten years there have been many experim
with beams of light radioactive nuclei. Measurements of
teraction cross sections by Tanihataet al. @1# for neutron-rich
nuclei such as8He and11Li yielded nuclear cross section
that were considerably larger than expected for anA1/3 de-
pendence. Since then, experiments have been carried
with many neutron-rich radioactive beams. There have b
many papers interpreting these cross sections in terms o
rms radii of the nuclides and different models of the nucle
structure of the projectiles and models for the interact
process ranging from pure mean-field approach@2# to ones
with empirically adjustable parameters@3#. There is general
agreement that single- or double-neutron binding energ
play a dominant role. However, the resulting radii for ma
nuclides vary appreciably from paper to paper. For comp
son, we present a simple boot-strap model in which the
radius r v of the valence neutron~obtained with a Woods-
Saxon well! and a core radiusr c are combined in quadratur
to yield a matter radiusrm . This approach allows configura
tion admixtures of the valence neutron to be simply exa
ined.

Recent fragmentation experiments which determine
momentum distribution of the neutron support our meth
for r v . In the experiment of Kellyet al. @4# with 11Be~12

1!,
the momentum distribution of the valence neutron cor
sponds to that of a 2s neutron bound in a Woods-Saxon we
the valence radius is 6.5 fm, much larger than the 2.3
radius of the10Be core.

The description of these light neutron-rich nucleii as ha
ing a ‘‘halo’’ or ‘‘skin’’ implies that the charge radius in a
isotopic sequence remains essentially constant as neu
are added. Our model explicitly assumes this. Hartree-F
calculations indicate that this is a fair approximation. Berts
et al. @2# find, for example, that the charge radii for7Be to
14Be changes by at most only 0.14 fm, whilerm varies by
1.52 fm. Liatardet al. @5# find a change of charge radiu
between9Be and14Be of only 0.07 fm, while Tanihataet al.
@6# find that the change for4He to 8He is 0.13 fm, whilerm
changes by 0.83 fm.

BOOT-STRAP MODEL

We start with aT50 ~or T51
2! core such as

4He, 6Li, 7Be,
etc., whose rms matter radius (rm) is ‘‘known’’ ~i.e., previ-
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ously reported in the literature!. Then we proceed to deter-
mine the valence rms radius (r v) using the Woods-Saxon
well to correctly bind the valence neutron of7Li. Using the
rm of 6Li as the core radius (r c) in

7Li, we compute the
matter radius of7Li via the equation@7#

rm
2 ~A!5

A21

A H r c21 1

A
r v
2J . ~1!

We then find rm for 8Li by coupling its valence neutron
radius to the just-computedrm for 7Li, etc. In cases where
the orbital of valence neutron is uncertain, we present po
sible choices as for example for12Be ~01! where it could be
2s, 1p, or 1d coupling to11Be 1

2
1, 1

2
2, or 5

2
1 cores.

This procedure fails when the core nuclide~such as5He,
10Li, etc.! is unbound. Therefore to computerm for

11Li, e.g.,
we use a9Li core and assume that the 2n binding is equally
shared by the two neutrons@2,8,9#. Then, usingB(2n)/2 for
each, we findr v and then use (A22)/A and 2/A in Eq. ~1!.

Our results are presented in Table I. After the mass nu
ber A and the spin of the nuclide are the core and its sp
followed by Bv , the valence binding. The angular momen
tum l v of the valence neutron is then used to determine t
radiusr v in a Woods-Saxon well. The well parameters use
throughout werer 051.25 fm,a50.65 fm, andVls50. ~The
predicted radii are insensitive to moderate changes of th
parameters.! The eighth column lists the core radiusr c ~rm of
the preceding isotope!. The next column gives the ratio ofr v
to r c for later reference. Our computed matter radius is in th
tenth column. The remaining columnsA–F list values ofrm
which have been reported in the literature. Our results a
also presented in Fig. 1, viz,rm vs A for each element, dis-
playing our values and the reported values.

