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6He neutron distribution radius from 7Li „p,2p…6He reaction
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Differential cross sections for the reaction7Li( p,2p)6He, at incident proton energy of 70 MeV, were
analyzed in the framework of the DWTA approach. The point-nucleon root-mean-square radius for the neutron
distribution of 6He was deduced to be 2.85~7! fm.
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A great interest in the properties ofb-unstable neutron-
rich nuclei has recently arisen due to experiments using h
energy radioactive nuclear beams. Information on the dim
sions of unstable nuclei has been extracted from interac
cross section measurements at high energies@1,2#, and from
the elastic scattering of protons on helium isotopes@3#. All
these analyses used the Glauber theory in the so-called
cal limit approximation~OLA!. The available experimenta
and theoretical information concerning the root-mean-squ
~rms! radii of neutron and nuclear matter distributions f
6He are summarized in Table I.

The high accuracy achieved in the determination
R

6He

n ~1%! shows discrepancies among the available inform

tion. In this situation it is interesting to use different expe
mental methods to measureR

6He

n and also try an analysis no

based on Glauber theory, which is a common feature of
available results.

The present work is an endeavor to extractR
6He

n from the

analysis of the low-energy quasifree knockout react
7Li( p,2p)6He. This approach was used in@11# to deduce the
neutron and nuclear matter rms radii of8Be.

The procedure for the deduction of the rms nuclear rad
from the low-energy knockout reaction cross sections
based on the analysis in the distorted-wave approxima
for nonlocal realistict-matrix ~DWTA!. This method was
developed in@12,13# and then improved in@14–16# for the
case of arbitrary geometry, eliminating ambiguities in t
parameters and including indirect processes.

The model distorted wave functions~DWF! for entrance
~1! and exit (2) channels, used in these calculations, inc
porate refraction, absorption, and focusing@16#:

CkW
(1)

~rW !5e2gkWRNei (b1 ig)kW•rW@11Fe(rW2Rk̂)2/S2
#,

~1!

CkW
(2)

~rW !5@C
2kW
(1)

~rW !#* ,

whereb1 ig5D is the complex refractive index of the op
tical model. The quantitybk plays the role of a modified
wave number andg determines the damping.F, R, andS
are the focusing parameters, andRN is a normalization pa-
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rameter, which normalizes the model distorted wave to
plane wave at a distanceRN , and can be chosen as the ma
radius of the nucleus.

It was shown@11,14,16,17# that the DWTA calculations
quantitatively reproduce the experimental cross sections
cluding off-shell and final state interaction~FSI! contribu-
tions, without free parameters, using for the parametriza
of the off-shellt matrix and distorted model wave function
the experimental data for the cross sections of the invol
processes.

The first study of7Li( p,pn) and 7Li( p,2p) reactions was
reported in@17#. Results of the simultaneous measuremen
the differential cross sections for both reactions at incid
proton energy of 70 MeV were presented together with
DWTA analysis for the7Li( p,pn)6Li reaction. These calcu-
lations were fulfilled on a realistic base using the full set
required cross sections and quantitatively reproduced the
perimental data for both 1p and 1s shells of 7Li.

For the reaction7Li( p,2p)6He it is impossible to carry
out the DWTA calculations with the same standard calcu
tion scheme used in the cases of4He(p,pn)3He,
4He(p,2p)3H @16#, and 7Li( p,pn)6Li @17#, since there are
no data for the elastic and total cross sections of the reac
(p,6He).

A similar situation was resolved in our earlier work@11#
using, to determine the DWF parameters, the cross sect
for a hypothetical residual nucleus~a neighboring stable iso
tope, for which data exist! and fitting the focusing paramete
R, which is proportional to the rms radius of the final nucle
@12,18#. Using this procedure it was possible to deduce
rms radius of8Be. The results presented in Ref.@11# show
that the DWTA cross sections are strongly sensitive toR, and
also that a change inR affects differently the cross section
at different energies or for different shells. So, by fitting on
a single parameter,R, it was possible to generate DWTA
cross sections that agree well with all groups of experime
data. This means that the change ofR adequately account
for the differences in FSI between neighboring isotopes. T
pairs 8Be-9Be and4He-6He are very similar: The extra neu
tron~s! has a small separation energy, causes practically
change to the charge radius, but increases the neutron ra
@3,11#.

According to this calculation scheme, as a first step,
7Li( p,2p)6He differential cross sections are calculated
©2000 The American Physical Society02-1
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TABLE I. Theoretical and experimentally deduced nuclear matter (R
6He

m ) and neutron (R
6He

n ) rms radii of
6He, assuming point-nucleon distributions.

Ref. @2# @3# @4# @5# @6# @7# @8# @9# @10#

R
6He

m 2.48~3!a 2.30~7!a 2.33~4!a 2.50a 2.71~4!a 2.57~10!a 2.46b 2.40b 2.51b

R
6He

n 2.61~3!a 2.48~11!a 2.59~4!a 2.67b 2.65b 2.78b

aValues deduced from experimental data.
bTheoretical results.
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cluding the interaction effects of the outgoing nucleons w
the hypothetical residual nucleus in the final state~FSI ef-
fects!, using the cross section of4He instead of6He.

