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Interaction cross sections for light neutron-rich nuclei
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Interaction cross sections for nuclei wifh=2—12 on a'?C target are calculated in the Glauber model with
matter densities obtained from Skyrme Hartree-Fock and relativistic Dirac potentials. The shell-model orbital
occupations and separation energies are taken from configuration-mixing calculations and experimental spec-
troscopic data. Halo effects are present in the most neutron-rich C and N isotopes. The rms matter radii and
interaction cross section exhibit a kink Bt=14 which can be associated with a change in the mean-field
potential when the 4,,, orbit is being filled.
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The interaction cross sections of high-energy light radio-nuclei near the drip line we constrain orbit occupations and
active beams provided one of the first clear indications foiseparation energies in the HF by the results of shell-model
the existence of neutron halo phenomémha Recent high- configuration mixing calculations and experimental data on
energy cross section data 6= 6—9[2] together with other  binding energies and spectroscopic factors. The HF poten-
data[3—5] now provide a wider experimental picture for the tials are obtained from the spherical densities for protons
interpretation of neutron halos and skins in light nuclei. One(t,= —1/2) and neutronst{=1/2):
of the first microscopic theoretical interpretations for the
cross section data was given by the Glauber reaction model
with matter densities obtained from the Hartree-Fokli) P(f:tz):l;‘ Mot (Dot @
model [6]. In this paper we present an updated Glauber o
model interpretation of the interaction cross sectionsZor .
—2-12 based upon densities obtained in mean-field model¥/1€"€Mn,1j +, aré the occupation numbers apft),, ; ., are
The overall comparison with experiment is excellent, andihe spherical single-particle densities for each orbital. The

some new features emerge from the Ca'cu'ations_ sum runs over the f|”ed core Ol’bitS and the partlally f|”ed
The matter densities were calculated in a spherical Hvalence orbits, and the normalizations akg | nn, .,
basis with the SKX Skyrme interactidi], although the gen- =2Z/N for protons and neutrons, respectively. For the va-

eral features we discuss here emerge from all Skyrme intefence orbits we obtain the orbital occupations from the ex-
actions[8]. We also comment on the results with a relativis- perimental knockout reactions and from shell-model con-
tic Dirac-Hartree model. The reaction model is the zero-figuration mixing calculations discussed below.
range Glauber model described in Rdf]. The input to the The separation energy constraint was made by multiply-
Glauber model is alNN interaction with effective cross sec- ing the central HF potential for a given orbital by a factor
tions[9] of 40.0 mb for 680—740 MeV/nucleon, 40.9 mb for such that the single-particle energy for that orbital is equal to
790 MeV/nucleon, and 44.0 mb for 950-1020 MeV/nucleon.its observed separation energy. This adjustment is partly to
The experimental data for the cross sections'é@ were  compensate for the residual interactions beyond mean field
taken from the compilation of Ozawet al. [10] (the beam such as pairing and deformation, which are not present in the
energies were 790—800 MeV/nucleon ¥+ 2-5 and 950— spherical calculations. In addition, the Skyrme parameters
1020 MeV/nucleon forZ=6-12, with the exceptions of are based upon global fits to nuclear properties, and the
10198 data taken at 950—960 MeV/nucleon, ahtP*€,  mean-field binding energies are usually not calculated to bet-
121818y, 131419 17F and "Ne data taken at 670—740 ter than a few MeV. Thus near the drip line where the as-
MeV/nucleon) ymptotics in the densities are sensitive to changes in the
The HF calculations start with a sequential filling of the separation energies on the order of 100 keV, the mean-field
orbits in the order 6,5, Ops,, Opy», 0dsy, 1S,,, and  calculations are very inadequate unless some separation en-
0ds,. This is accurate enough for well-bound nuclei nearergy constraint is made. For example, for the “1{round
stability. The single-particle energies from SKX agree withstate of'!Be deformation and pairing lead to ath@5 MeV
experiment to within 1—-2 MeV7]. As discussed in Ref6], increase in its binding compared to the spherical mean field
when one approaches the neutron drip line the matter radiill]. The spherical mean-field potential for the;4 orbit
are sensitive to the separation energies, especially for thaust be increased by about 20% in order to compensate for
low-l orbits. The separation energy also depends upon thihis increased binding and give the observed separation en-
pairing and collective aspects of the residual interactiorergy of 0.5 MeV. However, for neutron-rich nuclei with
which are not present in the HF mean field. Thus for the=8, no modifications to the HF potential were required,
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TABLE I. Constraints on the neutron occupation numbers and 1500 T
separation energies. B
Nucleus Core  Valence orbit  Occupation  Separation g L
energy =g L
(MeV) "§1ooo =
W OLi 1Sy 1.0 0.3 % i
. . (]
lige 108¢ Olrs)i,/z 01.705 g.i i ~ Experiment
0dsy, 0.25 3.8 i T
2Be 0Be 1S4/ 0.67 3.2 500
0ds, 0.67 4.5 i il
1pay 0.67 3.4 . i ]
Be 12g¢ 1Sy 1.0 1.3 3 - 1
0ds, 1.0 1.3 5 i iy
148 i3 1Sy, 0.66 0.9 g 1000 [~ -
0ds/, 0.34 0.9 @ i T
1sg 133 1Sy 1.0 2.7 S - 7
0ds 1.0 2.7 - Theory
g B 18y 15 1.4 " T
0ds, 2.5 1.4 500 [
] B 1Sy 2.0 1.0 C ]
. . 0ds, 4.0 1.0 E 30 _ _
C 4C 1sy, 1.00 1.2 — C ]
16C l4c 1Sy 0.60 4.2 5 C .
0ds/, 1.40 4.9 ;CJ 25 [ ]
ic l4c 1sy 0.40 3.2 b C ]
0dg)y 2.60 3.2 £ F B
19c e 15y, 0.60 0.6 E 20 L , ]
0ds, 4.40 2.6 - ‘ .
22\ 21N 1Sy 1.0 1.2 15 —_—t 1 1
230 220 1Sy 1.0 2.7 0 10 20 30
24 23 1Sy 1.0 3.8 A

