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Probing the isovector transition strength of the low-lying nuclear excitations induced by inverse
kinematics proton scattering
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A compact approach based on the folding model is suggested for the determination of the isoscalar and
isovector transition strengths of the low-lying (DS5DT50) excitations induced by inelastic proton scattering
measured with exotic beams. Our analysis of the recently measured inelastic18,20O1p scattering data at
Elab530 and 43 MeV/nucleon has given for the first time an accurate estimate of the isoscalarb0 and isovector
b1 deformation parameters@which cannot be determined from the (p,p8) data alone by standard methods# for
21

1 and 31
2 excited states in18,20O. Quite strong isovector mixing was found in the 21

1 inelastic 20O1p
scattering channel, where the strength of the isovector form factorF1 ~prototype of the Lane potential!
corresponds to ab1 value almost three times larger thanb0 and a ratio of nuclear transition matrix elements,
Mn /M p.4.2.
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Although the isospin dependence of the nucleon-nucl
optical potential, known by now as Lane potential@1#, has
been studied since a long time, very few attempts have b
made to study the isospin dependence of the transition
tential for inelastic scattering. The neutron and proton co
tributions to the structure of the low-lying nuclear excitatio
are known to be quite different@2#, and the inelastic nuclea
form factor contains, therefore, an isospin dependence w
determines the degree of theisovectormixing in the inelastic
scattering channel, which induces the excitation.

In general, the isospin-dependent potential is proportio
to the product of the projectile and target isospins (TpTt).
For the heavy ions, this term has been shown@3# to be neg-
ligible and the scattering cross section is mainly determi
by the isoscalar term. The situation is different in t
nucleon-nucleus case where the optical potential can be w
ten in terms of the isoscalar~IS! and isovector~IV ! compo-
nents@1# as

U~R!5U0~R!6«U1~R!, «5~N2Z!/A, ~1!

where the plus sign pertains to incident neutron and the
nus sign to incident proton. The strength of the Lane pot
tial U1 is known from (p,p) and (n,n) elastic scattering and
(p,n) reactions studies, to be around 30–40 % of theU0
strength. In many cases, inelastic nucleon-nucleus scatte
cross section can be reasonably well described, in
distorted-wave Born approximation~DWBA! or coupled
channel formalism by a collective-model prescription, whe
the inelastic form factorF is obtained by ‘‘deforming’’ the
optical potential~1! with a scaling factord known as the
nuclear deformation length,

F~R!5d
dU~R!

dR
5d0

dU0~R!

dR
6«d1

dU1~R!

dR
. ~2!
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The explicit knowledge ofd0 and d1 would give us vital
structure information about the IS and IV transition streng
of the excitation under study. There are only two types
experiment, which might allow one to determined0 andd1
using prescription~2!:

~i! (p,n) reaction leading to theexcited isobar analog
state. It was shown, however, that the two-step mechan
usually dominates this process and the calculated cross
tions were insensitive tod1 values@4#.

~ii ! Another way is to extractd0(1) from the (p,p8) and
(n,n8) data measured at about the same incident energy
exciting the same state of the target@4,5#. Since«U1 /U0 is
only about few percent, the uncertainty of such a method
be quite large. Moreover, the most interesting data are n
being measured with the secondary~unstable! beams and
~given the beam intensities much weaker than those of st
beams! it is technically not feasible to perform simulta
neously (p,p8) and (n,n8) measurements~in the inverse ki-
nematics! with those beams.

From a theoretical point of view, the form factor~2! has
been shown to have inaccurate radial shape, which tend
underestimate the transition strength, especially, for hi
multipole excitations induced by inelastic heavy-ion scatt
ing @6,7#. Since the nuclear deformation is directly linked
the ‘‘deformed’’ shape of the excited nucleus, instead of d
forming the optical potential~2!, we build up the proton and
neutron transition densities of a 2l-pole excitation (l>2)
using Bohr-Mottelson~BM! prescription@8# separately for
protons and neutrons

rl
t ~r !52dt

drg.s.
t ~r !

dr
, with t5p,n. ~3!

