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Light-ion elastic scattering potentials: Energy and projectile-mass dependence
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Volume integrals of the real potentials derived from elastic scattering studies of deuterons, tiitenand
a particles have been calculated for data available from the lowest to the highest energy. These volume
integrals have been plotted as a function of energy per nucleon for each projectile. By selecting energy regions
where there were least ambiguities in the potentials and averaging the volume integrals in 1 MeV bins, the
energy dependences were determined. The volume integrals show a logarithmic dependence on the energy per
nucleon. The zero crossing of the potentials is at about the same vatué58f MeV/nucleon for all projec-
tiles. With increasing projectile mass, the potentials become weaker, possibly due to Pauli blocking effects in
the projectile. Neutron-rich projectiles have smaller volume integrals due to the manifestation of the isospin
effect. A similar analysis of the imaginary volume integrals shows that they increase from zero at the lowest
energies to about 100-150 MeV¥maround 10 MeV/nucleon and then remain essentially constant.
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. INTRODUCTION encountered in low energyE 100 MeV) a elastic scatter-
ing investigations was the existence difcreteambiguities

Elastic scattering of light ionsA<4) from nuclei has in the potential§3—7]. For each set of scattering data, a
been a subject of study for several decades. The major reas@mber of families of parameters with greatly different vol-
for these studies was to understand the interaction of thes@me integrals were obtained. These discrete potentials corre-
composite projectiles with the nucleus. Various methodsspond to different numbers of half wavelengths of the pro-
were attempted to interpret the experimental data. Howevejectile wave function contained within the nuclear potential
the success of the optical model in explaining proton elastiovell [8]. The primary cause of the discrete ambiguity is the
scattering datd1,2] led investigators to apply the optical- limited range of the measured differential cross section an-
model techniques to the analyses of light-ion scattering. Igular distribution. At these low energies the Coulomb repul-
was envisaged that such a model should provide a convesion and strong absorption prevent thearticle from pen-
nient and consistent parametrization of the data. The resuletrating the nucleus. Thus it samples only the extreme
ing optical-model potential parameters that fit the elasticsurface region of the nucleus. The forward angular distribu-
scattering data were expected to provide physical information is characterized by smooth exponential falloffs due to
tion on the interaction of light ions with the nucleus. The Rutherford scattering followed by the Coulomb rainbow.
energy and projectile-target-mass dependence of the poteithen comes the angular region of nuclear Fraunhofer diffrac-
tial parameters should provide more insight into the effectivetion oscillations. These oscillations are basically due to the
nuclear mean field that causes the scattering of the light ionsnterference between the far-side and near-side scattered

The most extensive work was carried out wittparticles.  waves. It is this region that is responsible for the discrete
However, the early investigators of elastic scattering en- ambiguous potentials. As higher energy beams became avail-
countered persistent difficulties in determining unambiguousble, measurements over sufficiently broad angular ranges
potential parameters. First was tbentinuouscorrelation be-  [9-16] showed that the diffraction region is followed by an-
tween the strengtW, and the geometrical parameters of ra- other smooth exponential falloff. This is sometimes referred
dius and diffuseness, andag, resulting in spurious energy to as the nuclear rainbow scattering region. Because of the
dependences of these individual parameters. A change frodieeper penetration of the particle into the nucleus, the
the best-fit value of one parameter can be compensated mear-side scattered wave is absorbed, resulting in the disap-
adjustments of the other two, resulting in an equally good fitpearance of the oscillatory structure. Since theparticle
to the data. This ambiguity problem was resolved by calcunow samples smaller radial regions of the nucleus, unique
lating the volume integraly of the potential which is free of potentials have been obtained. In their analysis of 40-142
these parameter correlations and is considered to be a welMeV « particle elastic scattering from Zr isotopes, Put and
defined quantity for the interaction. A more serious problemPaangd17] showed the transition from multiple discrete am-
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biguous potentials to a single unique potential. where the parametek4,, ry, anda, define the strength and

