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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 analogA\J™=0" (Fermi-typé transitions and their angular distributions were measured iN 27
>Z target nuclei7Li, 9Be, 13’1AC, 15N, 50Cr, 54,5q:e‘ 58,60,62,6Ni, 7°Zn, 7lGa, QZZr, 110’112'114’11@d, 116,118,12%n'
140ce, 172174178y and?%%Pb. PureAJ™=0" Fermi-type transitions were observed in 23 of them. As for the
four light oddA nuclei, contributions from mixeddJ”#0" components were evaluated by microscopic
distorted-wave Born approximatigbWBA) calculations to subtract them from the raw data and extract pure
Fermi-type transition strengths. Thus 207=0" 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 theslA<48 region cover almost the entire mass region. They were
used to obtairA-dependent global parameters by least-squares fit.

PACS numbegps): 25.40.Ep, 27.20:n, 27.40+2z, 27.50+e

. INTRODUCTION ranging from®Be to 2°%Pb [9]. They derived the isovector
The isospin impurity in nuclei has been a long standinngte”t'al for each target nucleus, and gave a smooth param-

problem in nuclear physics. Studies of isospin symmetrftrization of the best_—fit parameters for_all the n_uc!ei investi-
have recently again become a popular subject of nucleegat_ed' However,_t_helr data and ana_lly5|s were limited b)_/ ex-
structure physickl—3, especially due to the development of perimental c_o_ndmons and theoretical treatment of mixed
experimental facilities for charge-exchange reactions an@nalog transitions. o
those for radioactive beams. Spreading widths of the isobaric & have reported10] the data and the analysis of iso-
analog state§lAS) give us an important clue to the under- Paric analog transitions &,=35MeV in (p,n) reactions on
standing of the charge-independence-breakifgs) and 13 target nuclei in the mass ra_ngeéj&s48. Thg best-fit
charge-symmetry-breakingCSB) interactions in nuclei Parameters for the Lane-type isovector potential were ob-
[4—6]. Our recent measurement of the spreading widths Ofalned for each transition, and then the mass-nu.mber depgn—
the IAS via the p,n,.sp) reaction and their analysig’] dencl(/a3 of each parameter was expressed as a linear fun(;tlon
have revealed that the coupling between the giant isovectdt! A" The strengths of the real part of the Lane potential
monopole state and the IAS induced through the isovectoW/€re determined within=3~:5 % accuracy in the mass
part of the nucleon-nucleus potential is crucial to understangegion studied. It was found that imaginary strengths of the
the mass number dependence of the spreading widths of tiéne potential were almost independent of the mass number.
IAS. We have extended our previous work to lighter and
The isovector nucleon-nucleus potential can be derivedieavier target nuclei so that we can study the isovector po-
from optical-model analyses of IAS transitions in tfEn) tential over a wide range of nuclear masses. In this paper we
reaction, in which transferred total angular momentum andeport a study of(p,n) reactions a€,=35MeV leading to
parity AJ™ are 0". Such a transition is often called a Fermi- IAS on 27 target nuclei in the regions<fA=<15 and 50
type transition or quasielastic scattering. However, sincesA<208; namely, 'Li, °Be, !, N, *0Cr, °*5Fe,
optical-model analyses suffer from well-known ambiguities 369626, 79zn, "Ga, %2zr, 11011211413y 116118128,
in the parameterg8], it is necessary to accumulate data over’2"417%p and 2%Pb. Analysis similar to our previous
a wide range of target nuclei as well as over a wide-range ofvork has been made, and the best-fit parameters for the Lane
incident energies and carry out systematic analyses. Carlsgotential were obtained for these nuclei. Combining the
and collaborators reported a systematic optical model analypresent results with our previous results on $ldeshell and
sis of quasielasti€¢p,n) reactions at 22.8 MeV on 29 nuclei f-shell nuclei10], we now have a comprehensive set of best-
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FIG. 1. Differential cross sections for tHéC(p,n)**N(g.s) re-
action. The dashed line is the result of the microscopic DWBA
calculation for theAJ™=1" component, and the dotted line shows
the best-fit result for tha J™=0" IAS component. The solid line is
the sum of the two.