Here rg.s.
t (r ) are the proton and neutron ground state~g.s.!

densities anddt are the corresponding deformation length
Given the explicit proton and neutron transition densities a
an effective isospin-dependent nucleon-nucleon~NN! inter-
action, one obtains from the folding model@9# the inelastic
proton-nucleus form factor~in terms of IS and IV parts! as
©2003 The American Physical Society01-1
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F~R!5F0~R!2«F1~R!, ~4!

where F0(R)5VIS(R) and F1(R)52VIV(R)/«. The ex-
plicit formulas ofVIS(IV) are given in Ref.@9#. One can see
that F1(R) is prototype of the Lane potential for inelast
scattering. In both elastic and inelastic channels,VIS andVIV
are determined by the sum (rn1rp) and difference (rn
2rp) of the neutron and proton densities@9#, respectively. It
is, therefore, natural to represent the IS and IV parts of
nuclear density as

rl(g.s.)
0(1) ~r !5rl(g.s.)

n ~r !6rl(g.s.)
p ~r !. ~5!

On the other hand, one can generate using the same
prescription the IS and IV transition densities by deformi
the IS and IV parts of the nuclear g.s. density,

rl
0(1)~r !52d0(1)

d@rg.s.
n ~r !6rg.s.

p ~r !#

dr
. ~6!

The explicit expressions for the IS and IV deformati
lengths are easily obtained from Eqs.~5! and~6!, after some
integration in parts, as

d05
N^r l21&ndn1Z^r l21&pdp

A^r l21&A

, ~7!

d15
N^r l21&ndn2Z^r l21&pdp

N^r l21&n2Z^r l21&p

. ~8!

The radial momentâr l21&n,p,A are taken over the neutron
proton and total g.s. densities, respectively,

^r l21&x5E
0

`

rg.s.
x ~r !r l11drY E

0

`

rg.s.
x ~r !r 2dr. ~9!

The transition matrix element associated with a given co
ponent of nuclear transition density is

Mx5E
0

`

rl
x~r !r l12dr. ~10!

Realistic estimate forMn /M p or M1 /M0 should give impor-
tant information on the IS and IV transition strengths,

Mn

M p
5

N^r l21&ndn

Z^r l21&pdp

, ~11!

M1

M0
5

~N^r l21&n2Z^r l21&p!d1

~A^r l21&A!d0

. ~12!

It is useful to note that the ratios of transition matrix e
ments in the two representations are related by

Mn /M p5~11M1 /M0!/~12M1 /M0!. ~13!

If one assumes that the excitation is purelyisoscalarand the
neutron and proton densities have the same radial sh
scaled by the ratioN/Z, thendn5dp5d05d1,
01160
e

M

-

pe,

Mn

M p
5

N

Z
and

M1

M0
5

N2Z

A
5«. ~14!

Therefore, any significant difference betweenMn /M p and
N/Z ~or betweenM1 /M0 and«) would directly indicate an
isovector mixing effect.
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FIG. 1. Real folded optical potential~upper panel! and 21 in-
elastic form factor~lower panel! for 20O1p system.U1 and F1

show strength and shape of the Lane potential in the elastic and1

inelastic channels, respectively.
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TABLE I. Deformation parameters@bx5dx /(1.2A1/3)# and the ratios of transition matrix elements for 21
1 and 31

2 states in18,20O given
by our folding1 DWBA analysis of inelastic18,20O1p scattering data at 30 and 43 MeV/nucleon.J1 /J0 is the ratio of the volume integrals
~per interacting nucleon pair! of F1 andF0 parts of the inelastic form factor~4!.

18O (N/Z51.25,«50.11)

lp bp bn Mn /M p b0 b1 M1 /M0 J1 /J0 Data

21 0.33160.006 0.45560.023 1.8060.13 0.40160.016 0.86160.034 0.28660.023 20.99260.089 @10#

32 0.46160.003 0.45360.022 1.3560.08 0.45660.014 0.43260.016 0.14960.010 20.41060.029 @10#
20O (N/Z51.50,«50.20)

21 0.25060.009 0.65360.032 4.2560.28 0.50060.020 1.29560.052 0.61960.050 21.25860.101 @10#

21 0.25060.009 0.63560.032 4.1360.27 0.48960.019 1.24860.050 0.61160.050 21.23460.099 @11#

32 0.43760.003 0.38160.019 1.5560.09 0.40160.012 0.30860.009 0.21660.013 20.28160.017 @10#
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Note that if one neglects the difference between differ
radial momentâ r l21&x , then expressions~11! and ~12! are
reduced to those used earlier for the ‘‘experimental’’ det
mination ofMn /M p @2# andM1 /M0 @5# ratios,

Mn

M p
5

N dn

Z dp
and

M1

M0
5

~N2Z!d1

Ad0
. ~15!

