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Elastic and quasielastic scattering of8He from 12C
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We present new calculations and experimental measurements of the quasielastic cross section angular
distribution for 8He scattering from12C at 60 MeV/nucleon.8He is treated as a five-bodya14n system and
the six-body 8He1target scattering calculations make use of the eikonal few-body method and the cluster
orbital shell model approximation for the8He wave function. The qualitative features of the new data are
successfully described without parameter variation. The sensitivity of the calculations to correlations in the
8He wave function is assessed.@S0556-2813~97!50812-0#

PACS number~s!: 25.70.Bc, 24.10.2i, 25.60.Bx, 27.20.1n
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Experimental and theoretical studies of exotic light nuc
with a normal, localized nuclear core and a dilute fe
neutron halo or skin are now well advanced and are bec
ing increasingly sophisticated. Earlier inclusive and to
cross section analyses at very high energies@1# are giving
way to exclusive and differential cross section measu
ments, many at energies of between 30 and 100 M
nucleon. In this energy regime eikonal methods have b
investigated and shown to offer a practical theoretical fram
work from which to develop models of reactions of the
loosely bound few-body composite nuclei@2–4#. In fact the
eikonal models provide, currently, the only practical meth
for quantitative investigations of effective four- or mor
body systems.

The methods have now been applied quite extensively
the calculation of scattering angular distributions and
breakup momentum distributions of projectiles with a p
dominantly binary or three-body structure, such as11Li @3–
5#, 8B @6#, 11Be @7# and 14Be @8#. A class of non-eikonal
corrections to the lowest order theory have also been in
tigated with very promising results@7# for extending their
range of applicability.

In this Rapid Communication we present new experim
tal and theoretical results for the quasielastic scattering
8He from 12C at an energy of 60 MeV/nucleon. The8He
nucleus is of intrinsic interest. It is thought to be the lighte
nuclear system to display a neutron skin in which four v
lence neutrons move about a localizeda particle core, as
distinct from a one- or two-neutron-halo nucleus. A simp
theoretical model@9# yields a root mean squared~rms! sepa-
ration of the centers of mass of each neutron-a pair of 3.47
fm in 8He, as compared with thea core rms matter radius o
560556-2813/97/56~6!/2929~5!/$10.00
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1.45 fm. The model thus generates a two component gro
state density, withT50 core andT52 neutron skin contri-
butions, and is consistent with proton1 8He scattering@10#
and with the measured momentum distribution of6He fol-
lowing the dissociation of8He @9#. We can consider8He as
a prototype for reaction studies of heavier neutron dripl
systems with a many-neutron skin.

Here we extend the application of the few-body eikon
model @3,4# to 8He1 12C scattering, treated as a
a14n1target six-body system. We also report and comp
our calculations with new measurements of the quasiela
cross section angular distribution for this system. The role
correlations in the composite projectile is also assessed.

Full details of the experimental setup are given in Re
@11# and@12#. The measured8He1 12C cross section angula
distribution is quasielastic, as the experimental energy re
lution of 7.5 MeV full width at half maximum~FWHM! did
not permit the low lying (21 and 32) states of the12C target
to be resolved from the elastic channel. The data are th
fore an incoherent sum of elastic and inelastic cross sec
contributions. The measured angular distribution~ratio to
Rutherford! is shown in Fig. 1 by the full circle symbols. Th
vertical error bars include both the statistical errors and
estimate of the systematic uncertainties due to the ang
resolution of the detector, indicated by the horizontal er
bars in this figure. The absolute normalization of the expe
mental data has a systematic uncertainty of 15%.

We note that the8He cross section data are significant
larger in ratio to the Rutherford cross section than the
cently reported9Li measurements@12# made at the same
incident energy per nucleon. These are shown, for comp
son, by the open circle symbols. They reveal a signific
R2929 © 1997 The American Physical Society



of
e

e

m
h
th
h
he
li-

r

di

-
je
ibu

ar
ic
io

le.
ce

ac-

e
icle
the
tile

uent

in-

ital

on
ted

the
as-

as

sed

RAPID COMMUNICATIONS

R2930 56J. A. TOSTEVINet al.
change in the measured scattering due to the addition
single proton and suggest quite different projectile-target
fective interactions in the two cases. The9Li data were con-
sidered elsewhere@12# in the context of an excitable cor
model of the11Li1 12C problem, but not within a few-body
reaction description.