FIG. 2. Differential cross sections for neutrons leading to the
8.26-MeV IAS in7%Zn. This is an example of a pure 1AS transition.
The solid line shows the macroscopic DWBA calculation obtained
with the best-fit parameters obtained for the isovector potential.

_ _ _ wheret(T) is the projectile(targe} isospin,Ugo is the spin-
fit parameters of the Lane-type isovector potentialEgt  orpit potential, and/c. is the Coulomb potential. The isospin
=35MeV. This set was used to extra&tdependent global dependenf T term yieldst, T_, t_T,, andt,T,, corre
: + - =14, zlz» -

parameters of the Lane potential. sponding to(p,n), (n,p), and(p,p) or (n,n) reactions, respec-
tively. The(p,n) quasiscattering takes place through the term

Upn(r)=(2/A)YyN—=Z-U(r). 2)
The experiment was performed at the Cyclotron and Ra-

dioisotope Center, Tohoku University, with a 35-MeV pro- ~ The isovector potentidl; was parametrized in terms of
ton beam from an AVF cyclotron and a beam swinger sysStandard Woods-Saxon forms as
tem. The details of the experimental setup have been q
described previously11,17. Neutron energies were mea- _ T il
sured by the time-of-flightTOF) technique. The neutron de- Ua(r)=Vif(xe) 4|a1W1dX1 f(xa), &
tectors, 23.2 | in a total sensitive volume, were filled with
organic liquid scintillator NE213, and located at 44.3 m fromWhere
the target. The absolute efficiencies of the detectors were
obtained from theLi( p,n)’Be activation analyses with an ' ' ' ' ‘ ' '
error less than=6%. Errors in the absolute magnitude(pf 10' —Macro IAS
n) cross sections were estimated to be less than 12%. All the © data
targets were enriched isotopes with enrichments better than
95%, and were self-supporting foil except that gas cells were
used for'>N [10,13. Figures 1, 2, and 3 illustrate the angular
distributions of the(p,n) reactions ontC, "%Zn, and?°%Pb
leading to the ground state 8N and the IAS in’°Ga and
208Bj as representative cases.

II. EXPERIMENTAL PROCEDURE

10° | 4

IIl. DWBA ANALYSES

CROSS SECTION (mb/sr)

jol 208Pb(p,n)2°8Bi

The Lane-model optical potentiall4] was used in the Ep=35 MeVv
macroscopic distorted-wave Born approximatitdWBA) - E =15.17 MeV
analyses of the quasiscattering data. It is expressed as

0 20 40 60 80 100 120 140
c.m. Angle (deg)

U(r)=—Uq(r)+(4A)U (1 t-T+Ugyr)

+(1/2—t,)V¢(r), (1) FIG. 3. Same as Fig. 2, but for the 15.17 MeV IAS?f3Pb.
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f(x)=(1+e% 1, Therefore microscopic DWBA calculations usually give
good descriptions of the transitions other than quasielastic as
x=(r—R))/a;, shown in our many previous samplezl,22,13.

