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Isovector part of optical potentials studied through analog transitions in the„p,n… reaction
at 35 MeV
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Quasielastic~p, n! reactions were studied at an incident proton energy of 35 MeV. Differential cross sections
for isobaric analogDJp501 ~Fermi-type! transitions and their angular distributions were measured in 27N
.Z target nuclei7Li, 9Be, 13,14C, 15N, 50Cr, 54,56Fe, 58,60,62,64Ni, 70Zn, 71Ga, 92Zr, 110,112,114,115Cd, 116,118,120Sn,
140Ce, 172,174,176Yb, and208Pb. PureDJp501 Fermi-type transitions were observed in 23 of them. As for the
four light odd-A nuclei, contributions from mixedDJpÞ01 components were evaluated by microscopic
distorted-wave Born approximation~DWBA! calculations to subtract them from the raw data and extract pure
Fermi-type transition strengths. Thus 27DJp501 angular distributions were obtained, and fitted by macro-
scopic DWBA calculations with the Lane-model optical potential to derive systematically the isovector part of
the potential. The best-fit parameters for each target are presented. The present results combined with our
previous analysis on 13 other nuclei in the 17<A<48 region cover almost the entire mass region. They were
used to obtainA-dependent global parameters by least-squares fit.

PACS number~s!: 25.40.Ep, 27.20.1n, 27.40.1z, 27.50.1e
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I. INTRODUCTION

The isospin impurity in nuclei has been a long stand
problem in nuclear physics. Studies of isospin symme
have recently again become a popular subject of nuc
structure physics@1–3#, especially due to the development
experimental facilities for charge-exchange reactions
those for radioactive beams. Spreading widths of the isob
analog states~IAS! give us an important clue to the unde
standing of the charge-independence-breaking~CIB! and
charge-symmetry-breaking~CSB! interactions in nuclei
@4–6#. Our recent measurement of the spreading widths
the IAS via the (p,nIASp̄) reaction and their analysis@7#
have revealed that the coupling between the giant isove
monopole state and the IAS induced through the isove
part of the nucleon-nucleus potential is crucial to underst
the mass number dependence of the spreading widths o
IAS.

The isovector nucleon-nucleus potential can be deri
from optical-model analyses of IAS transitions in the~p,n!
reaction, in which transferred total angular momentum a
parity DJp are 01. Such a transition is often called a Ferm
type transition or quasielastic scattering. However, si
optical-model analyses suffer from well-known ambiguiti
in the parameters@8#, it is necessary to accumulate data ov
a wide range of target nuclei as well as over a wide-rang
incident energies and carry out systematic analyses. Car
and collaborators reported a systematic optical model an
sis of quasielastic~p,n! reactions at 22.8 MeV on 29 nucle
0556-2813/2000/62~4!/044609~5!/$15.00 62 0446
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ranging from 9Be to 208Pb @9#. They derived the isovecto
potential for each target nucleus, and gave a smooth par
etrization of the best-fit parameters for all the nuclei inves
gated. However, their data and analysis were limited by
perimental conditions and theoretical treatment of mix
analog transitions.

We have reported@10# the data and the analysis of iso
baric analog transitions atEp535 MeV in ~p,n! reactions on
13 target nuclei in the mass range 17<A<48. The best-fit
parameters for the Lane-type isovector potential were
tained for each transition, and then the mass-number de
dence of each parameter was expressed as a linear fun
of A1/3. The strengths of the real part of the Lane poten
were determined within63;65 % accuracy in the mas
region studied. It was found that imaginary strengths of
Lane potential were almost independent of the mass num

