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The microscopic optical potential for ®°He with no free parameters is obtained by folding the microscopic
optical potentials of its constituent nucleons with the internal wave function of *He. We use the isospin-dependent
nucleon microscopic optical potential, which is derived by using the Green’s function method through the nuclear
matter approximation and the local density approximation based on the Skyrme nucleon-nucleon effective
interaction. The internal wave function of ®He is described in a harmonic-oscillator form. The ®He microscopic
optical potential is used to calculate the reaction cross sections and elastic-scattering angular distributions for
target nuclei in the mass range 12 < A < 209 at incident energies up to 350 MeV. The results are compared with
the experimental data and those calculated by a global phenomenological optical potential; in most cases, the
microscopic optical potential reproduces the experimental data less well than the global potential. The sensitivity
of scattering to the potentials as a function of radius has been investigated by using the notch perturbation method.
The investigation shows that the scattering is sensitive to the optical potential in the nuclear surface region. It is
concluded from the discussion that the microscopic optical potential can be improved by increasing the surface
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absorption contribution.
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I. INTRODUCTION

Optical potentials are the basis and starting point of
the nuclear reaction analysis, which can not only predict
total reaction cross sections and elastic-scattering angular
distribution directly, but also play an essential role in the
description of inelastic scattering process, transfer reaction
and compound nucleus reaction. The microscopic optical
potential (MOP) is generated theoretically based on the
nucleon-nucleon (N N) interaction, it need not be determined
by adjusting parameters to fit the available experimental data
as the phenomenological optical potential does. As a result, it
has no free parameters and does not rely on the experimental
data. Therefore, microscopic derivation of optical potentials is
a goal of nuclear reaction theory, which has great significance
in nuclear reaction analysis, especially in the study of the
nuclear reactions including unstable nuclei because the elastic-
scattering measurement of unstable nuclei is difficult.

®He is an interesting nucleus because it is a participant
in the helium-burning reaction chains in nucleosynthesis and
is one of the lightest nuclei with a halo structure. With
the development of facilities that produce radioactive ion
beams, some measurements [1-20] for *He scattering were
performed. In most cases, phenomenological optical potentials
[4,13,14,19] with the Woods—Saxon form were used to analyze
the experimental data. In addition, a few of semimicroscopic
[5,10] optical potentials were also developed, the real parts
of which were obtained by folding model and the imaginary
parts were still phenomenological ones. All of these optical
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potentials have some adjustable parameters, and most are for
one target nucleus or one incident energy point, which cannot
be applied to the other target nuclei or incident energies. Kucuk
et al. [21] provided a global phenomenological *He optical
potential (GOP) based on experimental data, which could
be used for target nuclei from '>C to **Bi and low incident
energies below 50 MeV. Recently, Su et al. [22] also obtained
a GOP by fitting the existing experimental data for incident
energies up to 250 MeV. The extent of the agreement between
the calculated results by both GOPs and the experimental data
is similar. As is known, the more experimental data there are,
the more reliable the prediction of GOP is for cases without
experimental data. Since ®He is an unstable nucleus and the
measurement of ®He scattering from target nuclei is difficult,
we hope to develop a microscopic *He optical potential
for understanding the *He-nucleus interaction, predicting the
elastic-scattering data in a wide range of target nuclei and
incident energies, and analyzing the nuclear reactions in which
®He participates in the entrance or exit channel. The purpose
of this paper is to obtain a®He MOP with no free parameters
for a wide range of target nuclei and incident energies.

In our previous work, the MOPs for nucleon [23], deuteron
[24], triton [25], helium-3 [26], and alpha [27] were obtained
by using the Green’s function method and the folding model
[28-30]. The folding model is a powerful tool to derive
optical potentials for complex nuclei. In the model, the optical
potential for a composite nucleus is considered as the sum of
the optical potentials for its constituent nucleons averaged over
their internal motion within the composite particle. This means
that the MOP for ®He can be obtained by folding the MOPs of
its constituent nucleons with their probability distribution in
®He. We have developed an isospin-dependent nonrelativistic
nucleon MOP [23] by using the Green’s function method
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on the base of the Skyrme nucleon-nucleon interaction. It
is expressed analytically and can reproduce the experimental
data fairly well. The internal wave function of ®He can be
described by using a harmonic-oscillator potential. Thus, the
MOP for %He is derived by using the folding model based on
the isospin-dependent nonrelativistic nucleon MOP with the
internal wave function of ®He described in harmonic oscillator
form. To check the predictive power and the reliability of the
®He MOP, it is applied to calculate the reaction cross section
and the elastic-scattering angular distributions for the target
nuclei from °Be to?’Bi at incident energies up to 350 MeV,
and the results are compared with experimental data.