The volume integrals foPHe are widely scattered at low shape of the potential. Sindé,, r,, anda, correlate with
energies[18,19. Discrete ambiguous potentials were ob- each other, it is appropriate to determine the volume integral
tained for energies between-30 MeV and ~100 MeV  Jy of the potential. This is the spatial integral of the poten-
[21,20. Beyond 100 MeV, unique potentials have been detial, weighted by the strength. It is free of the continuous
termined[22]. The deuteron volume integrals also display aparameter ambiguities and defines the total effective poten-
wide range of values at low energig3—25, narrowing to a  tial for the projectile-target interaction. Howevép, is found
smaller spread beyond 25 MeV. Features of the triton voluméo be proportional to both the projectile and target masses.
integrals are similar, but the maximum energy for which dataTherefore, following common practice, we calculated the
are available is only 38 MeV. real volume integral per nucleon pair, defined as

Very little information is available on the systematics of
light-ion scattering potentials. Several attempts were made to
determine the energy dependence of composite-projectile po-
tentials. Most of these studies involved a single projectile
scattering off one or more target nuclei over some limitedwhereA, andA; are the projectile and target mass numbers.
energy range. Consequently, differdimear energy depen- ThereforeJg/AyA; is independent of the interacting masses
dences were determined by different investigators, and werand is expected to be the same for all target/projectile com-
often not consistent. Also, no comparison was made betwedpinations. Thus it provides a basis for comparison of the
the potentials of different composite projectiles, although itinteraction potentials for targets and projectiles across the
was recognized that the potentials were weaker than thogeeriodic table. The derived volume integrals per nucleon pair
deduced from proton values. It was this paucity of informa-are plotted as a function of energy per nucleon in Figs. 1, 3,
tion on the systematic trends of light-ion elastic scattering4, and 5. They will be discussed in the following section.
potentials that has prompted us to carry out a review of light-

ion elastic scattering potentials, with the goal of determining |j|. ENERGY DEPENDENCE OE THE REAL VOLUME

JR/ApAt=[1/ApAt]J V(r)dr,

both their energy and projectile-mass dependences. Section INTEGRALS
Il discusses the parameter selection and analysis procedure. _
The energy dependences of the volume integrals are derived A. a particles

in Sec. lll. Section IV provides a comparison of the various  Many investigators attempted to determine the energy de-
light-ion potentials. A review of the imaginary potential vol- pendence of ther-nucleus potential. Lerneet al. [37] ob-
ume integrals is given in Section V. Sec. VI contains thetained a linear energy dependence of the strengghfor o

results and conclusions of our investigations. particle scattering from*®Ca between 40 and 115 MeV.

Smith et al. [38] derived a linear energy dependence of

II. PARAMETER SELECTION AND ANALYSIS the «-1°C volume integrals from 104 to 166 MeV of the
PROCEDURE form Jr/ALA(E) =Jr/ApA(0)[1—aE], with a=0.003

o o ) MeV ™. Put and Paarigl 7] obtained a linear energy depen-
The compilation of Perey and Perg36] listing optical- gence of the strengti, for a+%Zr from 80 to 142 MeV

model potential parameters derived from light-ion elasticyith 4 siope of 0.2% 0.05. These investigators obtained lin-
scattering studies up to 1975 provided the initial parameteg,r energy dependences because of the fact that the analyses
set for the various projectiles. Additional values toelastic  \yere carried out over narrow energy ranges. The logarithmic

scattering were obtained frpm the studies of Magaal. energy dependence that we derive over a very wide energy
[27], Put and Paarid7], Boninet al. [15], and Ingemarsson  range can be approximated by a linear form over small en-
et al. [16]. To obtain the highest-energy potentials, we Per-ergy ranges.

formed standard qptical model analyses with Woods-Saxon | our analysis, we included parameters from all known
form factors(described beloyof Ehiquﬂa for 1370-Me\e  jpyestigations. Figure 1 presents the calculated volume inte-
particles scattering front’C and 042449€a[13,14. More  grals as a function of energy per nucledA. The low-

SHe parameters were obtained from the work of D|deIezenergy volume integrals have a large spread, ranging from
et al.[20], Singhet al.[28], and Yamagatat al.[29]. Other  _5g 19 ~1900 MeV fnd. As the energy increases this
deuteron parameters were obtained from the work of Sawadé’pread narrows. FdE/A between~5 MeV and~25 MeV,