FIG. 1. Matter rms radii and interaction cross sections vs

since the separation energies are not extremely small ariajcleon numbeA. Bottom: calculated matter radii. Middle: calcu-
* o la

because the values obtained with SKX are within about
MeV of the experimental values. Also for nuclei near stabil-
ity, separation-energy constraints are not required—the sepa-
ration energies are large enough so that the cross-section The occupations given in Table | are those obtained from
results obtained with and without separation energy conthe WBT interactior{14] in the p-sd basis, except those for
straints are essentially the same. i and 1%Be as discussed below. FAE8 the WBT results
The occupation-number and separation-energy constraintge equivalent to those for thed shell with the USD inter-
are summarized in Table I. For nuclei where there are narrowaction[15]. The small occupation of thedd,, orbit is added
final states available for one-neutron removal, we use théo that of the @5, orbit. For many cases the calculated spec-
one-neutron separation energies associated with the partictroscopic factors can be compared to those obtained from
lar nlj value. Of the cases in Table ¥/C is rather unusual recent one-neutron knockout reactions. The spectroscopic re-
because the removal of a neutron leads primarily to the exsults for the carbon isotop¢$2,16], 1B [17], and 1'Be [18]
cited 2" state of*®C [12] (not to the ground stateFor the are consistent with those obtained from WBT. The knock-out
two cases of'Li and *Be which have no sharp intermediate experiment on'?Be [19] has been interpreted in terms of
states we use the two-neutron separation energy fanlall mixed 0k w and 24 w configurations with the resulting occu-
values. The separation energies are based on the Audpations given in Table I. Thé'Li occupations are taken from
Wapstra mass tablgl3]. An exception is the one-neutron Ref.[20].
separation energy df°C which is taken as 0.6 MeV from the The calculated rms matter radii and interaction cross sec-
analysis of Ref[12]. The Audi-Wapstra one-neutron separa-tions for Z=2—12 are shown in Fig. 1 as a function of
tion energy for'®B is based on their extrapolations and has anucleon numbeA and in Fig. 2 as a function of neutron
larger error, so the calculation foB is not very reliable, numberN. The various isotopic chains are connected by
unless the extrapolated value is confirmed by experiment. lines. The purpose of these figures is to show the ovérall

ted interaction cross sections. Top: experimental interaction cross
sections. The dashed line in the bottom pane)’s.
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g L ] FIG. 3. Calculated and experimental interaction cross sections.
2 59 '_ J The values foiZ are separated by the addition of 3@6{2).
C ] for the cross sections in halo nuclg¢R1-23. Without
45 L w1 1 these correlations, the calculated cross sections for the two-
0 10 20 neutron halo nuclei,®He, !!Li, and *Be are about

N 10% larger than experimef21]. It has also been pointed out
B _ _ _ that nuclear correlations also should reduce the interaction
FIG. 2. Matter rms radii and interaction cross sections vs neUgrgss sections for normahonhald nuclei [24]. Thus our
f[ron numberN. Bottom: calculated matFer radu..MlddIe.: calculated empirical reduction factor of 0.95 may be attributed to an
|_nteract|on cross sections. Top: experlmental interaction cross Se‘é’verage of the nuclear correlation effects for normal and halo
tions. nuclei.