In Sec. II, the formulation of the ®He MOP is presented.
In Sec. III, theoretical results are compared with experimental
data and discussed. Finally, Sec. IV is a summary.

II. THEORETICAL MODEL

In the folding model, the optical potential for ®°He is
expressed as

v = [ w*(é)(z v,-><p<s>d§, M

ieP

where R is the relative coordinate between the centers of mass
of °He and the target nucleus, and & denotes the internal
coordinates of ®He. V; is the optical potential between the
nucleon i in ®He and the target nucleus with the nucleon energy
being one sixth of the incident®He energy. ¢(£) is the internal
wave function of *He.

In this paper, V; is described by the isospin-dependent
nonrelativistic nucleon MOP taken from Ref. [23]. We show
the detail of the derivation of the nucleon MOP in Ref. [23],
so just a brief introduction is given here. From the viewpoint
of many-body theory, the nucleon optical potential can be
identified with the mass operator of the one-particle Green’s
function [31]. The first- and second-order mass operators of the
one-particle Green’s function in nuclear matter were derived
based on the Skyrme nucleon-nucleon effective interaction,
GS2 [32]. The first-order mass operator was used to denote
the real part of the nucleon MOP, and the imaginary part of
the second-order mass operator denotes the imaginary part of
the nucleon MOP. The MOP for finite target nuclei was then
obtained by applying a local density approximation [33]. The
nucleon MOP is isospin-dependent and expressed analytically,
which can reproduce the experimental data fairly well [23].

SHe is a 1 p-shell nucleus, two protons and two neutrons
within ®He locate at the 1s state, the other two neutrons locate
at the 1p state. The harmonic-oscillator radial wave function
of the 1s-state single nucleon is expressed as

(1) = 24/ (g) exp (—grz), @

while the harmonic-oscillator radial wave function of 1 p-state
single nucleon is expressed as

648\
¢p(r) = ﬂ<9—:> r exp (—§r2>, A3)
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FIG. 1. The relation of the coordinates of each nucleon in °He
with the internal relative coordinates &.

where 8 is the parameter of the harmonic-oscillator potential
and is defined by

maw

p=— “

with m being the mass of the nucleon and w being the frequency
of the harmonic oscillator.

The relation of the coordinates r;, r,, r3, ra, rs, and rg
of each nucleon in®He with the internal relative coordinates &
(&,.&,,&,,&,, &) is shown in Fig. 1 and denoted as

ri=R-— &+ 38, + &),
”2=R—%§5+%§4_%’§1,
rs=R— 3&5 — 36, + 36,
r4=R—%§5_%§4_%"329
"5=R+§§5+%E3,
re =R+ &5 — 3§,

&)

The internal wave function of ®He is described as the
harmonic-oscillator wave function of the six-particle system
written as

(BN (48N (A, 1,
@(é) = (ﬁ) (E) ,3(555_153)
2
<o (-hei- B fa-fa - Pa),
(6)

The parameter g is determined by
| 6
=g [ 2 - RPIp©Fas. @)
i=1

where r,, is the matter root-mean-square radius of ®°He. The
value of r,, is taken from Ref. [34], where r,, was set as
2.57 fm by fitting the measured interaction cross sections.
Thus, the corresponding value of g is 0.2397.

To get a more intuitive view of the °He structure, the
radial probability distributions (P) of ls-state protons or
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FIG. 2. Radial probability distributions of 1s-state protons and
neutrons (dashed line), 1p-state neutrons (solid line), all neutrons
(dash-dot-dotted line), and all nucleons (dash-dotted line) relative to
the full nucleon probability distribution of *He. The arrows denote
the corresponding most-probable radii.

neutrons ( Py, or Pig,), 1 p-state neutrons (Pyp,), all neutrons
(Pisn+1pn)» and all nucleons (P, ) relative to the full nucleon
probability distribution of °He are calculated. Py, and Py,
are expressed as

Piyp = Pigy = Sgs(r)*r?, ®)

Py, is expressed as

Pipn = Lp(r)Pr?, ©)

Pigpy1pn 1s expressed as Pig,11pn = Pign + Pipn, and Py, is
expressed as Py, = 2Pisn + Pip,. The calculated results are
shown in Fig. 2. It can be seen that the 1 p-state neutrons tend
to distribute farther than 1s-state nucleons. The arrows in the
figure denote the most probable radii which are determined
by

d

pm P=0. (10)
The most probable radius of 1 p-state neutrons (2.9 fm) is much
larger than that of 1s-state nucleons (2.04 fm), as a result, the
1 p-state neutrons distribute mainly in the outer region of the
nucleus, like a halo.