We have extended our previous work to lighter a
heavier target nuclei so that we can study the isovector
tential over a wide range of nuclear masses. In this paper
report a study of~p,n! reactions atEp535 MeV leading to
IAS on 27 target nuclei in the regions 7<A<15 and 50
<A<208; namely, 7Li, 9Be, 13,14C, 15N, 50Cr, 54,56Fe,
58,60,62,64Ni, 70Zn, 71Ga, 92Zr, 110,112,114,116Cd, 116,118,120Sn,
172,174,176Yb, and 208Pb. Analysis similar to our previous
work has been made, and the best-fit parameters for the L
potential were obtained for these nuclei. Combining t
present results with our previous results on thesd-shell and
f-shell nuclei@10#, we now have a comprehensive set of be
©2000 The American Physical Society09-1
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fit parameters of the Lane-type isovector potential atEp
535 MeV. This set was used to extractA-dependent globa
parameters of the Lane potential.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Cyclotron and
dioisotope Center, Tohoku University, with a 35-MeV pr
ton beam from an AVF cyclotron and a beam swinger s
tem. The details of the experimental setup have b
described previously@11,12#. Neutron energies were mea
sured by the time-of-flight~TOF! technique. The neutron de
tectors, 23.2 l in a total sensitive volume, were filled w
organic liquid scintillator NE213, and located at 44.3 m fro
the target. The absolute efficiencies of the detectors w
obtained from the7Li( p,n)7Be activation analyses with a
error less than66%. Errors in the absolute magnitude of~p,
n! cross sections were estimated to be less than 12%. Al
targets were enriched isotopes with enrichments better
95%, and were self-supporting foil except that gas cells w
used for15N @10,13#. Figures 1, 2, and 3 illustrate the angul
distributions of the~p,n! reactions on13C, 70Zn, and 208Pb
leading to the ground state of13N and the IAS in70Ga and
208Bi as representative cases.

III. DWBA ANALYSES

The Lane-model optical potential@14# was used in the
macroscopic distorted-wave Born approximation~DWBA!
analyses of the quasiscattering data. It is expressed as

U~r !52U0~r !1~4/A!U1~r ! tW•TW 1USO~r !

1~1/22tz!VC~r !, ~1!

FIG. 1. Differential cross sections for the13C(p,n)13N~g.s.! re-
action. The dashed line is the result of the microscopic DW
calculation for theDJp511 component, and the dotted line show
the best-fit result for theDJp501 IAS component. The solid line is
the sum of the two.
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wheretW(TW ) is the projectile~target! isospin,USO is the spin-
orbit potential, andVC is the Coulomb potential. The isospi
dependenttW•TW term yields t1T2 , t2T1, and tzTz , corre-
sponding to~p,n!, ~n,p!, and~p,p! or ~n,n! reactions, respec
tively. The~p,n! quasiscattering takes place through the te

Upn~r !5~2/A!AN2Z•U1~r !. ~2!

The isovector potentialU1 was parametrized in terms o
standard Woods-Saxon forms as

U1~r !5V1f ~xR!24ia1W1

d

dx1
f ~x1!, ~3!

where

FIG. 2. Differential cross sections for neutrons leading to
8.26-MeV IAS in70Zn. This is an example of a pure IAS transitio
The solid line shows the macroscopic DWBA calculation obtain
with the best-fit parameters obtained for the isovector potential

FIG. 3. Same as Fig. 2, but for the 15.17 MeV IAS in208Pb.
9-2
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f ~x!5~11ex!21,

x5~r 2Ri !/ai ,

and

Ri5r iA
1/3.

Here i 5R or I. The parameters to be determined are
potential depthsV1 andW1 , geometrical parameters for th
real partr R andaR , and those for the imaginary partr I and
aI . To reduce the number of parameters to be fitted, the
geometrical parametersr R and aR were fixed to those by
Becchetti and Greenless@15#. Then we carried out a param
eter search with the programIASEARCH @16# to find the best-
fit parameter set to reproduce differential cross sections
each IAS transition.