The DWF parameters for this hypothetical final sta
(4He) were unambiguously chosen from the requirement
~1! a quantitatively correct description of the experimen
data for the elastic~differential and integrated! and total
cross sections for the interaction of the proton with4He in
the exit channels@19–22#; and ~2! agreement between th
DWF and the exact wave function, obtained by numeri
integration of the Schro¨dinger equation in a range comp
rable with the size of the nucleus. The procedure for
choice of parameters, an analysis of their ambiguity, and
calculation of the cross sections with the model wave fu
tions, Eq.~1!, are described in detail in Ref.@16#. The pa-
rameters of the distorted wave function for the exit chan
were obtained for four different energies of the second
proton @17#: 14, 22, 31, and 40 MeV~see Table II!. For the
DWF in the entrance channel the parameters from Ref.@17#
were used.

Figures 1 and 2 show the differential cross sections for
7Li( p,2p)6He reaction@17#, for the 1s and 1p shells, used
in the analysis, versus the energy of the secondary pro
Ep . Also shown, as dashed curves, are the results of DW
calculations for the hypothetical final state with DWF para
eters taken from Table II. The calculations strongly over
timate the experimental data. This difference is mainly as
ciated with the difference between the final state interacti
for 4He and6He @4,17#. On the other hand, the DWF param
eterR is directly proportional to the rms radius of the nucle
in the final state@12,22#, and we improved the DWTA cal
culation by changingR, obtained for4He, to

R85R
A~R6He

n
! 21~Rp!2

R
4He

ch , ~2!

whereR4He
ch

51.67(1) fm is the finite-nucleon rms radius o
the charge distribution of4He @23#, Rp is the proton charge
radius~0.8 fm!, representing the finite size of the nucleon
and R6He

n is a parameter to be fitted, the point-nucleon r
radius of 6He. We also calculated the DWTA cross sectio
using forR6He

n values taken from Refs.@1–4,10# ~see below!.
The residual nucleus of the reaction under study,6He, has

a thick neutron cloud on the surface, or halo, so thatR6He
ch

!R
6He

n* @1–3#, whereR
6He

n* is the finite-nucleon rms neutro

distribution radius of6He. The energies of the protons inte
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acting in the final state lay in the range 12–42 MeV and
wavelength, even for 42 MeV protons, is 5.2 fm, larger th
the 6He radius. So the final state interaction should be s
sitive only to the surface properties of the residual nucle
to R6He

n* , but not toR6He
ch .

Following this logic~see also@11#! we calculated, for the
aim of comparison, the DWTA cross sections for the react
7Li( p,2p)6He, using the available experimental@1–4# and
theoretical@10# values forR6He

n . The results of such calcula
tions are shown in Figs. 1 and 2, together with the resul
the fitting R6He

n
52.85(7) fm. This value agrees, within th

uncertainties, with the result of Ref.@10#. The uncertainties
presented (63%) come from statistical and systematic u
certainties of our experimental cross sections, of experim
tal data used for the parametrization of the DWF, and fr
uncertainties in the radius of4He @23# as well. The high
accuracy attained in the result for the6He radius arises from
the high sensitivity of the calculated cross section to
radius of the residual nucleus. The result for the6He radius
is model dependent in principle, because of the existenc
some systematic errors associated with the models use
describe the reaction mechanisms and the FSI. Stan
DWTA calculations for the cases4He-3He, and 6Li- 7Li,
where experimental data for the radii are available, indic
that these systematic uncertainties are of a few percen
direct estimate of these uncertainties, however, could
made only from the comparison with results obtained
different methods.

One may also notice from Figs. 1 and 2, that in the ene
range under study, the quasifree cross sections are very
sitive to theR6He

n value. Changing the radius we are able
simultaneously fit calculations to the three data groups.
each group we used the DWF parameters for the ave
energy in the DWTA calculation. This simplification make
the curves in Figs. 1 and 2 discontinuous, although the er
introduced by this procedure are smaller than the experim

TABLE II. Parameters of the DWF for the exit channel (4He)
used in the DWTA calculation.

Proton energy
~MeV! b g uFu

Arg(F)
~degrees! R ~fm! S ~fm!

40 1.645 0.0094 3.4 130 1.683 3.00
31 1.645 0.014 3.4 130 1.780 3.00
22 1.645 0.029 3.4 130 2.087 3.00
14 1.922 0.485 8.0 130 2.14 3.00
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tal uncertainties, even close to the limits of the interva
Note also that in the calculations the contribution of the n
direct knockout was taken into account@24#. This contribu-
tion is important since it is comparable with the differen
between various previsions.

The DWTA calculations give a quantitatively correct d
scription of the differential cross section for the reacti
7Li( p,2p)6He atEo570 MeV, for both 1s and 1p shells, if

FIG. 1. Differential cross section for the reaction7Li( p,2p)6He
at Eo570 MeV, for the 1s shell. The curves represent results of t
DWTA calculation~see text for details!.
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.
-the point-nucleon root-mean-square radius of the neu
distribution for 6He is supposed to be 2.85~7! fm.

The cross section of the reaction7Li( p,2p)6He at 70
MeV is sensitive to the radius of the residual nucleus, an
more accurate data become available, then the DWTA an
sis may allow one to distinguish between the predictions
various models.

FIG. 2. Differential cross section for the reaction7Li( p,2p)6He
at Eo570 MeV, for the 1p shell. The curves represent results of t
DWTA calculation~see text for details!.
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