III. CALCULATED RESULTS AND ANALYSIS

The ®He MOP obtained in Sec. II is analyzed and used
to predict the reaction cross sections and elastic-scattering
angular distributions for different target nuclei from >C to
209Bi. The calculated results denoted by the solid lines are
compared with the existing experimental data in the following
figures.

The radial dependence of the real and imaginary parts
of the °He MOP for ®Pb at incident energies of 45, 155,
and 300 MeV is shown in Fig. 3. It can be seen that
the absolute value of the real part decreases with increas-
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FIG. 3. Radial dependence of the MOP for®He +2%Pb reaction.

ing radius and incident energy, while the absolute value
of the imaginary part increases with increasing energy of
incident °He.

The calculated result of the differential cross section relative
to Rutherford cross section for ®He elastic scattering from '2C
at incident energies from 8.79 to 250 MeV is compared with
the experimental data [3—6] in Fig. 4. The calculated result
basically reproduces the experimental data except at 18.0 MeV.
The reason for the discrepancy may be that the light nuclei
have a strong nuclear-structure effect at low incident energy
and the nuclear matter approximation used in the derivation of
the nucleon MOP cannot describe it well.

Figure 5 shows the differential cross section relative to
Rutherford cross section for ®He elastic scattering from>’ Al at
incident energies from 9.54 to 13.4 MeV. The theoretical result
is in reasonable agreement with the experimental data [7].

Figures 6-9 show the angular distributions of *He elastic
scattering from the four medium-mass nuclei®'V,%8Ni, % Cu,
and %Zn, respectively. The theoretical results are a little lower
than the experimental data [8—13] for some relatively larger
angles.

The calculated result of the differential cross section relative
to Rutherford cross section for ®°He elastic scattering from
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FIG. 4. Calculated differential cross sections relative to Ruther-
ford cross section for ®He elastic scattering from '>C at incident
energies from 8.79 to 250 MeV compared with experimental data.
The solid lines and dashed lines denote the results calculated by the
MOP and the GOP [22], respectively. The data are shifted downward
by factors of 10°, 1072, 10~*, and so on.

12081 at incident energies from 17.4 to 20.05 MeV is compared
with the experimental data [14] in Fig. 10. The calculated result
is in basic agreement with the experimental data.

Similar comparisons are made for ®He elastic scattering
from the three heavy nuclei 197 Ay, 2%pp, and 2“Bi in
Figs. 11-13. The experimental data are taken from
Refs. [15-20]. Reasonable agreement is obtained in these
cases except for back angles. The discrepancies maybe come
from the effect of breakup. The breakup effect becomes strong
for relatively heavier target nuclei at low incident energies;
however, the theoretical model used here does not consider
the excitation effect of *He.
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FIG. 5. Same as Fig. 4 but for “He elastic scattering from >’ Al
at incident energies from 9.54 to 13.4 MeV. The data are shifted
downward by factors of 10°, 10~!, 1072, and 1073,

The experimental data for the total reaction cross section
induced by ®He are very scarce. Warner et al. [35] provided a
set of experimental data for the ®He-induced reaction on 28Si
at incident energies below 350 MeV. The calculated result is
compared with the experimental data in Fig. 14. It can be
seen that the calculated result is within the error range of the
experimental data.

The ®He MOP is also used to calculate the differential cross
section relative to Rutherford cross section for ®He elastic
scattering from °Be at incident energies from 16.2 to 150 MeV.
The calculated result is compared with the experimental data
[1,2] in Fig. 15. Relatively large discrepancies can be seen.
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FIG. 6. Same as Fig. 4 but for *He elastic scattering from>'V
at incident energies of 15.4 and 23.0 MeV. The data are shifted
downward by factors of 10° and 10~
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FIG. 7. Same as Fig. 4 but for ®He elastic scattering from **Ni
at incident energies from 9.0 to 21.7 MeV. The data are shifted
downward by factors of 10°, 10~!, 1072, 1073, and 10~*.

