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Global optical model potential for A = 3 projectiles
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A global optical model potential (GDP08) for 3He projectiles has been obtained by simultaneously fitting
the elastic scattering data of 3He from targets of 40 � AT � 209 at incident energies of 30 � Einc � 217 MeV.
Uncertainties and correlation coefficients between the global potential parameters were obtained by using the
bootstrap statistical method. GDP08 was found to satisfactorily account for the elastic scattering of 3H as well,
which makes it a global optical potential for the A = 3 nuclei. Optical model calculations using the GDP08 global
potential are compared with the experimental angular distributions of differential cross sections for 3He-nucleus
and 3H-nucleus scattering from different targets of 6 � AT � 232 at incident energies of 4 � Einc � 450 MeV.
The optical potential for the doubly-magic nucleus 40Ca, the low-energy correction to the real potential for nuclei
with 58 <∼ AT <∼ 120 at Einc < 30 MeV, the comparison with double-folding model calculations and the CH89
potential, and the spin-orbit potential parameters are discussed.
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I. INTRODUCTION

During the past four decades the optical model has been
extensively used in the analysis of elastic and inelastic scatter-
ing of pions, nucleons, and heavier particles by nuclei over a
wide range of energies [1]. Optical model potentials (OMPs),
which are supposed to account for the elastic scattering of
the projectile-target system, are widely used to generate the
distorted waves used to analyze the cross sections of many
reactions, and these analyses have proved to be a powerful
tool to extract nuclear structure information [2–4].

One of the great strengths of the optical model is that it
is possible to fit elastic scattering by many nuclei over a
range of energies with parameters that vary smoothly with
A,Z, and incident energy. This makes it possible to obtain
global potentials that are very useful in reaction analysis since
distorted waves are often required for energies and target nuclei
for which no elastic scattering measurements are available.
Global potentials are also important in large-scale calculations
[5,6], in which it is very difficult to obtain optical potentials
by individual fitting of elastic scattering data, even if the
experimental data needed exist. Global potentials for nucleons
(A = 1) [7–11] and deuterons (A = 2) [12,13] have been
developed by different authors. However, despite sustained
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efforts [14–18], there is no satisfactory global potential for the
A = 3 nuclei, namely, 3He and 3H, that is suitable for a large
enough range of targets and incident energies.

The measurements performed during the past forty years
form a database of angular distributions of elastic scattering
differential cross sections and polarization data of 3He and
3H nuclei that covers a large range of target masses and
incident energies. This makes the quest for a systematic
optical potential for A = 3 nuclei possible. The computer
code MINOPT [8], a combination of the optical model program
OPTICS [19] and the well-known parameter minimization
program MINUIT [20], was successfully used to develop the
CH89 nucleon-nucleus systematic potential. We have used
it to simultaneously fit 106 sets (4578 data points in total)
of 3He elastic scattering cross-section angular distributions
from targets with 40 � AT � 209 and incident energies of
30 � Einc � 217 MeV with 15 parameters. The resulting global
potential, GDP08, was found to satisfactorily reproduce the
elastic scattering data of both 3He and 3H nuclei. As a test and
application of GDP08 in direct nuclear reactions, Lee et al. [21]
show that ground-state proton spectroscopic factors extracted
by comparing to distorted-wave Born approximation (DWBA)
calculations using GDP08 with the experimental data of the
(3He,d) reaction in Ref. [22] are in reasonable agreement with
the values predicted by large-basis shell-model calculations
using the computer code OXBASH [23].

The GDP08 parametrization, guided by double-folding
calculations and previous work of CH89, is discussed in
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Sec. II. In Sec. III we show the database used in the present
analysis. The optimal parameter values of GDP08 and its
comparison with elastic scattering and reaction cross-section
data are shown in Sec. IV. Section V is dedicated to discussion,
and conclusions of the present work are given in Sec. VI.