[30], Ingermarsson and TibelB1], Knopfleet al. [32], As-  gne ghserves groups of volume integrals due to the discrete
pelundet al. [33], and Nguyen Van Sest al. [34]. Addi-  gmpiguous potentials. Beyond 25 MeV/nucleon, unique po-
tional triton potential parameters were obtained from thegnials have been determined. Even these unique potentials
compilation of Ward and Haye885]. Most of the light-ion  p3ye some spread due to different methodologies of analysis
elastic scattering data were analyzed in terms of the opticalng gifferences in the absolute normalization of the data. We
model with real and imaginary central potentials. Since thes‘éveraged the volume integrals fBfA=25 MeV. These are
potentials represent the mass distribution of the targeﬁlotted as a function of energy per nucleon in Fig. 2. A least-

nucleus, they are spherically symmetric, and the radial shapg,ares fit to the data gives a logarithmic energy dependence
is given by the Woods-Saxon form of the form

V(r)=Vo/(1+exd (r—roA¥/ag]), Jr/AA(E)=JAA—BINE
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FIG. 1. « volume integrals versus energy per nucleon. The solid FIG. 2. Averagex volume integrals versus energy per nucleon.
line is a logarithmic fit as discussed in the text.
gies(Fig. 3), and the spread narrows as the energy increases.
with J%/A,,At=650i 33 MeVfm® and pB=100+5 We averaged the volume integrals f&/A=4 MeV, be-
MeV fm3. This energy dependence is plotted as solid lines ircause values at lower energies can be distorted by nuclear
Figs. 1 and 2. The zero crossing of the potential in its transtructure and reaction effects. A least-squares fit of these av-
sition from attractive to repulsive is found to be at 670eraged values gave a logarithmic energy dependence with
+70 MeV/nucleon, which is in agreement with proton andJ%/3A=702+35 MeV fm® and 8=107+5 MeV fm®. This
neutron value$39]. gave the zero crossing at 7400 MeV per nucleon. The
energy dependence is plotted as a solid line in Fig. 3.

B. He particles
C. Deuterons

Several attempts were made by investigators to determine

the energy dependence 8He elastic scattering potentials. _MOSt of the deuteron elastic scattering studies were car-
Fulmeret al.[40] obtained a linear energy dependence of the/1€d out below 100 MeV and the derived volume integrals

_ ; : ; idely scattere@see Fig. 4. However, measurements
strengthVo=133.9- 0.14E, for 3He+ ®Ni elastic scattering V€€ W! !
from 30 to 71 MeV. Changt al. [41] analyzed®He elastic at 125, 156, 157, 200, 400, 420, 698, and 700 MeV provided

scattering from*Ca and®Ni between 28 and 84 MeV and sufficient high-energy potentials, which allowed us to deter-

also obtained a linear energy dependence of the strength. m|ne a;jetli]tercl).nrinergyAdepgntdencgc':hat vlvas c?n3|tstent Wéth
their analysis of3He+%8Ni in the energy region 90—120 '10S€ OTOMEr lightions. Againto avoid nuciear structure an

MeV, Hyakutakeet al. [36] derived a linear energy depen- reactipn effects, we averaged deuteron yolume integrals for
dence 3; thliz form/0=£21] 1 OI\17$ éy including}f[he fe- energiesE/A=6 MeV. A least-squares fit of these values

0/op — _ 3
sults of the 217-MeV studies, they obtained a Iogarithmicgave‘]R/Z'A‘_SOZE40 MeV fie and g=125+6 MeV fm®.

energy dependence of thiée volume integrals With]%/3A T_his dependence is_plotted as a solid line in Fig. 4, and it

=640 MeV fr? and8=70 MeV fm?. From Fig. 4 of Yama-  9'V€S the zero crossing at 6260 MeV/nucleon.

gata’s papef29], we deduced a logarithmic energy depen-

dence for SHe with J%/3A=~930 MeVfn? and B

=~150 MeV fn?. It is understandable that no major attempt has been made
As for “He, the *He volume integrals that we calculated to determine the energy dependence of triton elastic scatter-

from available parameters have a large spread at low eneing potentials because there are no data beyond 38 MeV.