For the four odd-mass light target nuclei7Li, 9Be, 13C,
and 15N, it was necessary to subtract contributions fro
DJpÞ01 components. As discussed in detail in Ref.@10#,
the data in such a case were first compared with microsc
distorted-wave Born approximation~DWBA! results calcu-
lated by the computer codeDWBA74 @17#. The calculation
includes knock-on exchange effects in an exact manner,
thus non-normal parity terms such asDJ(DL,DS)51(1,0)
for the 01→11 transition also contribute to the cross se
tion. Optical potential parameters of Becchetti and Green
@15# were used for the entrance channel. Those for the
channel were self-consistent potential parameters derive
Carlsonet al. @9#. The effective nucleon-nucleon interaction
~M3Y! by Bertschet al. @18# were used in the microscopi
analysis. Spectroscopic amplitudes~OBTD! for the p-shell
nuclei were obtained from fullp-shell model calculations
using the codeOXBASH @19# with the interaction by Millener
and Kurath@20#. Single-particle radial wave functions use
in DWBA calculations were generated in a Woods-Sax
potential withr 051.25 fm,a50.6 fm, VLS56 MeV, and the
depth adjusted to reproduce the binding energy of a vale
nucleon. The calculated cross sections for theDJpÞ01

components were subtracted from the raw data to ext
cross sections for the pureDJp501 Fermi-type transition.
The DWBA results for the C13(p,n)N13 ~g.s.! are shown in
Fig. 1 as an example. This is a12

2→ 1
2

2 transition and two
DJp values 01 and 11 are allowed. Therefore the cross se
tions for theDJp511 component were calculated micro
scopically and subtracted from the data, and the Lane po
tial parameters were fitted to the rest.

Sensitivity of such microscopic calculations to the para
eters involved and reliability of the derived conclusions a
elaborated in Ref.@21#. As for the quasielastic and inelast
scattering, a macroscopic calculation usually gives a be
description of the data than a microscopic calculat
@22,13#. As discussed in Ref.@22#, this is primarily because
numerous minor transition amplitudes arising from man
particle many-hole configurations contribute coherently
the quasiscattering while a shell-model calculation within
limited model space can give only major amplitudes. F
transitions other than quasiscattering, on the other hand,
nor components add up incoherently and cancel out, or t
come into the transition only through higher-order process
04460
e

al

or

ic

nd

-
ss
it
by

n

ce

ct

-

n-

-
e

er
n

-
o
a
r
i-

ey
s.

Therefore microscopic DWBA calculations usually giv
good descriptions of the transitions other than quasielasti
shown in our many previous samples@21,22,13#.

Table I lists the best-fit parameters for each reaction
gether with those forsd- and f-shell nuclei obtained in Ref
@10#. The radius of the imaginary potential decreases gra
ally, while the diffuseness parameter increases, as the m
number increases. The real potential depthV1 also increases
with the mass number. All of them seem to have linear
pendence onA1/3. The imaginary potential depthW1 , on the
other hand, is almost constant in the mass region stud
These best-fit parameters are plotted as a function ofA1/3 in
Figs. 4 and 5. It should be noted that the values obtai
from the ‘‘subtracted data’’ for odd-A light target nuclei lie
on a smooth line, confirming the validity of the procedu
described above and reliability of microscopic calculatio
The solid lines indicate results of least-squares fit assum
that each parameter is a linear function ofA1/3. Taking the
diagonal and off-diagonal elements of the error matric
@23#, we were able to describeA1/3 dependence of the poten
tial parameters as

V156.3812.25A1/36A0.392230.094A1/310.024A2/3,
~4!

W155.0910.39A1/36A0.222230.058A1/310.016A2/3,
~5!

and

r I51.9820.15A1/36A0.00372230.0010A1/310.0002A2/3,
~6!

aI520.09010.22A1/3

6A0.00202230.0005A1/310.0002A2/3. ~7!