II. PARAMETRIZATION OF THE GLOBAL POTENTIAL

A. Form of the optical model potential

The phenomenological optical model potential is defined
as

U (r) = −Vrfws(r, R0, a0) − iWvfws(r, Rw, aw)

− iWs(−4aw)
d

dr
fws(r, Rw, aw)

− 2(Vso + iWso)

(−1

r

d

dr
fws(r, Rso, aso)�l · �σ

)
+ VC,

(1)

where

(i) Vr , Wv , and Ws are depths of the real, volume-imaginary,
and surface-imaginary parts, respectively, of the central
potential;

(ii) Vso and Wso are the real and imaginary part of the spin-
orbit potential;

(iii) VC is the Coulomb potential given by

VC(r) =



ZP ZT e2

r
(r � RC),

ZP ZT e2

2RC

(
3 − r2

R2
C

)
(r � RC),

(2)

where ZP and ZT are charge numbers of the projectile
and targets nuclei, respectively, and RC is the Coulomb
radius of the target nuclei; and

(iv) fws is the Woods-Saxon form factor,

fws(r, R, a) = 1

1 + exp (r − R)/a
, (3)

with R and a being the radius and diffuseness parameters
of the potential. Vr , Wv , Ws , Vso, and Wso have their
corresponding R and a values, distinguished by their
subscripts as is shown in Eq. (1).

B. Guidance from the double-folding calculations

The double-folding potential (DFP) is the superposition
of the nucleon-nucleon interaction between nucleons of the
projectile and their counterparts of the target nuclei with their
nuclear density distributions:

VDF(E, �r) =
∫

ρ1(�r1)ρ2(�r2)v12(ρ,E, �s)d�r1d�r2, (4)

where ρ1 and ρ2 are density distributions of the projectile and
the target nuclei, respectively, v12 is the effective nucleon-
nucleon interaction, which can have energy and density
dependence, and �s = �r2 − �r1 + �r with �r being the distance
between the center of mass of the projectile and target
nuclei. The double-folding model that accounts for the density

dependence of the NN interaction and properly treats nonlocal
exchange effects [24] has been shown to account well for the
real part of the nucleus-nucleus optical potential when using a
modern effective interaction such as CDM3Y6 [25]. It is thus
meaningful to use the double-folding model as a guide for
the parametrization of the real part of the global OMP, such
as its form of energy and target-mass dependencies. Double-
folding model calculations of the 3He-nucleus potentials were
performed using the computer program DFPD2 [26] with the
CDM3Y6 nucleon-nucleon interaction. The nuclear density
distribution of 3He was taken to be of Gaussian form [27]:

ρ(r) = ce−αr2
, (5)

with c = 0.20816 fm−3 and α = 0.53047 fm−2; these parame-
ters correspond to a root-mean-square (RMS) radius of 3He of
1.68 fm. The nuclear density distributions of the target nuclei
were calculated by using a Hartree-Fock program based on the
Skyrme parametrization [28].

The real part of the optical model potential is most
commonly parametrized with a Woods-Saxon (WS) form:

V (r) = V0

1 + exp[(r − R)/a]
, (6)

where V0, R, and a are depth, radius, and diffuseness of the WS
potential. Since the purpose here is to use the DFP as a guide
for the energy and mass dependence of the global potential,
we take the DFP at r = 0, V

(0)
DF , as the WS potential depth V0;

that is,

V
(0)

DF ≈ V0

1 + exp(−R/a)
≈ V0,

although they are not exactly the same when we are fitting
VDF(r) using the function in Eq. (6).

Another important quantity in the study of optical potentials
is the volume integral of the potential (denoted as JV and JW

for the real and imaginary parts of the potential, respectively):

JV (E) = 1

AP AT

∫
V (E, �r)d�r,

JW (E) = JWV (E) + JWS(E) (7)

= 1

AP AT

∫
[Wv(E, �r) + Ws(E, �r)]d�r

where AP and AT are mass numbers of the projectile and
target, respectively. JV and JW are supposed to be independent
of the projectile and target and are therefore useful to compare
different optical potentials for different nuclei.

1. Energy and mass dependence of the double-folding potential

The DFP of the 3He projectile at 20, 40, 100, 200, and
400 MeV with different targets of 6 � AT � 208 were calcu-
lated to study the mass dependence of V

(0)
DF and JV . The results

are shown in Fig. 1. One can see that, for the same incident
energy, these two quantities depend strongly on AT when
AT � 40 and tend to be a constant for heavier targets. Figure 2
shows the energy dependence of V

(0)
DF and JV for the 12C, 58Ni,

and 208Pb targets from 10 to 450 MeV. This result suggests a
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FIG. 1. Mass dependence of the depth (V (0)
DF ) and volume integral

(JV ) of the DFP for 3He. Energies of 3He, from top to bottom, are 20,
40, 100, 200, and 400 MeV.

linear function would be a fair approximation for the energy
dependence of the real part of a global potential for 3He.