Using the eikonal model, simplifications to the quantu
few-body problem stem from two sources. The first is t
adiabatic treatment of the internal degrees of freedom of
composite projectile. The second is the approximation t
the incident particles follow straight line paths through t
interaction field of the target. Within this model the amp
tude for the elastic scattering of the~spin zero! composite
8He nucleus, through angleu, is @2–4#

f el~u!52 iK E
0

`

dbbJ0~qb!@S8~b!21#, ~1!

an integral over all impact parametersb of the projectile’s
center of mass~c.m.!. Here q52K sin(u/2) is the momen-
tum transfer andK is the projectile’s incident wave numbe
in the c.m. frame. The treatment of the projectile’s Coulom
interaction within the eikonal model, and the resulting mo
fications made to Eq.~1! for computational efficiency, are
discussed fully elsewhere@4,13#. In the present work we as
sume the Coulomb interaction acts on the c.m. of the pro
tile and thus we neglect possible Coulomb breakup contr
tions.

In Eq. ~1! the composite nature of the projectile appe
through S8(b), the eikonal approximation to the elast
S-matrix for the 8He1target system, expressed as a funct
of impact parameter. This is

FIG. 1. Experimental~solid points! and calculated8He112C
cross section angular distributions~ratio to Rutherford! at 480 MeV.
The curves show the elastic, inelastic, and summed quasiel
calculations. The open points show the measured9Li112C quasi-
elastic cross section angular distribution~ratio to Rutherford! mea-
sured at 540 MeV.
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S8~b!5^F8uSa~ba!)
i 51

4

Si~bi !uF8&, ~2!

whereF8 is the ground state wave function of the projecti
The bra-ket notation here implies integration over all spa
and spin coordinates internal to the projectile. The inter
tions of the constituenta and four neutrons (i 51,...4) with
the target enter through the eikonalS-matrix for that con-
stituent. Given their interactionsVjT ( j 5a,1,...,4) with the
target these are computed, at each impact parameterbj ~see
Fig. 2! according to

Sj~bj !5expF2
i

\vE2`

`

VjT~Abj
21z2!dzG , ~3!

wherev is the incident projectile~and constituent! velocity
in the c.m. frame. Equation~2! expresses transparently th
underlying adiabatic assumption, that the constituent part
coordinates within the projectile are assumed fixed for
duration of the scattering event. The composite projec
elasticS-matrix is seen to be the appropriate~ground state!
weighted average of these position dependent constit
amplitudes.

We compute the twelve dimensional spatial integral
volved in the calculation of the8He S-matrix of Eq.~2! by
use of random sampling~Monte Carlo! integration. We also
make use of the harmonic oscillator-based cluster orb
shell model approximation~COSMA! wave function for8He
@9#. While not an essential ingredient, this wave functi
does provide an analytic expression for the spin integra
four-neutron correlation function entering Eq.~2!. It includes
correlations associated with the antisymmetrization of
four valence neutrons amongst themselves, each in an
sumedp3/2 oscillator orbital with respect to thea core. Ex-
plicitly

^F8uF8&spin5 f corr~r1 ,r2 ,r3 ,r4!, ~4!

where f corr, given by Eq.~6! of Ref. @9#, is

f corr~r1 ,r2 ,r3 ,r4!5S )
i 51

4
f~r i !

2

4p DA~1,2,3,4!, ~5!

tic

FIG. 2. Schematic representation of the coordinate system u
for the effective six-body8He1target system.
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with

A~1,2,3,4!5
3

4
@S12

2 S34
2 1S13

2 S24
2 1S14

2 S23
2 #, ~6!

and wheref is the nodelessp-wave oscillator wavefunction
The r i are the position vectors of the neutrons relative to
a particle core, see Fig. 2, andSi j

2 512( r̂ i• r̂ j )
2 is the square

of the sine of the angle between vectorsr i and r j .
The calculations sample at random the four neutron p

tion vectorsr i at each 8He c.m. impact parameterb and
f corr(r1 ,r2 ,r3 ,r4) is calculated. The positionsxa5
2( i 51