Table | lists the best-fit parameters for each reaction to-
gether with those fosd- andf-shell nuclei obtained in Ref.
R=r Al3 [10]. The radius of the imaginary potential decreases gradu-
b ally, while the diffuseness parameter increases, as the mass
Herei=R or |I. The parameters to be determined are thehumber increases. The real potential deyfthalso increases
potential depthd/; andW,, geometrical parameters for the with the mass number. All of them seem to have linear de-
real partr andag, and those for the imaginary partand ~ pendence oA, The imaginary potential dept;, on the
a,. To reduce the number of parameters to be fitted, the redither hand, is almost constant in the mass region studied.
geometrical parametens; and ag were fixed to those by These best-fit parameters are plotted as a functiohSfin
Becchetti and Greenle$&5]. Then we carried out a param- Figs. 4 and 5. It should be noted that the values obtained
eter search with the programseArcH [16] to find the best- from the “subtracted data” for odé light target nuclei lie
fit parameter set to reproduce differential cross sections fopn a smooth line, confirming the validity of the procedure
each IAS transition. described above and reliability of microscopic calculations.
For the four odd-mass light target nuci@ii, °Be, °C, The solid lines indicate results of least-squares fit assuming
and 15N, it was necessary to subtract contributions fromthat each parameter is a linear functionAf®. Taking the
AJ™#0" components. As discussed in detail in REf0], diagonal and off-diagonal elements of the error matrices
the data in such a case were first compared with microscopi23], we were able to describ&® dependence of the poten-
distorted-wave Born approximatiofDWBA) results calcu- tial parameters as
!ated by the computer codewBA74 [}7]. The calculation V,=6.38+ 2.250%%+ /0,39 2 0.094A751 0.02287%,
includes knock-on exchange effects in an exact manner, and ()
thus non-normal parity terms such AJ(AL,AS)=1(1,0)
for the 0"—17 transition also contribute to the cross sec- W, =5.09+0.39AY3+ \/0.22- 2x0.058A73+0.016A%3,
tion. Optical potential parameters of Becchetti and Greenless (5)
[15] were used for the entrance channel. Those for the exit
channel were self-consistent potential parameters derived b%ﬁd
Carlsonet al.[9]. The effective nucleon-nucleon interactions y —1 98- 0.154%3+ ,/0.0037- 2 x 0.001A Y3+ 0.000223,
(M3Y) by Bertschet al. [18] were used in the microscopic (6)
analysis. Spectroscopic amplitudé8BTD) for the p-shell
nuclei were obtained from fulp-shell model calculations a;=—0.090+ 0.2
using the cod®xBAsH [19] with the interaction by Millener
and Kurath[20]. Single-particle radial wave functions used +0.0020- 2 0.000%""+0.000A". @
in DWBA calculations were generated in a Woods-SaxonThe dotted and dash-dotted lines in Figs. 4 and 5 indicate
potential withro=1.25fm,a=0.6fm,V s=6 MeV, and the  values one standard deviation above and below the best-fit
depth adjusted to reproduce the binding energy of a valencgajue, respectively. The results obtained in R&f] for so-

nucleon. The calculated cross sections for thé"#0"  andf-shell nuclei are overlaid by thick lines for comparison.
components were subtracted from the raw data to extract

and

. P . "
cross sections for the pueJ™=0 Ilzfrml-type transmo_n. IV. DISCUSSION

The DWBA results for the &(p,n)N*3 (g.s) are shown in

Fig. 1 as an example. This is@ — 3~ transition and two As discussed in Ref.10], only minor effects were ob-

AJ™ values 0" and 1" are allowed. Therefore the cross sec-served for the feedback of the finally obtained potential to
tions for theAJ™=1" component were calculated micro- the microscopic DWBA calculations and to the distorted
scopically and subtracted from the data, and the Lane potenwvaves in the entrance and exit channels in the macroscopic
tial parameters were fitted to the rest. DWBA analysis. These correction terms areU;(N
Sensitivity of such microscopic calculations to the param-—2Z)/A for the neutron and proton channels, respectively,
eters involved and reliability of the derived conclusions areand only a few percent of the distorting potential strengths at
elaborated in Refl21]. As for the quasielastic and inelastic most. Some of the data were reanalyzed by using the finally
scattering, a macroscopic calculation usually gives a bettepbtained optical potential parameters. Negligibly small con-
description of the data than a microscopic calculationtributions from the correction terms were found, and the re-
[22,13. As discussed in Ref22], this is primarily because sults in the previous section are hardly changed.
numerous minor transition amplitudes arising from many- The thick lines obtained from a “local” analysis fed-
particle many-hole configurations contribute coherently toand f-shell nuclei in Ref.[10] coincide in the regionA'3
the quasiscattering while a shell-model calculation within a=2.6—3.6 with the present results of the “global” analysis.
limited model space can give only major amplitudes. ForHowever, we have weakéx*® dependence of the geometri-
transitions other than quasiscattering, on the other hand, meal parameters in the global analysis than in the local analy-
nor components add up incoherently and cancel out, or thegis.
come into the transition only through higher-order processes. The present results are in general agreement with those in
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TABLE |. Best-fit parameters of isovector potential for each nucleus.