COMMENTS ON TABLE I AND FIG. 1

~a! He isotopes. For4He, we assume the average of Co
umnsA andB. The reported values for6He range from 2.46
to 2.75 fm; our result coincides with their average. For8He,
ours is about 0.4 fm above the three reported values. T
qualitative agreement is quite satisfactory.

~b! Li isotopes. For6Li we took 2.30 fm, a simple average
of the reported values. The comparison for7,8,9Li is fair ex-
cept for the calculations of Bertschet al. @2# ~columnE!. Our
1177 © 1996 The American Physical Society



5

0

1178 54RUBBY SHERR
TABLE I. Computations of rms matter radii of neutron-rich nuclides.

Nucleus JA
p Core Jc l v Bv r v r c SrvrcD rm A @3# B @1,6# C @5# D @16# E @23# F @15#

4He 01 1.58 1.57 1.59
6He 01 4He 01 1 0.98

2 4.74 1.58a 2.96 2.58 2.46 2.52 2.75
8He 01 6He 01 1 2.14

2 4.18 2.58 1.61 2.88 2.46 2.55 2.55
6Li 11 2.20 2.35 2.46 2.50 2.03
7Li 3

2
2 6Li 11 1 7.25 2.81 2.30a 1.22 2.34 2.25 2.35 2.38 2.51 2.07

8Li 21 7Li 3
2

2 1 2.03 3.66 2.34 1.56 2.50 2.47 2.38 2.58 2.60 2.18
9Li 3

2
2 8Li 21 1 4.06 3.22 2.50 1.29 2.57 2.59 2.32 2.53 2.50 2.22 2.4

0 0.30
2 10.3 2.57 4.01 4.61

11Li 3
2
2 9Li 3

2
2 1 0.30

2 6.38 2.57 2.48 3.38 3.15 3.10 2.78 3.05 2.85 3.26
2 0.30

2 4.17 2.57 1.62 2.83
7Be 3

2
2 2.34 2.33 2.45 2.09

9Be 3
2
2 7Be 3

2
2 1 20.56

2 2.72 2.30a 1.18 2.32 2.32 2.38 2.53 2.59 2.18
10Be 01 9Be 3

2
2 1 6.81 2.96 2.32 1.28 2.37 2.40 2.28 2.48 2.43 2.25

11Be 1
2
1 10Be 01 0 0.50 7.06 2.37 2.98 3.02 2.92 2.71 3.04 2.77 2.9

11Be* 1
2
2 10Be 01 1 0.18 6.18 2.37 2.60 2.85 2.72

12Be 01
11Be 1

2
1 0 3.17 4.25 3.02 1.41 3.12

2.54 2.57 2.62 2.5711Be* 1
2

2 1 3.49 3.44 2.85 1.21 2.91

14Be 01 12Be
0 1.12

2 6.94 2.91 2.40 3.67
3.01 3.11 3.36 3.61

2 1.12
2 4.05 2.91 1.40 3.05

10B 31 2.42 2.56
11B 3

2
2 10B 31 1 11.45 2.72 2.49a 1.09 2.50 2.41 2.61

12B 11 11B 3
2

2 1 3.37 3.46 2.50 1.38 2.58 2.53 2.35 2.72
13B 3

2
2 12B 11 1 4.88 3.27 2.58 1.27 2.64 2.63 2.46 2.75

14B 22 13B 3
2

2 0 0.97 5.86 2.64 2.22 2.97
2.73 2.40 3.00

2 0.97 3.89 2.64 1.47 2.74

15B 3
2
2 14B 22 0 2.77 4.66 2.97 1.57 3.08

2.69 2.40 2.61 2.70
2 2.77 3.53 2.74 1.29 2.80
0 1.35

2 6.58 2.80 2.35 3.40
17B 3

2
2 15B 3

2
2 2 1.35

2 4.11 2.80 1.45 2.95 3.00 4.10
2 1.35

2 4.11 3.08 1.33 3.19
12C 01 2.36 2.32 2.48 2.47
13C 1

2
2 12C 01 1 4.95 3.25 2.42a 1.34 2.48 2.45 2.42

14C 01 13C 1
2

2 1 8.18 3.00 2.48 1.21 2.51 2.46 2.50
15C 1