4 mnr i /(4mn1ma) andxi5r i1xa of the core and neu
trons relative to the projectile c.m. can then be computed
therefore the impact parameter of each constituent,bj . In
each such configuration the constituent particleS-matrices
Sj (bj ) are interpolated from a precalculated lookup table

The simple form of the COSMA wave function and th
procedure detailed above makes clear that the present c
lations include two sources of correlations associated w
the valence neutrons. These are~i! the angular and antisym
metrization correlations, contained within the factorA in Eq.
~5!, and ~ii ! the c.m. correlations, associated with the fin
mass of thea core, and expressed by the vector relationsh
imposed between thexi and xa . Also clear is that these
effects may be removed, progressively, by~I! replacing the
factorA by unity; this yields a modified correlation functio
f corr

~I! with associatedS-matrix S8
~I!(b), which retains the c.m

correlations only, and~II ! fixing the a core at the8He c.m.
by setting xa50, which leads to an uncorrelated fou
neutron skin,f corr

~II ! , and a resulting8He S-matrix

S8
~II !~b!5Sa~b!^fuSn~bn!uf&4. ~7!

The subscriptn now refers to any neutron coordinate. W
investigate the relative importance of these two effects in
following.

We apply the formalism developed above to the ela
scattering of8He from 12C at 60 MeV/nucleon. The require
inputs to the theoretical description of elastic scattering
addition to the chosen model for the8He ground state wave
function, are the projectile constituent-target interactio
that is ana1 12C andn1 12C optical interaction at 60 MeV
nucleon. For consistency with earlier work then1 12C opti-
cal potential used was that tabulated in Ref.@4# and used
previously for 11Li @4# and 11Be @7# systems at similar ener
gies. For thea1 12C system there are no available data
240 MeV incident energy. To avoid the dangers associa
with extrapolations of phenomenological optical potent
parameters, from data below 172.5 MeV, we make use
theoretically motivated density dependent double fold
model calculations of thea optical potential due to Khoa
et al. @14#. This approach has been highly effective in rep
ducinga particle elastic scattering observables at similar
ergies per nucleon with a largely energy-independent par
eterization. The real part of the interaction was calcula
using the BDM3Y1-Paris effective interaction@15#. This is
obtained by introducing an appropriate density depende
with parameters adjusted to the binding energy of nuc
matter, into the M3Y-ParisG-matrix effective interaction for
finite nuclei derived from the Paris free nucleon-nucleon
e
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teraction. This real part was renormalized by a fac
NR51.25, as done in earlier analyses. The imaginary par
the interaction was of volume Woods-Saxon form w
strength 22 MeV, radius parameter 0.96 fm, and diffusen
0.7 fm @16#. There are no available data to guide possi
potential parameter variations for thea fragment from these
values.

The moduli of the input and derived eikonalS-matrices
are shown in Fig. 3. The figure shows the calcula
S-matrices for the neutronuSnu ~dot-dashed curve!, alpha
uSau ~long dashed curve! and 8He uS8u ~solid curve!, each as
a functionof its ownimpact parameter. The effects of ave
aging the constituent amplitudesSn andSa over the extended
ground state probability density are apparent, as is the hig
absorptive nature of the8He1 12C effective interaction
which would generate thisuS8u. This local interaction is cal-
culated numerically from the eikonal phase shift functi
x(b)52 i ln S8(b) using the expression given in Eq.~7! of
Ref. @17#. Its real and imaginary form factors are shown
the solid curves in Fig. 4. The absorptive potential is seen
be of order 60 MeV deep, to be compared with the inpua
potential absorptive strength of 22 MeV. The theoretic
elastic scattering cross section angular distribution~ratio to
Rutherford! calculated using this few-bodyS-matrix is
shown by the long dashed curve in Fig. 1.

The presented8He1 12C experimental angular distribu
tion includes contributions due to the inelastic excitation
the 12C target. As done in@4# for 11Li scattering, we estimate
explicitly, in distorted wave Born approximation~DWBA!,
these inelastic contributions and add them to the calcula
elastic cross section for comparison with the data. We ca
late the DWBA cross sections to the 21 and 32 states of12C
only. The first-excited 01 state also lies within the experi
mental energy resolution. However, as a monopole exc
tion, it is not expected to be strongly populated in an inel
tic scattering process and is therefore ignored, as in Refs@4#

FIG. 3. Moduli of the input neutron anda and calculated8He
eikonal elasticS-matrices as a function of their own impact param
eters. The short dashed curve, for8He, is calculated in the absenc
of neutron correlations.
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and @12#. We assume rotational model couplings of deriv
tive form @4#, and calculate the 21 and 32 inelastic transi-
tions of 12C by deforming the local potential of Fig. 4. Fo
lowing @18#, we use deformation lengthsd251.648 fm and
d351.00 fm for the 21 and 32 transitions, respectively. Th
DWBA calculations are performed using the computer co
FRESCO@19#.