2. The isospin asymmetry term of the real potential

The isospin asymmetry terms in the global optical model
potential [see Eq. (12)] are important for extrapolating the
potential to nuclei that are far away from the valley of stability.
Figure 3 shows V

(0)
DF and JV of the DFP for 3He with the Ni,

Sn, and Pb isotopes with different ε = (NT − ZT )/AT values
at an incident energy of 100 MeV. One can see that the DFP
for these isotopes shows a weak dependence on target isospin,
which is mixed with a strong A dependence. In practice we
found that the isospin asymmetry term of the real potential
is not well determined by experimental data. We thus do not
include the isospin asymmetry term for the real potential in
the GDP08 parametrization.

C. Global parameters of the GDP08 potential

The parametrization of the present global optical potential
for the A = 3 projectiles, GDP08, is taken from the global
nucleon-nucleus potential CH89 with the guidance of double-
folding calculations. Since we are using the same program
that produced the CH89 global nucleon-nucleus potential,
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FIG. 2. Energy dependence of the depth (V (0)
DF ) and volume

integral (JV ) of the DFP for 3He and 12C, 58Ni, and 208Pb targets.
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FIG. 3. Target isospin dependence of the DFP of 3He with the Ni,
Sn, and Pb isotopes at incident energy of 100 MeV.

it is natural to use a similar parametrization for global
potential of helions and tritons. Moreover, this allows one
to directly compare the resulting global potential for these
A = 3 projectiles with the CH89 potential. The differences
may reveal some information about the projectile structure
effects on optical model potentials. More information on these
parameters are in Ref. [8]. Note that all energies quoted in the
text, or in the equations, are laboratory energies.

1. The real central potential

Taking into account the guidance of the folding model
calculations, we find that the real central potential will be
adequately parametrized with a linear energy dependence and
no isovector dependence:

Vr = V0 + Ve(E − EC), (8)

where EC , the Coulomb correction to the incident energy, is

EC = α
6ZP ZT e2

5RC

(9)

in which α was found to be unity in CH89 and the Coulomb
radius was fixed to be

RC = rcA
1/3
T + r (0)

c , (10)

with rc = 1.24 fm and r (0)
c = 0.12 fm. In CH89, these

parameters were determined by least-square fitting of the
accurately determined two-parameter Fermi charge densities
from electron scattering from nuclei in the mass range
40 � AT � 209. We use the same function for RC for the
3He-nucleus scattering.

The Coulomb correction to the incident energies is in-
troduced to account for the energy-dependent and charge-
independent nature of nuclear forces. It ensures that we
evaluate the nuclear potential of the 3He and 3H projectiles
at the same effective incident energy on a target. Failure
to account for this in an energy-dependent potential will
introduce spurious effects on isospin-dependent parts of the
potential. The form of the Coulomb correction in Eq. (8) has
been used in studies of global nucleon-nucleus potentials (e.g.,
Refs. [9,29]). Note that Eq. (9) is equivalent to a ZT A

−1/3
T term
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in the real potential that has been introduced in previous work
such as Refs. [17,30].

The radius of the central real potential consists of a term
that is proportional to A

1/3
T and an offset term:

R0 = r0A
1/3
T + r

(0)
0 . (11)

The diffuseness parameter a0 was assumed to have no
dependence on either AT or E.

2. The absorptive central potential

The depth of the imaginary potential is parametrized as

W (E, r) = Wv(E)fws(r, Rwv, awv) + Ws(E)fws(r, Rws, aws)

= Wv0

1 + exp
(

Wve0−(E−EC )
Wvew

)fws(r, Rwv, awv)

+ (Ws0 ± Wstε)

1 + exp
( (E−EC )−Wse0

Wsew

)fws(r, Rws, aws), (12)

where ε = (NT − ZT )/AT is the isospin asymmetry of the
target nucleus, the + and − signs are for (3He,3He) and
(3H,3H) scattering, respectively, and Wv and Ws , as functions
of incident energy, are depths of the volume and surface imag-
inary potentials, respectively. This form of energy dependence
satisfies the criterion of smoothness of the volume integral of
the imaginary potential in E. In CH89, Wv was assumed to
be isoscalar for consistency with results from medium-energy
proton scattering. We make the same assumption here.