There are a few details which do not agree within experi-
and N dependence. Detailed comparisons for eZctalue  mental error. One of these is the enhancement in the calcu-
are made in Fig. 3. There are several interesting trends. Bdated °C and “B (N=9) cross sections which does not
low A= 20 the radii and cross sections lie in a narrow bandshow up in the experiment trend. The theoretical enhance-
above which lie a few points related to the halo nucfii, ment is due to the relatively loose binding of ths, 4 orbit
11Be, “Be, 17B, 1B, and '°C. BeyondA=20 there is an (see Table )L Another is the relatively large experimental
upward bend in the theoretical curves which is partly re-cross section fo”*0 (N=15) compared to theory. Overall,
flected in the dat#ésee Fig. 3 for a detailed comparison with the data supports the halo nature for some nuclei, as well as
eachZ valug. In Fig. 2 the upward bend is seen to be assothe upward bend atl=14.
ciated with a kink aiN=14. The kink at N=14 is related to a change in the self-

The interaction cross sections are compared with experieonsistent potential. Betweéw=8 andN= 14 the G5, or-
ment in Fig. 3. In this figure we add 3@ 2) to experi-  bit is mainly being filled and the neutron density increases at
ment and theory in order to display the data for the varidus the nuclear surface. Beyordi= 14 neutrons start to occupy
values in one figure. All of the calculated cross sections ar¢he 1s,,, orbit which gives an additional interior contribution
multiplied by 0.95 to obtain an optimum overall agreementto the density on top of that already present from the filled O
with experiment. The agreement with experiment is impresand @ orbits. The matter densities for the even-even oxygen
sive, even for the halo nucléi'Li, ''Be, *Be, B, 1B, isotopes fromN=10 to N=16 are shown in Fig. 4. The
and 1°C. It has been shown that correlation effects in thesurface density gradually increases as a function of neutron
nuclear wave functions which go beyond the simple foldingnumber and the resulting HF potential for neutrons mono-
of the spherical target and projectile densities are importantonically increases in radius as a function of neutron number.

014612-3



B. A. BROWN, S. TYPEL, AND W. A. RICHTER PHYSICAL REVIEW &5 014612

0.2 ' ' ' ' ' (Z=8). For the oxygen isotopes there is a strong shell gap at
N=14 andN=16 in both experiment and theo[25]. The
occupation of the &;,, neutron orbit increases rapidly from
0.26 in 20 (N=14) to 1.91 in?*0 (N=16). For higherZ
values the %;,,-0d;, gap is gradually washed out by the
proton-neutron interactiof26]. For example, foZ=12 the
1s,/, occupancy increases from 0.56 fiMg (N=14) to

matter density
o
o I
- =
‘ | TTT

o
=
=

00 T ] 1.12 in Mg (N=16).
[ ] The SKX HF interaction givek= 2.0 for the oxygen iso-
2 20 N 7] topes. We have investigated a variety of other Skyrme inter-
§ - . actions and find that they all give values lobetween 1.9
= a0 F _' and 2.1 as long as the single-particle energy of thg, brbit
i ] is within about 1 MeV of the experimental separation energy.
o L , , , , , ] The Woods-Saxon potential giv&s=1.5 which is a measure

of the small skin or halo effect associated with thg;,4
r (fm) orbit. Since the Woods-Saxon potential changes smoothly
as a function oN, there is no special change in the potential
FIG. 4. The SKX HF matter densities and neutron potentials forwhen the &,, orbit is being filled. We have also investigated
1618202226 corresponding tdN=8,10,12,14(solid lineg and 16  the NL3 [27] and VDD [28] relativistic Hartree models
(dashed ling for the oxygen isotopes and finki=2.3 for NL3 andk
=2.6 for VDD. So there is some model dependence in the
Yink value. The experimental cross section data for nitrogen,
O{ygen and fluorine would favor a kink value somewhat
H’;\rger than the Skyrme result, whereas the datazferl0
appear to have a smaller kink than in the calculation. But as
a whole the data foz=7-12 agree well with the Skyrme
_ _ 2\ (N— 1R — /r2\ (N — calculations.
:U(N_m) o(N=19 ~ () (N=16) — (1) (N 14), In summary, we have shown that the complete set of in-
o(N=149=a(N=12) (rZ)(N=14—(rZ)(N=12) teraction cross section data can be described by the Glauber
2 model with matter densities obtained from mean-field mod-
els supplemented by constraints on the orbit occupations and
ers1eparation energies of the most loosely bound valence orbits.

the value obtained from the mean-square matter radius an% jum_p in th_e matter ra(jii and intera_ction cross sections
the interaction cross section follows numerically from the@Ssociated with a change in the mean-field potential when the

calculations as well as from the usual approximate geometri¢Su2 Orbit is filled beyondN =14 in neutron-rich nuclei was
relationship[ 1] between the interaction cross section and thefiscussed.

o
-
n
w
IS
(8]
o

trons are added to thes{, orbit such that the potential be-
comes suddenly weaker in the interior and hence pushes o
the neutron density, especially for the;% orbit itself.

We can quantitatively define the kink by the ratio

where(rZ) is the mean-square matter radius ands the
interaction cross section. The approximate equality betwe

rms matter radii of the targe®,=\/(r2), and the projectile We acknowledge National Science Foundation Grant No.
Ry= W(r2),, given byo=m(R+ Rp)Z. PHY-007091 and the South African National Research Foun-

The k value will have some&Z dependence, and we will dation. We thank Jeff Tostevin for helpful comments on the
discuss below the numerical results for the oxygen isotopepaper.
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