2
1 14C 01 0 1.22 5.53 2.51 2.21 2.79 2.74 2.78

~15C* ! 5
2
1 14C 01 2 0.48 4.15 2.51 1.65 2.64

16C1 01 15C 1
2

1 0 4.25 4.05 2.79 1.43 2.87
2.60 2.7616C2 01 15C* 5

2
1 2 4.99 3.36 2.64 1.27 2.67

17C1
5
2
1 16C1 01 2 0.73 4.11 2.87 1.43 2.95

3.02 3.0417C2
5
2
1 16C2 01 2 0.73 4.11 2.67 1.54 2.77

18C1 01 17C1
5
2

1 2 4.19 3.51 2.95 1.19 2.98
2.82 2.9018C2 01 17C2

5
2

1 2 4.19 3.51 2.77 1.29 2.81
19C 1

2
1 18C2 01 0 0.16~11!b 1021

13 2.81 3.6 3.5320.14
10.45 3.75

20C 01 19C 1
2

1 0 ;3.34b ;4.37 ;3.53 ;1.24 ;3.56 3.05
22C 01 20C 01 2 1.12~0.92

2!
b ;4.40 ;3.56 ;1.23 ;3.62

aAverage of reported radii (A–F) of core nuclides.
bAudi and Wapstra, Nucl. Phys.A565, 1 ~1993!.
ure
values are about 0.3 fm larger than Ref.@2# for 6,7,8,9Li and
about 0.5 fm larger for11Li. The difference originates mainly
from the radius for6Li, which we take from experiment, but
which is calculated in Ref.@2#.

In Fig. 1 we plot thel 51 results for the individual nucle-
ons of the neutron pair in11Li. However, recent papers by
Benenson@10# and by Zinseret al. @11# suggest that the two
neutrons could be an equal mixture of (1p)2 and (2s)2. Cal-
culation assuming (2s)2 leads torm54.61 fm, completely
off scale in Fig. 1, arguing against an appreciable admixt
of (2s)2. However, recent calculations by Brown@12# lead to
an admixture of 61% (1p)2, 26% (1d)2, and 13% (2s)2.
These yield a weightedrm of 3.40 fm, the 1d and 2s com-
ponents offsetting each other. Recent measurements@13# of
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FIG. 1. Plot ofrm vs A for He, Li, Be, B, and C isotopes.~see Table I!.
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the momentum distributions of9Li arising from the breakup
of a 11Li beam~similar to the11Be breakup of Ref.@4#! lead
to the conclusion that there was an extended neutron di
bution with an rms halo radius of about 5 fm, which is n
inconsistent with anr v of 6.31 obtained with Brown’s con
figuration.

~c! Be isotopes. Our starting point is the average of
ported values, 2.30 fm, for7Be. The tight 2n binding in 9Be
leads to a barely largerrm of 2.32 fm. The weak binding o
the 2s neutron of the11Be ground state yields anr v of 7.1
fm, consistent with the findings of Ref.@4#. As in the Li
isotopes, our results parallel those of Bertschet al. @2# for
9,10,11Be, but are 0.14–0.25 fm larger~as a result of the core
radius for Be!.