Ecyc Of IAS Vi W, r a,
Reaction (MeV) (MeV) (MeV) (fm) (fm)

Li(p,n)’Be 0.0 11.71.6 5.6-1.1 1.92+0.07 0.39-0.07
°Be(p,n)°B 0.0 12.5-1.1 6.4-0.9 1.78-0.06 0.42-0.05
BC(p,n)*N 0.0 12.451.1 6.2:0.8 1.70£0.06 0.46-0.05
¥C(p,n)*N 2.3129 13.21.1 6.6-0.8 1.75-0.05 0.46-0.05
BN(p,n)*0 0.0 11.6-1.0 6.30.8 1.73-0.06 0.41-0.05
YO(p,n)YF 0.0 12.0-1.3 6.0-0.8 1.75-0.05 0.45-0.05
180(p,n) 8 1.041 11.31.1 5.8-0.6 1.56+0.04 0.45-0.05
22Ne(p,n)?Na 0.657 12.20.7 5.6-0.6 1.60+0.05 0.45-0.06
2Mg(p,n)2°Al 0.0 12.1+1.6 6.2-0.9 1.58-0.07 0.50-0.07
26Mg(p,n)2eAl 0.228 12.7-0.6 6.3-0.4 1.54+0.03 0.53-0.04
2TAl(p,n)?7si 0.0 11.6:1.5 5.9-1.0 1.40+0.06 0.50-0.07
30Si(p,n)%%P 0.677 11.81.2 6.5-0.3 1.49-0.03 0.53-0.03
345(p,n)3“Cl 0.0 12.9-0.8 6.2-0.6 1.43:0.03 0.58-0.05
38Ar(p,n) K 0.130 13.3-0.9 6.5-0.5 1.40-0.02 0.67-0.03
40Ar(p,n) 4K 4.384 14.6:0.6 5.9-0.3 1.37-0.02 0.72-0.03
42Ca(p,n)*sc 0.0 13.20.5 6.7-0.5 1.41-0.03 0.70-0.03
#cCa(p,n)*sc 2.783 15.61.0 7.71.0 1.41-0.05 0.7G-0.05
4&Ca(p,n)*®sc 6.677 13.90.9 6.4-0.8 1.40-0.03 0.72-0.03
50Cr(p,n)®Mn 0.0 12.5-1.0 5.6-0.8 1.30+0.08 0.80-0.10
S4Fe(p,n)®“Co 0.0 15.8-0.7 7.2-0.7 1.32+0.09 0.9%-0.07
5¢Fe(p,n)>eCo 35 15.8:0.9 6.8-0.8 1.45-0.08 0.870.06
58Ni(p,n)%eCu 0.203 15.6:1.0 7.4-0.9 1.37:0.07 0.88-0.06
50Ni(p,n)%&Cu 2.54 14.40.9 6.7-0.8 1.41-0.07 0.88-0.05
52Ni(p,n)%&Cu 4.63 16.40.8 7.4-0.8 1.37-0.07 0.91-0.04
84Ni(p,n)%&Cu 6.71 16.51.2 7.4-0.8 1.38-0.09 0.89-0.06
Zn(p,n)"%Ga 8.26 15.61.2 4.9-17 1.37-0.09 0.95-0.17
"Ga(p,n)"'Ge 8.96 17.21.8 7.0-1.2 1.40-0.13 0.83-0.15
927¢(p,n)*°Nb 8.94 14918 5.9-1.0 1.23-0.10 0.91-0.08
1%d(p,n)n 8.80 16.72-0.9 5.7-0.7 1.36+0.09 0.97-0.07
12Cd(p,n)*An 10.04 17.%1.0 8.0:0.9 1.19-0.14 1.05-0.15
14cd(p,n)n 11.12 16.30.9 6.4-0.8 1.34-0.08 0.95-0.06
1eCd(p,n)an 12.04 16.8-0.9 6.7:0.9 1.36:0.07 0.98-0.05
1185n(p,n)1*%sh 8.61 18.30.9 6.0-1.2 1.28:0.10 1.16:0.12
11830 (p,n) &b 9.36 16.4£0.8 6.6-0.7 1.34+0.09 0.97-0.05
12%5n(p,n)*?%sh 10.24 16.90.9 7.0:1.0 1.35-0.10 0.98-0.07
4%Ce(p,n) %Pr 11.04 18.81.3 7.6-1.0 1.18-0.09 1.05-0.05
2vb(p,n)t"4Lu 13.7 19.3-0.9 8.1-0.9 1.31-0.08 1.12-0.13
7%vb(p,n)"Lu 14.8 18.9-0.8 7.9-1.0 1.18-0.09 1.19-0.10
8yb(p,n)*"Lu 16.0 19.0:1.0 7.0:1.0 1.27:0.10 1.00-0.10
208k (p, n) 2°%Bi 15.17 19.9:1.0 7.4-15 1.12£0.05 1.28-0.08