The reason for the discrepancies may be that the reaction
mechanism is complicated for *He +°Be reaction because
®He is an unstable light nucleus and °Be is a loosely bound
light nuclei, which is beyond the range of the predictive ability
of the ®He MOP.

The theoretical results calculated by the *He MOP are also
compared with those calculated by the GOP from Ref. [22]
which are denoted by the dashed lines in the above figures.
It can be seen that the GOP results are better than the MOP
results in fitting the experimental data generally. It should be
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107 | N
£107}
\bn_: 10'32
o :

10°}
10'2

10°L

Angle (deg)

FIG. 8. Same as Fig. 4 but for °He elastic scattering from ®Cu
at incident energies from 19.56 to 30.05 MeV. The data are shifted
downward by factors of 10° 107!, and 1072,
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FIG. 9. Same as Fig. 4 but for *He elastic scattering from %Zn
at incident energies of 10.0 and 13.6 MeV. The data are shifted
downward by factors of 10° and 10~'.

noted that the GOP is obtained by fitting these experimental
data.

To investigate what correction is required to make the MOP
give a better global fit, the MOP (solid lines) is compared with
the GOP (dashed lines) for the target nucleus 20985, as shown
in Fig. 16. Because both potentials vary slowly with incident
energy, only the case of 22.5 MeV for 2”Bi is plotted. It
can be seen that the real parts of the two optical potentials
are similar, while the imaginary parts are very different. The
imaginary part of the GOP has only a surface absorption term,
while the imaginary part of the MOP consists of both surface
and volume absorption. The sensitivity of scattering to the

1
10 %

Sn(6He, elastic)

GellSRuth

0 20 4 6 80
Angle (deg)

FIG. 10. Same as Fig. 4 but for®He elastic scattering from 2°Sn
at incident energies from 17.4 to 20.05 MeV. The data are shifted
downward by factors of 10°, 10~!, 102, and 1073.
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FIG. 11. Same as Fig. 4 but for®He elastic scattering from'”’ Au

at incident energies of 10.1 and 27.0 MeV. The data are shifted
downward by factors of 10° and 10~".

two optical potentials as a function of radius is analyzed
by the notch perturbation method [36,37] for this case. The
perturbation is performed by reducing the real or imaginary
potential to O over a region of width 0.5 fm centered at
radius R. The ratio x2/ xé is used to judge the sensitivity
of scattering to a radial region, where x* and xZ are the
chi-squares corresponding to the perturbed and unperturbed
potentials, respectively. Figure 17 shows x?/x3 for real and
imaginary parts of the MOP and GOP. It can be seen that the

10’ ;
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FIG. 12. Same as Fig. 4 but for®He elastic scattering from>*Pb
at incident energies from 14.0 to 56.6 MeV. The data are shifted
downward by factors of 10°, 1071, 1072, and so on.
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FIG. 13. Same as Fig. 4 but for®He elastic scattering from>*Bi
at incident energies from 14.71 to 22.5 MeV. The data are shifted
downward by factors of 10°, 10~!, 1072, and so on.

sensitive radial region for the real part of the MOP is 5-14
fm, and the x?/x3 nearly remains at unity for the imaginary
part of the MOP. In addition, the sensitive radial region for the
real part of the GOP is 12—-14 fm and for the imaginary part of
the GOP it is 11-15 fm. We replace the real part of the MOP
by the GOP in the radial region of 5-14 fm and replace the
imaginary part of the MOP by the GOP in the radial region
of 11-15 fm separately, and get the elastic-scattering angular

0- ......... L L L
0 100 20

E (MeV)

FIG. 14. Calculated total reaction cross sections for *He +28Si
compared with experimental data. The results calculated by MOP
and GOP are denoted by the solid line and dashed line, respectively.
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FIG. 15. Same as Fig. 4 but for °He elastic scattering from °Be
at incident energies from 16.2 to 150 MeV. The data are shifted
downward by factors of 10°, 1072, and 10~

distributions denoted by dash-dot-dotted and dash-dotted lines
in Fig. 18, respectively. It can be seen that the calculated result
still fails to fit the experimental data in the intermediate-angle
region when the real part is replaced, whereas good agreement
is obtained when the imaginary part is replaced. This suggests
that the surface absorption contribution must be increased in
the MOP to get a better global agreement. It is expected that
the underestimation of the surface absorption is because the
breakup effect is not considered in the derivation of the MOP,
which exactly plays its role in the nuclear surface region. The
x?/x¢ for the imaginary part of the MOP increasing very little
in the radial region of 11-15 fm is because the imaginary part
of the MOP is small in this region, which leads to a weak
perturbation.
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FIG. 16. Comparison of the MOP (solid lines), GOP [22] (dashed
lines), and KD-fold (dash-dotted lines) for’He +2%Bi reaction at the
incident energy of 22.5 MeV.