The dotted and dash-dotted lines in Figs. 4 and 5 indic
values one standard deviation above and below the be
value, respectively. The results obtained in Ref.@10# for sd-
andf-shell nuclei are overlaid by thick lines for compariso

IV. DISCUSSION

As discussed in Ref.@10#, only minor effects were ob-
served for the feedback of the finally obtained potential
the microscopic DWBA calculations and to the distort
waves in the entrance and exit channels in the macrosc
DWBA analysis. These correction terms are6U1(N
2Z)/A for the neutron and proton channels, respective
and only a few percent of the distorting potential strengths
most. Some of the data were reanalyzed by using the fin
obtained optical potential parameters. Negligibly small co
tributions from the correction terms were found, and the
sults in the previous section are hardly changed.

The thick lines obtained from a ‘‘local’’ analysis forsd-
and f-shell nuclei in Ref.@10# coincide in the regionA1/3

52.6– 3.6 with the present results of the ‘‘global’’ analys
However, we have weakerA1/3 dependence of the geometr
cal parameters in the global analysis than in the local an
sis.

The present results are in general agreement with thos
9-3
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TABLE I. Best-fit parameters of isovector potential for each nucleus.

Reaction
Eexc of IAS

~MeV!
V1

~MeV!
W1

~MeV!
r I

~fm!
aI

~fm!

7Li( p,n)7Be 0.0 11.761.6 5.661.1 1.9260.07 0.3960.07
9Be(p,n)9B 0.0 12.561.1 6.460.9 1.7860.06 0.4260.05
13C(p,n)13N 0.0 12.461.1 6.260.8 1.7060.06 0.4660.05
14C(p,n)14N 2.3129 13.261.1 6.660.8 1.7560.05 0.4660.05
15N(p,n)15O 0.0 11.661.0 6.360.8 1.7360.06 0.4160.05
17O(p,n)17F 0.0 12.061.3 6.060.8 1.7560.05 0.4560.05
18O(p,n)18F 1.041 11.361.1 5.860.6 1.5660.04 0.4560.05

22Ne(p,n)22Na 0.657 12.260.7 5.660.6 1.6060.05 0.4560.06
25Mg(p,n)25Al 0.0 12.161.6 6.260.9 1.5860.07 0.5060.07
26Mg(p,n)26Al 0.228 12.760.6 6.360.4 1.5460.03 0.5360.04
27Al( p,n)27Si 0.0 11.061.5 5.961.0 1.4060.06 0.5060.07
30Si(p,n)30P 0.677 11.861.2 6.560.3 1.4960.03 0.5360.03
34S(p,n)34Cl 0.0 12.960.8 6.260.6 1.4360.03 0.5860.05
38Ar( p,n)38K 0.130 13.360.9 6.560.5 1.4060.02 0.6760.03
40Ar( p,n)40K 4.384 14.060.6 5.960.3 1.3760.02 0.7260.03
42Ca(p,n)42Sc 0.0 13.260.5 6.760.5 1.4160.03 0.7060.03
44Ca(p,n)44Sc 2.783 15.661.0 7.761.0 1.4160.05 0.7060.05
48Ca(p,n)48Sc 6.677 13.960.9 6.460.8 1.4060.03 0.7260.03
50Cr(p,n)50Mn 0.0 12.561.0 5.660.8 1.3060.08 0.8060.10
54Fe(p,n)54Co 0.0 15.860.7 7.260.7 1.3260.09 0.9160.07
56Fe(p,n)56Co 3.5 15.060.9 6.860.8 1.4560.08 0.8760.06
58Ni( p,n)58Cu 0.203 15.061.0 7.460.9 1.3760.07 0.8860.06
60Ni( p,n)58Cu 2.54 14.460.9 6.760.8 1.4160.07 0.8860.05
62Ni( p,n)58Cu 4.63 16.460.8 7.460.8 1.3760.07 0.9160.04
64Ni( p,n)58Cu 6.71 16.561.2 7.460.8 1.3860.09 0.8960.06
70Zn(p,n)70Ga 8.26 15.661.2 4.961.7 1.3760.09 0.9560.17
71Ga(p,n)71Ge 8.96 17.261.8 7.061.2 1.4060.13 0.8360.15
92Zr(p,n)92Nb 8.94 14.961.8 5.961.0 1.2360.10 0.9160.08