D. Tritons
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FIG. 3. 3He volume integrals versus energy per nucleon. FIG. 4. Deuteron volume integrals versus energy per nucleon.

] i zero, then the interaction of a composite projectile, in which
Since for protons, neutrons, deuterofle, anda particles,  the individual nucleons have kinetic energies far in excess of
the zero crossing of the potential is around 650 MeV/ihejr binding energies, should also go to zero. The result is
nucleon, it is not unreasonable to assume that all light-ioRhat all light-ion potentials change sign from attractive to
potentials should change sign from attractive to repulsive atepulsive at the same energy per nucleon. This provides evi-
about 650 MeV/nucleon. We averaged all triton volume in-dence that the composite projectile interaction with the
tegrals forE/A=4 MeV in 1-MeV bins and forced a loga- nucleus can be regarded as an incoherent sum of individual
rithmic fit with the constraint that it is zero at about nucleon interactions. This result is also confirmed by analy-
650 MeV/nucleon. This gave ul,’;/3A=672i 34 MeVfm®  ses of°Li elastic scattering42], which gave~600 MeV as
and B=104+5 MeV fm>. This result is shown as a solid the energy for the transition from attractive to repulsive po-
line in Fig. 5. tential.

The rationale of the previous paragraph would be com-
pletely true if all the slopes were the same, but the slopes are
different. As the mass of the projectile increases, the slope
decreases, indicating a quenching of the potential. There are
two possible reasons for this effect. First, the Pauli blocking

Figure 6 gives the composite picture of all light-ion vol- effects in a composite projectile reduce the effective interac-
ume integrals as a function of the energy per nucleon. Intion. This can also be explained as the exchange of projectile
cluded here are the results of an earlier review of nucleomucleons with those of the target. The second reason can be
elastic scattering potential89]. In that analysis, a logarith- that the reduction of the interaction results from the breakup
mic dependence of the volume integrals on beam energy wast the projectile. Evidence for this effect is presented by
obtained with J}=872+44 MeVfm® and B=136=7  folding-model analyses. Potentials calculated with the fold-
MeV fm? for protons. For neutrons, the corresponding valuesng model are generally too large to fit the experimental data.
are 773-39 MeV fm? and 1206 MeV fm?, respectively. Investigators have argued that the potential normalization of

The most prominent feature of Fig. 6 is that the volumeless than unity required to fit the data is a direct consequence
integrals of all light-ion projectiles become zero at about theof the breakup of the projectilgt3].
same energy per nucleon (600—700 MeV/nucleon). This is It is also observed in Fig. 6 that equal-mass projectiles do
not surprising because if the interaction of a nucleon goes taot have the same energy dependence. Overall, the neutron

IV. SYSTEMATICS OF LIGHT-ION REAL VOLUME
INTEGRALS
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potential is weaker than the proton potential, and the tritorpef'ned', Even at the highest energies there is a S|gr1|f|(?ant
potential is weaker than théHe potential. This can be un- spread in their values. Howeyer, their energy and projectile-
derstood in terms of the isospin effect. The isospin effecin@Ss dependences can still be derived. They show no
arises basically from the nucleon-nucleon interaction. It isProjectile-mass dependence. In spite of the large spread in
well known that the proton-neutron interaction is about thre¢he low-energy imaginary volume integrals, they all seem to
times as strong as the proton-proton and neutron-neutron ifghow an increase with energy up to about 10 MeV per
teractions. Thus the interaction of a prot@r He) with a  nucleon. After that they show a negligibly weak energy de-
neutron-rich nucleus will be stronger than the interaction of gpendence. We carried out least-squares fit to the volume in-
neutron(or triton). Most of the lighter nuclei havBl=Z, but  tegrals forE/A=10 MeV. In this analysis we included only
heavier nuclei are generally neutron rich. The potential pavolume integrals between 10 MeV fmand 200 MeV fnd,
rameters used in the present study have been derived frobecause values outside this range are expected to be unreli-
elastic scattering from a wide range of nuclei, including bothable. The fits for protons and particles show a very small
N=2Z and the neutron-rich ones. Therefore some averagmcrease with energy, while those for neutrons, deuterons,
isospin effect is expected to be present in the results. Thand *He show a slight decrease. Thus an approximation that
differences between the neutrdtriton) and proton $He)  the volume integrals for all projectiles remain constant for
potentials can thus be attributed to this isospin effect. Howenergies beyond~10 MeV/nucleon seems to be valid.
ever, it is not a very drastic effect for the present analysisTherefore we carried out a statistical analysis of the volume
because the difference is only about 10%. integrals forE/A=10 MeV to derive an average value and
standard deviation. The results far particles is shown in
V IMAGINARY VOLUME INTEGRALS Fig. 7. The Iow-v_anergy fifshown as a solid lineindicates