We further choose the proton deformation lengthdp so
that the measured electric transition rate is given b
B(El↑)5e2uM pu2. As a result, the only free parameter to
determined from the DWBA fit to the inelastic scatterin
data is the neutron deformation lengthdn if the experimental
B(El↑) value is known~from, e.g.,g-decay strength!. Other
transition matrix elements and deformation parameters
be directly obtained fromdp(n) using Eqs.~3!–~12!. This is
the main advantage of our approach compared to the s
dard analysis using simple prescription~2!.

In the present work we have extensively analyzed
elastic and inelastic18,20O1p scattering data at 43@10# and
20O1p data at 30 MeV/nucleon@11#. The optical model
~OM! analysis was done using the real folded potential@9#
obtained with the density- and isospin dependent CDM3
interaction@12# and microscopic g.s. densities given by t
Hartree-Fock-Bogoliubov approach@13#. The imaginary op-
tical potential was parametrized in a Woods-Saxon~WS!
form using the CH89 global systematics@14#. Elastic data
are well reproduced with the WS strengths slightly adjus
by OM fit ~keeping the same radius and diffuseness given
CH89 systematics! and real folded potential renormalized b
a factorNR'1.08 and 1.03 for18O and 20O, respectively.
The isospin dependence of the CDM3Y6 interaction w
shown earlier to reproduce the empirical symmetry energ
asymmetric nuclear matter@3#, and it gives also realistic es
timate for the Lane potentialU1. In both cases, the ratio o
the volume integrals ofU1 andU0 parts of the real~folded!
optical potential per interacting nucleon pair isJ1 /J0
'20.37, which agrees well with the observed trend. To
lustrate the radial shape of the Lane potential, we have p
ted in the upper panel of Fig. 1 the foldedU1 andU0 poten-
tials for 20O1p system. An enhancement ofU1 strength
~approaching around 10 MeV! was found near the surface
which must be due to the neutrons in the outer shell. Si
the best-fitNR factors of the folded potential are quite clo
01160
t

-

n
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to unity, our result confirms the reliability of the foldin
model in predicting the strength and shape of the Lane
tential, given a realistic choice for the effectiveNN interac-
tion and nuclear g.s. densities.

We discuss now the IS and IV strengths of the inelas
18,20O1p form factors. Note that18O nucleus is rather wel
studied and inelastic18O1p data are, therefore, quite helpfu
in testing the present folding approach. By adjustingM p to
the experimental B(E2↑)545.162.0e2 fm4 @15# and
B(E3↑)51120611e2 fm6 @16# for the first 21 and 32

states in 18O, we obtain dp51.04060.020 and 1.449
60.008 fm, respectively. TheE2 transition strength is more
fragmented in 20O and the experimentalB(E2↑)528.1
62.0e2 fm4 @15# for 21

1 state. There are noB(E3↑) data
available for 31

2 state in 20O, and we have assumed a valu
B(E3↑)51200612e2 fm6, which was estimated from the
experimentalB(E3↑) for 31

2 state in 18O using the ratio of
theB(E3↑) values calculated for these two cases in the q
siparticle random phase approximation~QRPA! @10#. As a
result, we obtain the proton deformation lengthsdp50.815
60.029 and 1.42460.008 fm for 21

1 and 31
2 states in20O,

respectively. Note that the numerical uncertainties of the
tained proton deformation lengths are fully determined
those of the measuredB(El↑) values. Using the best-fi
neutron deformation length from the DWBA analysis of t
inelastic data under consideration, realistic shape of the L
potential in an inelastic scattering channel can be obtain
As an example, we have plotted in the lower panel of Fig
the 21 inelastic form factor for20O1p system, where con-
tributions by the IS and IV components are shown explicit
We further assign a numerical uncertainty of around 5%
the deduced neutron deformation length, which gives
cross-section shift within the experimental errors. The n
merical uncertainties of all the deformation parameters
ratios of transition matrix elements given in Table I we
deduced directly from those found for the proton and neut
deformation lengths.

Since the CDM3Y6 interaction isreal, only real nuclear,
Coulomb and spin-orbit transition form factors for18,20O are
obtained from the folding calculation@9#. The imaginary
nuclear form factor is obtained by deforming the imagina
part of the optical potential withd0, which is iteratively
found from the DWBA fit to the data. Fortunately, nucleo
1-3
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inelastic scattering at low-to-medium energies is not do
nated by the imaginary coupling@17#, and the DWBA cross
section is strongly sensitive to the real form factor, whi
allows an accurate deduction of the~neutron! deformation
length.