110Cd(p,n)110In 8.80 16.760.9 5.760.7 1.3660.09 0.9760.07
112Cd(p,n)112In 10.04 17.161.0 8.060.9 1.1960.14 1.0560.15
114Cd(p,n)114In 11.12 16.360.9 6.460.8 1.3460.08 0.9560.06
116Cd(p,n)116In 12.04 16.860.9 6.760.9 1.3660.07 0.9860.05
116Sn(p,n)112Sb 8.61 18.360.9 6.061.2 1.2860.10 1.1060.12
118Sn(p,n)118Sb 9.36 16.460.8 6.660.7 1.3460.09 0.9760.05
120Sn(p,n)120Sb 10.24 16.960.9 7.061.0 1.3560.10 0.9860.07
140Ce(p,n)140Pr 11.04 18.861.3 7.661.0 1.1860.09 1.0560.05
172Yb(p,n)172Lu 13.7 19.360.9 8.160.9 1.3160.08 1.1260.13
174Yb(p,n)174Lu 14.8 18.960.8 7.961.0 1.1860.09 1.1960.10
176Yb(p,n)176Lu 16.0 19.061.0 7.061.0 1.2760.10 1.0060.10
208Pb(p,n)208Bi 15.17 19.961.0 7.461.5 1.1260.05 1.2860.08
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Ref. @9# at Ep522.8 MeV. There are some differences, ho
ever, probably due partly to the incident-energy depende
of the potential and partly to a different analysis method. T
imaginary depth of the isovector potentialW1 was fixed at
W1 /V15 1

2 in Ref. @9#, while it was taken as a free paramet
in the present analysis. As seen in Fig. 4,W1 shows a dif-
ferent mass-number dependence fromV1 . It is almost con-
stant and about 6 MeV over the whole mass region stud
Furthermore, the present values for the geometrical par
eters r I and aI show weakerA1/3 dependence. The mas
number dependence of the radius parameterr I was20.4A1/3
04460
-
ce
e

d.
-

in Ref. @9# and 20.258A1/3 in Ref. @10# for sd- and f-shell
nuclei only, while it is 20.15A1/3 in the present analysis
Similarly, that foraI was 0.46A1/3 in Ref. @9#, 0.312A1/3 in
Ref. @10#, and 0.22A1/3 in the present analysis, respectivel
The magnitudes ofV1 obtained here are about 20% small
than those obtained by Carlsonet al.

To summarize, we have extended our previous study@10#
of the isovector part of the optical potential to a total of
nuclei. Analog transitions have been observed in~p, n! reac-
tions atEp535 MeV on 27 target nuclei ranging 7<A<15
and 50<A<208. PureDJp501 Fermi-type transitions were
9-4
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observed for nuclei in 50<A<208. As for the light odd-
mass nuclei, contributions from mixedDJpÞ01 compo-
nents were evaluated by microscopic DWBA calculations
subtract them from the raw data and extract pure Fermi-t
transition strengths. The best-fit parameters for the Lane-
isovector potential (V1 ,W1 ,r I ,aI) were obtained for each
transition. Combining the results with our previous results
13 sd- and f-shell nuclei, we have obtained 40 parame
sets, which cover almost the entire mass region. These
rameters were expressed as a linear function ofA1/3. The
values of V1 were determined by present parametrizat
within 62;64 % accuracy in the mass region studied. O

FIG. 4. Best-fit values ofV1 and W1 plotted as a function of
A1/3. The solid lines indicate results of least-squares fit with err
shown by the dotted~1s! and dot-dashed~2s! lines calculated
from error matrices.
. B

-
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previous conclusion@10# that W1 is almost independent o
A1/3 was confirmed.

The present analysis gives the most extensive result of
Lane-type isovector nucleon-nucleus potential at 35 Me
and hopefully future work at different energies will enable
to study not only mass dependence but also energy de
dence of the isovector potentials.
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