that the volume integrals have an energy dependence of the

The imaginary volume integrals are not as well defined byform Jy,/A A= —33+56 In[E/A) for E/A<12 MeV. For

the data as the real volume integrals. For energies belowhe energy region 12—400 MeV/nucleon, a constant value of
~10 MeV per nucleon, the absorption is mainly localized in106+ 26 MeV fi® is obtainedshown as a dashed linerhe
the nuclear surface, so that the interior part of the Woodsaverage high-energy values for neutrons, protons, deuterons,
Saxon imaginary potential is largely undetermined. Thereand °He are 9123, 113+23, 12430, and 127
fore the volume integrals of the imaginary potentials, par-+25 MeV fm?, respectively. It is expected that the triton
ticularly those with volume form factors, are not well imaginary volume integrals will be similar.
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400 value of the real volume integrals is observed. This can be
attributed to either the Pauli blocking effect in the projectile
o imaginary volume integrals or the breakup of the projectile in the field of the nucleus.
350 - 1 Projectiles with the same mass and different isospins have
different volume integrals at the same energy. Bbith Z

and neutron-rich nuclei were used in the elastic scattering
300 - 1 studies. Thus an overall effect of neutron excess of the target
nuclei should be manifested in the results. Because the iso-
spin component of the potential for protons afke are
positive (attractive while those for neutrons and tritons are
negative(repulsive, a trend where the protorfkle) poten-

tial is stronger than the neutrdtriton) potential is expected.

250 - L 8

(MeV fm°)

200 . * ] The imaginary volume integrals exhibit the same behavior
a . : for all projectiles. They increase from zero at the lowest
2150 | ' HEE * energies to about 100-150 MeVinat about 10 MeV per
e, g : . nucleon and remain essentially constant beyond that.
L From an utilitarian point of view, this study provides po-
--5 —f— s-—— - tentials for nuclear reaction calculations involving light ions
ti and nuclei across the periodic table in either the distorted
$’ ) wave Born approximation or impulse approximation. Figure
i 6 provides the volume integrals for any light ion at any en-
ergy up to 1 GeV. By assuming reasonable radius and dif-
fuseness parametearg anda,, one can calculate the strength
V, of the potential. This can be done directly for tNe=Z
projectiles, deuterons, ands. For nucleons, it is safe to take
an average of the proton and neutron volume integrals, viz.,
E/A (MeV) JR/A=822 MeVfn? and =128 MeVfn?t. The corre-
sponding average values f&x=3 projectiles areJ%/SA
=687 MeV fn? and 3=106 MeV fn?. Of course, for these
odd-A projectiles one must then add the volume integral of
VI. SUMMARY AND CONCLUSION the isospin term,JS(N—.Z)/A, whereN, Z, and A are the
values for the appropriate target nucleus. Results from pre-
We have carried out a review of all light-ion elastic scat-vious studies [39] seem to suggest a value of
tering potentials by calculating the volume integrals per200-400 MeV fni for J5. For the imaginary potential, one
nucleon pair from potential parameters available in the lit-can deduce the parameters by assuming a volume integral of
erature. These volume integrals were plotted as a function of 120 MeV fnt for E/A=10 MeV.
energy per nucleon of the projectiles. A logarithmic depen-
d_ence of thel real_ volume integrals on energy hgs been de- ACKNOWLEDGMENTS
rived for all light-ion scatterings. The zero crossing for the
transition from attractive to repulsive occurs at the same en- This work was supported by the U.S. National Science
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