Elastic and inelastic18,20O1p cross sections~at 43 MeV/
nucleon! obtained with the best-fit deformation paramete
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FIG. 2. Elastic and inelastic18,20O1p scattering data at 43
MeV/nucleon in comparison with DWBA cross sections given
the folded form factors. Cross sections given by the isoscalar
tentials alone are plotted as dotted curves.
01160
i-

s

are plotted in Fig. 2. One can see that the IV contribution
small in the elastic and 32 inelastic channels. We found tha
31

2 state is dominantly isoscalar, with the best-fitMn /M p

ratio slightly aboveN/Z and M1 /M0 ratio close to« ~see
Table I!. This result is well expected because the 31

2 states in
18,20O isotopes were shown by the QRPA calculation@10# to
consist mainly of the (1p1/2

21,1d5/2) proton configuration.
Strong IV effect was found in 21

1 inelastic channel. Structure
of 21

1 state in18O has been investigated in numerous studi
such as (p,p8) reactions, at low@5# and intermediate ener
gies @18# or (p,p8) reactions@19–21#, and the weighted
average of those results@11# gives Mn /M p'2. This value
also agrees fairly with that deduced from a pure isosp
symmetry assumption thatM p obtained for the mirror18Ne
nucleus would yieldMn for the corresponding excited sta
in 18O @22#. Mn /M p ratios deduced from these studies a
compared with our result in Fig. 3.

One can see that our result is in a satisfactory agreem
with the empirical data. The obtained IV deformation (b1
'0.86) is about twice the IS deformation, which indicates
significant IV mixing in this case. Prior to our work, the on
attempt to deduceb1 for 21

1 state in 18O that we could find
in the literature is the DWBA analysis of (p,p8) and (n,n8)
scattering data at 24 MeV@5#, which givesb0'0.4 andb1
'1.060.5, using prescription~2! and assumingb0 to be the
average of theb values obtained with (p,p8) and (n,n8)
data. Although the uncertainty associated withb1 is large,
this result agrees reasonably withb0(1) given by our analy-
sis.

In contrast to the18O case, the (p,p8) excitation of 21
1

state in radioactive20O nucleus has been studied only r
cently in the inverse kinematics proton scattering measu
ments at 43@10# and 30 MeV/nucleon@11#. A simple folding
analysis using the microscopic QRPA transition densities
JLM interaction@10# has failed to fit the data at 43 MeV
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18,20O isotopes.
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Khan et al. obtainedMn /M p'1.1060.24 and 3.2560.80
for 21

1 excitation in 18O and 20O, respectively, after renor
malizing the QRPA densities to the best DWBA fit to the da
@10#. If one uses a simple~probe-dependent! collective
model in the analysis of (p,p8) data@11# measured at 24 an
30 MeV for 18O and 20O, these values becomeMn /M p
'1.5060.17 and 2.960.4, respectively. Despite the unce
tainty of these data, they do indicate a strong IV mixing
the 21

1 excitation in 20O. Our result shows even stronger I
transition strength for this state andMn /M p ratio obtained
with the best-fit neutron deformation length from our foldin
analysis of 43-MeV@10# and 30-MeV data@11# is around
4.25 and 4.13, respectively. We adopted, therefore, an a
age value ofMn /M p'4.260.3 from the values obtained i
these two cases. The IV deformation, given for the first ti
for 21

1 state in 20O (b1'1.3), is nearly three times the I
deformation (b0'0.5), andM1 /M0'0.653«. This leads
to a ratio of the volume integrals ofF1 andF0 folded form
factorsJ1 /J0'21.25, which is significantly higher than tha
found in the elastic channel. The relative IV strength in t
inelastic 21

1 channel is, therefore,«uJ1 /J0u'25%, with the
IV form factor peaked at the surface~see Fig. 1!. This sig-
nificant contribution by the Lane potential in the 21

1 inelastic
ts

s.

.R

.

01160
er-

e

e

channel of 20O1p system amounts up to 40–50% of th
total cross section over the whole angular range as show
Fig. 2.

In conclusion, a compact folding approach is develop
for a consistent study of strength and shape of the Lane
tential in both elastic and inelastic proton-nucleus scatter
and to deduce from the analysis of (p,p8) data the IS and IV
deformation parameters which, otherwise, can be dedu
only if there are (p,p8) and (n,n8) data available at the sam
energy for the same target. With more data being measu
with the unstable beams, our model should be helpful for
determination of the isospin distribution in the low-lying e
cited states of exotic nuclei, which can be used as impor
‘‘database’’ for further nuclear structure studies. The use
microscopic nuclear densities in our approach should be
couraged to test the nuclear structure model ingredients
studying the known excitations and, consequently, to pre
the isospin character of those not yet measured.
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