Ref.[9] atE,=22.8 MeV. There are some differences, how-in Ref.[9] and —0. 2582 in Ref. [10] for sd and f-shell
ever, probably due partly to the incident-energy dependenceuclei only, while it is —0.15AY2 in the present analysus
of the potential and partly to a different analysis method. TheSimilarly, that fora, was 0.4&Y2 in Ref.[9], 0.31AY3 in
imaginary depth of the isovector potentli; was fixed at  Ref.[10], and 0.22'2 in the present analysis, respectively.
W, /V,=3 in Ref.[9], while it was taken as a free parameter The magnitudes o¥/; obtained here are about 20% smaller
in the present analysis. As seen in Fig.W,; shows a dif- than those obtained by Carlsenal.

ferent mass-number dependence frém It is almost con- To summarize, we have extended our previous sfa@y
stant and about 6 MeV over the whole mass region studiecbf the isovector part of the optical potential to a total of 40
Furthermore, the present values for the geometrical parannuclei. Analog transitions have been observepinn) reac-
etersr, and a, show weakerA® dependence. The mass tions atE,=35MeV on 27 target nuclei rangingZA<15
number dependence of the radius parameteras —0.4AY®  and SGsA< 208. PureAJ™=0" Fermi-type transitions were
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FIG. 4. Best-fit values ok/; andW, plotted as a function of FIG. 5. Same as Fig. 4 but fo; anda; .

A3 The solid lines indicate results of least-squares fit with errors
shown by the dotted+o) and dot-dashed—o) lines calculated previous conclusiof10] that W; is almost independent of
from error matrices. AY3 was confirmed.

The present analysis gives the most extensive result of the
observed for nuclei in 58 A<208. As for the light odd- Lane-type isovector nucleon-nucleus potential at 35 MeV,
mass nuclei, contributions from mixedJ”=0"* compo- and hopefully future work at different energies will enable us
nents were evaluated by microscopic DWBA calculations tgf© Study not only mass dependence but also energy depen-
subtract them from the raw data and extract pure Fermi-typdence of the isovector potentials.
transition strengths. The best-fit parameters for the Lane-type
isovector potential {1,W,,r,,a,) were obtained for each
transition. Combining the results with our previous results on
13 sd and f-shell nuclei, we have obtained 40 parameter One of the authoréH.Oh) acknowledges partial financial
sets, which cover almost the entire mass region. These paupport by The Ministry of Education, Science, Sports and
rameters were expressed as a linear functiodABf. The  Culture under Grant-in Aid for Scientific Resear@®) No.
values of V; were determined by present parametrization09640371. One of the authors G.C.J. is indebted to Professor
within =2~ =4 9% accuracy in the mass region studied. OurE. K. Lin for his support of this work.
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