The volume and surface imaginary potentials were assumed
to have the same geometry parameters:

Rwv ≡ Rws = Rw = rwA
1/3
T + r (0)

w , (13)

and, analogous to that of the real potential, the diffuseness
parameters awv ≡ aws = aw were assumed to be independent
of AT and E.

3. The spin-orbit potential

The spin-orbit potential is parametrized as

Vso = Vso0 + VsoeE, (14)

and its geometry parameters are

Rso = rsoA
1/3
T + r (0)

so , (15)

with aso being a constant.
The spin-orbit potential parameters in Eq. (14) and

Eq. (15) were found to be not well defined by the experimental
data used in the present analysis and were set to be zero in the
global fitting procedure. They are discussed in Sec. V D.

4. Parametrization of GDP08

According to the previous considerations, the GDP08
global potential is parametrized by using 15 parameters in
the following equations:

Vr = V0 + Ve(E − EC), EC = 6ZP ZT e2

5RC

,

R0 = r0A
1/3
T + r

(0)
0 , a0 = a0,

Wv = Wv0

[
1 + exp

(
Wve0 − (E − EC)

Wvew

)]−1

,

Ws = (Ws0 ± Wstε) ×
[

1 + exp

(
(E − EC) − Wse0

Wsew

)]−1

(+ for 3He and − for 3H),

ε = (NT − ZT )/AT , Rwv = Rws = rwA
1/3
T + r (0)

w ,

awv = aws = aw, RC = 1.24A
1/3
T + 0.12. (16)

III. EXPERIMENTAL DATABASE AND ANALYSIS
PROCEDURES

A. Database for 3He-nucleus elastic scattering

We have made an effort to collect nearly all the experimental
angular distributions of differential cross sections of the
3He-nucleus elastic scattering that could be found in the
electronically available literature. All the data points were
obtained by digitization of the figures or taken from tables
in the individual papers except for the data of 3He elastic
scattering from 12C, 58Ni, and 90Zr at 443 MeV [31], from 13C
at 450 MeV [32], from 14N at 26.3 MeV, and from 20Ne at
25.83 MeV. These data were taken from the EXFOR library
[33]. In total, there are 515 sets of angular distributions, which
are depicted in Fig. 4 as points in the Einc − AT distribution
plot, where the filled points represent the data included in the
present global analysis whose references are listed in Table I.
Many of the data in the figures were in ratio-to-Rutherford
units (dσ/dσR). For those cases they have been converted to
absolute units by

dσ

d�
(θi) =

(
dσ

dσR

)
i

× dσR

d�
(θi),

for each data point at center-of-mass angle θi , where the
differential Rutherford cross section was calculated by

dσR

d�
(θi) = 1.2959

×
(

ZP ZT

Einc × AT /(AT + AP )

)2/
sin4(θi/2), (17)

 10
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E
in

c 
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FIG. 4. Energy and target mass distributions of the angular
distribution of differential cross sections collected for 3He-nucleus
scattering. The bigger filled points represent the data included in the
present analysis.
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TABLE I. Database of the 3He-nucleus scattering included in the present analysis and their corresponding Q2 values
[see Eq. (18)] with the GDP08 global potential.

Target E Q2 Ref. Target E Q2 Ref. Target E Q2 Ref.