A single-folding potential (KD-fold for short) based on
the KD global nucleon potential [38] that is known to work
reasonably well and the internal wave function of °He given
in Sec. II is also obtained and shown by the dash-dotted lines
in Fig. 16. It can be seen that the real part is similar to the
MOP and GOP, whereas the imaginary part is a little larger
than the MOP and less than the GOP in the radial region
of 11-15 fm. Figure 19 shows the comparison of calculated
elastic-scattering angular distributions using the three optical
potentials with the experimental data for >Bi at 22.5 MeV.
The KD-fold result is a little better than the MOP result for
the intermediate-angle region and worse for larger angles in
fitting the experimental data. The fact that KD-fold also cannot
reproduce the experimental data well further indicates that the
breakup coupling effect which is not considered in the model
is closely related to the discrepancy.
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FIG. 17. Radial sensitivity of the differential cross sections of
®He elastic scattering from?*Bi at the incident energy of 22.5 MeV
to the MOP and GOP. The solid and dashed lines show the results
of perturbing the real and imaginary parts of the MOP, respectively,
while the dash-dotted and dash-dot-dotted lines denote the results of
perturbing the real and imaginary parts of the GOP, respectively.

IV. SUMMARY

The microscopic optical potential for °He with no free
parameters is obtained by the folding model. In the model,
we use the isospin-dependent nucleon microscopic optical po-
tential, which is derived by using the Green’s function method
through the nuclear matter approximation and the local density

10° J— _?ogBi(sHe, elastic)
: D E=22.5 MeV
\§.
. :
Z
010" —wmor TRyl
& ----GOP
————— im-change
----- real-change
10'2 ......... [ [P P
0 50 10 150

Angle (deg)

FIG. 18. The differential cross sections relative to Rutherford
cross section forHe elastic scattering from**Bi at the incident energy
of 22.5 MeV. The solid and dashed lines denote the results calculated
by the MOP and GOP [22], respectively. The dash-dot-dotted line
denotes the result calculated by the MOP with the real part replaced
by the GOP in the radial region of 5-14 fm. The dash-dotted line
denotes the result calculated by the MOP with the imaginary part
replaced by the GOP in the radial region of 11-15 fm.
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FIG. 19. The differential cross sections relative to Rutherford
cross section for ®He elastic scattering from 2®Bi at the incident
energy of 22.5 MeV. The solid, dashed, and dash-dotted lines denote
the results calculated by the MOP, GOP, and KD-fold, respectively.

approximation based on the Skyrme nucleon-nucleon effective
interaction. The probability distribution of the nucleons within
®He is described by harmonic-oscillator wave function. To
check the predictive power and the reliability of the *He
microscopic optical potential, it is used to calculate the reaction
cross sections and elastic-scattering angular distributions for
target nuclei in the mass range 12 < A < 209 at incident
energies up to 350 MeV, the theoretical results are in reasonable
agreement with the experimental data generally except for the
medium and heavy nuclei at some relatively larger angles. The
predictive ability for lighter target nucleus *Be is also checked,
and relatively large discrepancy of the calculated results and
the experimental data is observed. Therefore, the MOP is not
appropriate for target nuclei with mass number less than 12.
The theoretical results calculated by the *He MOP are also
compared with those calculated by the GOP. The GOP can
reproduce the experimental data better generally. The radial
dependence of the MOP is compared with that of the GOP,
and the sensitivity of scattering to the two optical potentials
as a function of radius is analyzed by the notch perturbation
method. When the imaginary part of the MOP is replaced by
the GOP in the sensitive radial region from 11 to 15 fm, good
agreement between the theoretical result and the experimental
data is obtained. It is concluded from the comparison and
discussion that the MOP can be improved by increasing the
surface absorption contribution, which is expected to come
from the breakup effect.
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