The calculated 21 and 32 inelastic cross sections ar
shown by the dot-dashed and short dashed curves, res
tively, in Fig. 1. The sum of the elastic and inelastic cro
sections is shown by the solid curve which we now comp
with the experimental data. We observe that the magnit
and forward angle oscillations in the data are reasonably
produced and that the inelastic channel contributions are
portant for generating a cross section of the required ma
tude at the larger angles. Given the uncertainties in
present data, relating to the strengths with which the state
12C are actually excited and the accuracy of the use
DWBA, no attempt was made to improve the description
the data by variation of the neutron and/ora1 12C interac-
tions. Elastic scattering data for thea1 12C system at the
same energy per nucleon would surely clarify, empirica
the quality of the currently theoretical potential input in th
subsystem.

It is of interest to assess the sensitivity of our results to
angular and c.m. correlations present within the few-bo
description. We find that the effects of the angular corre
tions, resulting from the antisymmetrized four neutr
COSMA state, are in fact rather small. Usingf corr

~I! generates
an S8

~I! whose modulus is essentially indistinguishable fro
the solid curve in Fig. 3, and is not shown. It produces
modified 8He potential given by the dashed curves in Fig
with small changes from the full calculations~solid curves!
only at the lowest radii. The effects of the c.m. correlatio
on the other hand, which are included carefully in the pres
approach, are large. Using the uncorrelated functionf corr

~II ! ,

FIG. 4. Real and imaginary parts of the calculated local8He1
12C effective interactions at 60 MeV/nucleon. The curves are d
cussed in the text.
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Eq. ~7! yields theS8
~II ! shown in modulus by the short-dashe

curve in Fig. 3 with changes at all impact parameters. T
local equivalent8He potential is shown by the dot-dashe
curves in Fig. 4 with large changes in the radial formfacto
The predicted elastic scattering angular distributions in th
three cases are shown by the solid~full COSMA!, dashed
( f corr

~I! ) and dot-dashed (f corr
~II ! ) curves in Fig. 5.

The calculations, and therefore the expected elastic s
tering angular distribution, are clearly sensitive to these fe
body correlations.

In summary, the8He1 12C quasielastic scattering angula
distribution has been measured and calculated at an inci
energy of 60 MeV per nucleon. The measured ratio of
differential cross section angular distribution to the Ruth
ford cross section is found to be consistently larger than
for 9Li1 12C scattering at the same incident energy p
nucleon, suggesting a quite different effective interaction
the case of the neutron skin nucleus8He. Theoretical calcu-
lations are presented which include, for the first time,
six-body,a14n1target, nature of the reacting system.

The approach presented makes such calculations prac
by exploiting the simplicities brought about by the eikon
reaction model and its underlying adiabatic treatment of
motions of the projectile constituents. In the present work
also make use of the simplifications brought about by the
of the ~analytic! COSMA wave function for the8He ground
state; however, this is only a convenience. Thea1 12C in-
teraction was taken from a careful double folding model th
oretical analysis. There were therefore no free or adjus
parameters in the calculation; however, experimental ela
scattering data for thea core fragment, at the same incide
energy per nucleon, would be invaluable in assessing
particular input. The magnitude and angular distribution
the measured8He quasielastic cross section are well e
plained by the presented few-body model of the process

-

FIG. 5. Calculated elastic8He112C cross section angular dis
tributions ~ratio to Rutherford! at 480 MeV. The curves show th
elastic cross sections calculated when including all~solid!, the cen-
ter of mass~dashed!, or no ~dot-dashed! neutron correlations in the
projectile.
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The calculations show considerable sensitivity to a corr
treatment of the c.m. correlations in the composite projec
but rather weak sensitivity to the angular correlations pres
within the COSMA model. It would be very interesting t
investigate further this sensitivity to details of the neutr
skin structure by incorporating more sophisticated mic
scopic descriptions for the8He ground state. Accurate ela
tic, rather than quasielastic, scattering data at similar ener
would be invaluable in assessing these quantitative theo
cal questions further.
l.