For 12Be, if we assume the 1p1/2 shell is filled, our values
of rm are about 0.35 fm greater than the reported valu
Fortune, Liu, and Alburger@9# recently reported on the
10Be(t,p) 12Be reaction and concluded that12Be has compa-
rable (sd)2 and ~p2! components. Therm values for (1p)2

and (2s)2 are tabulated. 11Be~52
1! is unbound, but using~

5
2
1!2 bound to10Be, we estimate 2.84 fm forrm . Thus a
mixture of all three components would still be too high. Co
sidering12Be as (1p)2 coupled to10Be yields a more com-
patible radius of 2.61 fm. In Ref.@2#, an admixture of 71%
(2s)2 and 29% (1d)2 was used. This admixture yield
rm53.47 fm, in fair agreement with columnsC andE. Our
overall qualitative fit to the reported values for the Be is
topes is good, showing the large changes at11Be and14Be.

~d! Boron isotopes. The agreement forA510–13 is good.
For 14B where we expect either a 2s or 1d neutron, values
are computed for eachl . Unfortunately the reported value
cover the range for both. However, for15B, the reported
values suggest ad2 configuration. For17B three configura-
tions are computed. Of the reported values, one agrees
d4, while the second goes off scale in Fig. 1. If we assu
1p and 1d filling, there is no suggestion of overly larg
neutron radii. If, however, there is appreciable 2s admixture
tri-
t

e-

es.

n-

o-

ith
e

in 14B or 17B, these might be halo nuclei. Shell model pr
dictions would be interesting.

~e! Carbon isotopes. Beyond14C, the 2s and 1d orbitals
are available. The odd-A nuclei can haveJp51

2
1 or 5

2
1, while

for evenA there can be a mixture of (2s)2 and (1d)2. Con-
sequently, we designate the nuclei where (2s)2 components
may occur by the subscript 1, e.g.,18C, and subscript 2 for
pure (1d)2n. One can see that the change inrm is small and
both are in good agreement with published results. Rec
fragmentation measurements@14# for 17,18,19C show momen-
tum distributions for19C consistent with12

1 and suggest52
1

for 17C. We adopt these assignments, but note than for1
2
1,

for 17C2, rm53.00, in excellent agreement with columnsA
andC, but is disagreement with the measurements Ref.@14#.
However,52

1 for 19C yields a smallrm'3.0 fm. Our valence
radius for19C~12! is about 10 fm, larger than 6.066.9 fm of
Ref. @14#, probably a difference arising because ourBv is
0.16~11! MeV, while they use 0.242~93! MeV. For 17C~52

1!,
our r v is 4.1 fm, while they report 3.0~6! fm. For 20C we find
rm53.56 fm for an (2s)2 configuration and about 3.1 fm fo
(1d)2; the reported value is 3.05 fm, suggesting a ma
(1d)2 amplitude. Detailed shell model calculations would b
interesting to compare with our computations.

In view of the appreciable variation of reported values,
is evident that there is no unambiguous way to deducerm
from the experimental data. Therefore an overall comparis
with our model is limited to generally qualitative agreemen

The basic experimental data which lead to calculations
rm have been the experimental cross sections obtained f
transmission measurements~or equivalent techniques!.
These cross sections, for complex nuclei, are generally
sumed to be

s15p~Rp1Rt!
2,

whereRp andRt are the ‘‘interaction radii’’ of projectile and
target@1,2#. The various values ofrm inferred fromRp and
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FIG. 2. Plot of (r v/r c) vs A for various isotopes. Isotopes for which this ratio is greater than;2 are considered halo nuclei.
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listed here were based on models for nuclear densities wh
were then usually used in Glauber-type interaction models
either deduce or fit the experimental interaction cross s
tions orRp.

Tanihataet al. @1,6# used Gaussian or harmonic-oscillato
densities and freeN-N cross sections for point nucleons
Effects due to binding were not included. Bertschet al. @2#
used Hartree-Fock~HF! theory modified to account for bind-
ing energies. Their matter radii were also calculated w
point density operators. As the actual nuclear radii requ
folding of nucleon sizes larger values would result than tho
listed in columnsB and E. Sagawa@15# also used the
Hartree-Fock model including spherical shell model occup
tion probabilities; the valence neutron was treated separa
to account for its binding energy. Banget al. @16# use a
Woods-Saxon well for the last neutron, incorporating th
with HF theory for the core particles.

Two of the listed papers use models with parameters
justed to fit observed cross sections. Liatardet al. @5# use a
simple model in which MS proton and neutron radii ar
added~weighted byZ andN! to yield the MS matter radius.
The former is obtained from HF calculations while the latt
is adjusted to reproduce the measured cross sections. Las
and Lombard@3# decompose the nucleus into a core and
weakly bound cluster, arriving at a two-parameter express
involving each cluster, and its binding energy. The two co
stants are adjusted separately for each isotopic series
maximize the fit to experimental cross sections. We note t
as some measure of comparison between models, about
of our radii agree within 0.10 fm~roughly 3–5%! with each
of the above two empirical models@3,5#.

COMMENTS

Our model is perforce a ‘‘halo’’ model in the trivial sens
that onlyr n the rms neutron radii grows with neutron exces
A more unique meaning to ‘‘halo’’ is suggested by Riisag
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@17#, namely, when there is a loose coupling between a co
and valence particle or particles. In these cases, one obser
large collision cross sections and narrow neutron momentu
distributions@4,13,14#. Tanihataet al. @6# reported on rms-
calculations for4He, 6He, and8He and conclude that6He
consists of an inerta core plus two neutrons, whereas8He
does not have an ‘‘inert’’6He core; they suggest that not all
neutron excesses~skins! are to be classed as ‘‘halos.’’ Csoto
@18# finds agreement with them for6He.

In our model it is simple to identify Riisager halo nu-
clides. Figure 2 is a plot ofr v/r c . For most nuclides this
ratio lies between 1.1 and 1.6. Then after a large gap we fi
6He~2.96!, 11Li ~2.48!, and11Be~2.98!. Figure 2 suggests that
14Be~2.40!, 14B~2.22!, 17B~2.35!, 15C~2.21!, and19C~3.36! are
Riisager nuclei.

Our model can easily be used to look for Riisager nu
clides in other isotopic series. A preliminary look at nitrogen
and oxygen~pending shell model predictions of configura-
tions! yielded values ofrm in good agreement with Liatard
et al. @5#.

For 15N to 22N, the assumption of either 2s or 1d yielded
about the samerm . This varied smoothly withA and is well
fitted with anr 0 ~of the uniform model! of 1.38~2! fm. The
highest ratior v/r c is 1.65 for a 2s component of18N, while
for the others the ratio is about 1.3.

For 16O to 22O, rm was again insensitive to orbitals 2s or
1d and anr 051.33~1! fm yields a satisfactoryA dependence.
The largestr v/r c is 1.53 for

21O if its spin is 1
2

1, the remain-
der having a ratio below 1.3. For23O, however, the low
neutron binding leads tor v'9 fm andr v/r c of 3.2 for a 2s
orbital. If 24O also involves the 2s orbital, the high binding
yields a low r v/r c51.29. Thus fragmentation of23O ~and
perhaps18N and21O! would be interesting to investigate.

CONCLUSION

Some puzzling problems may result from the weak bind
ing of the Riisager nuclides, such as the structure of11Li,
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which is barely stable against two-neutron decay. Howev
only conventional shell model techniques@17,19# have been
used here, but the final answer is not at hand. Furthermo
only conventional reaction theory has been used to interp
nuclear reactions such as stripping or pickup involving the
neutron rich nuclei, e.g.,4He(t,p) 6He @20#, 10Be(d,p)11Be
er,

re,
ret
se

@21#, or the astrophysically interesting reaction~8Li, 7Li !
@22#. Fragmentation experiments, such as11Be→10Be1n @4#,
afford exceptionally convincing support for the single
particle model. While our extreme model is a far cry fro
the conventional mean-field approach, it illuminates the b
sic properties of halo nuclei.
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