a,
e-
,

C

.
v,

,

ct
e
nt

-

ies
ti-

ACKNOWLEDGMENTS

The authors would like to thank Dr. Dao T. Khoa fo
kindly providing the double folding modela1 12C interac-
tion used in this work in tabular form, and for his advice o
its use. Support for this work was provided by the Unit
Kingdom Engineering and Physical Sciences Resea
Council ~EPSRC! under Grant No. GR/J95867, the U.S. N
tional Science Foundation under Grant Nos. PHY94-027
and PHY92-14992, and by the U.S. Department of Ene
under Contract No. W-31-109-ENG-38.
J.

a,

y,
-

. C

.
,
ev.
@1# I. Tanihataet al., Phys. Rev. Lett.55, 2676~1985!.
@2# R. J. Glauber, inLectures in Theoretical Physics, edited by W.

E. Brittin ~Interscience, New York, 1959!, Vol. 1, p. 315.
@3# K. Yabana, Y. Ogawa, and Y. Suzuki, Phys. Rev. C45, 2909

~1992!; Nucl. Phys.A539, 295 ~1992!.
@4# J. S. Al-Khalili, I. J. Thompson, and J. A. Tostevin, Nuc

Phys.A581, 331 ~1995!.
@5# Y. Ogawa, Y. Suzuki, and K. Yabana, Nucl. Phys.A571, 784

~1994!; A588, 77c ~1995!.
@6# M. M. Obuti, T. Kobayashi, D. Hirata, Y. Ogawa, A. Ozaw

K. Sigimoto, I. Tanihata, D. Olson, W. Christie, and H. Wi
man, Nucl. Phys.A606, 74 ~1996!; Y. Ogawa and I. Tanihata
ibid. A616, 239c~1997!.

@7# J. S. Al-Khalili, J. A. Tostevin, and J. M. Brooke, Phys. Rev.
55, R1018~1997!.

@8# I. J. Thompson, J. S. Al-Khalili, J. M. Bang, B. V. Danilin, V
D. Efros, F. M. M. Nunes, J. S. Vaagen, and M. V. Zhuko
Nucl. Phys.A588, 59c ~1995!.

@9# M. V. Zhukov, A. A. Korsheninnikov, and M. H. Smedberg
Phys. Rev. C50, R1 ~1994!.

@10# R. Crespo, J. A. Tostevin, and R. C. Johnson, Phys. Rev. C51,
3283 ~1995!.
@11# M. Zahar, M. Belbot, J. J. Kolata, K. Lamkin, R. Thompson,
H. Kelly, R. A. Kryger, D. J. Morrissey, N. A. Orr, B. M.
Sherrill, J. S. Winfield, J. A. Winger, and A. H. Wuosma
Phys. Rev. C49, 1540~1994!.

@12# M. Zahar, M. Belbot, J. J. Kolata, K. Lamkin, D. J. Morrisse
B.M. Sherrill, M. Lewitowicz, A. H. Wuosmaa, J. S. Al
Khalili, J. A. Tostevin, and I. J. Thompson, Phys. Rev. C54,
1262 ~1996!.

@13# J. S. Al-Khalili and R. C. Johnson, Nucl. Phys.A546, 622
~1992!.

@14# Dao T. Khoa and W. von Oertzen, Phys. Lett. B342, 6 ~1995!.
@15# Dao T. Khoa, W. von Oertzen, and H. G. Bohlen, Phys. Rev

49, 1654~1994!.
@16# Dao T. Khoa, private communication.
@17# J. S. Al-Khalili and J. A. Tostevin, Phys. Rev. C49, 386

~1994!.
@18# J. J. Kolata, M. Zahar, R. Smith, K. Lamkin, M. Belbot, R

Tighe, B. M. Sherrill, N. A. Orr, J. S. Winfield, J. A. Winger
S. J. Yennello, G. R. Satchler, and A. H. Wuosmaa, Phys. R
Lett. 69, 2361~1992!.

@19# I. J. Thompson, Comput. Phys. Rep.7, 167 ~1988!.