40Ca 31 131.9 [36] 58Ni 109.2 29.7 [16] 89Y 217 49.6 [40]
40Ca 32.9 110.7 [41] 58Ni 119 26.0 [17] 90Zr 29.8 32.3 [45]
40Ca 34.4 140.0 [36] 58Ni 130 37.8 [51] 90Zr 33.3 16.8 [46]
40Ca 37.7 114.0 [34] 58Ni 217 31.4 [40] 90Zr 37.4 35.1 [44]
40Ca 39.3 151.8 [36] 58Fe 37.7 67.3 [44] 90Zr 43.7 62.7 [34]
40Ca 41 184.8 [39] 59Co 29.5 33.0 [45] 90Zr 109.2 20.0 [16]
40Ca 51.4 98.1 [35] 59Co 34.8 45.1 [45] 90Zr 119 32.2 [17]
40Ca 65.3 77.6 [37] 59Co 37.7 87.2 [54] 90Zr 130 36.2 [51]
40Ca 73.2 121.5 [35] 59Co 50 91.1 [55] 90Zr 217 35.7 [40]
40Ca 83.5 238.7 [35] 59Co 119 33.7 [17] 91Zr 33.3 12.8 [46]
40Ca 109.2 25.1 [16] 60Ni 29.5 67.9 [45] 91Zr 37.7 17.1 [30]
40Ca 130 89.5 [38] 60Ni 33 20.8 [53] 92Zr 119 54.7 [17]
40Ca 217 24.2 [40] 60Ni 33.7 42.7 [50] 105Pd 39.7 10.2 [57]
44Ca 33.1 51.1 [42] 60Ni 35.1 71.3 [45] 114Cd 29.7 7.6 [45]
45Sc 37.7 108.6 [43] 60Ni 49.7 68.0 [56] 115In 29.8 14.8 [45]
46Ti 37.7 76.5 [30] 60Ni 50 61.2 [55] 115In 35.3 7.5 [45]
48Ca 33.1 89.0 [42] 60Ni 119 24.2 [17] 116Sn 29.8 31.5 [45]
48Ti 37.7 93.5 [44] 61Ni 39.7 62.2 [57] 116Sn 35.2 16.7 [45]
50Ti 37.7 85.4 [30] 62Ni 30 32.5 [58] 116Sn 109.2 59.1 [16]
54Fe 29.6 68.4 [45] 62Ni 33 18.6 [53] 120Sn 130 17.2 [51]
54Fe 37.7 65.8 [30] 62Ni 33.7 37.1 [50] 120Sn 217 78.5 [40]
54Fe 33.3 43.0 [46] 62Ni 37.7 26.2 [30] 144Sm 53.4 54.0 [59]
56Fe 33.5 65.9 [48] 62Ni 119 32.9 [17] 148Sm 53.4 32.3 [60]
56Fe 37.7 36.5 [34] 63Cu 33.3 18.5 [50] 197Au 39.7 10.5 [57]
56Fe 53.4 61.9 [47] 64Ni 33 22.3 [53] 205Tl 78.4 19.5 [61]
58Ni 33 32.9 [53] 64Ni 33.7 35.2 [50] 207Pb 33.3 54.1 [46]
58Ni 33.7 84.6 [50] 64Ni 119 37.2 [17] 208Pb 33.3 17.1 [46]
58Ni 34.1 84.0 [52] 64Zn 33.2 90.7 [50] 208Pb 47.5 79.1 [63]
58Ni 37.4 46.3 [44] 65Cu 33.3 24.4 [50] 208Pb 49.2 74.8 [62]
58Ni 37.7 29.5 [34] 66Zn 33.2 105.5 [50] 208Pb 71.1 48.0 [64]
58Ni 41 76.0 [39] 68Zn 33.2 59.6 [50] 208Pb 130 37.9 [51]
58Ni 43.7 48.0 [34] 89Y 29.6 21.7 [45] 208Pb 130.5 45.0 [62]
58Ni 51.3 67.1 [49] 89Y 33.3 8.7 [46] 208Pb 217 37.2 [40]
58Ni 73.2 77.0 [35] 89Y 43.7 37.6 [34] 209Bi 33.3 56.7 [46]
58Ni 83.5 81.3 [35] 89Y 119 81.9 [17] 209Bi 71.1 49.6 [64]
58Ni 89.3 41.7 [16]

with AP,T and ZP,T being the mass and atomic numbers of
the projectile and the target, respectively.
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FIG. 5. Energy and target mass distributions of the angular
distribution of differential cross sections collected for 3H-nucleus
scattering.

The radioactive nature of 3H severely limits the number
of 3H-nucleus elastic scattering data, compared to those for
3He. Only 68 sets of angular distributions were found in the
literature; these are shown in Fig. 5 as points. Simultaneous
fitting of both 3He and 3H scattering should better constrain
the isospin asymmetry terms of the global potential. However,
because the 3H scattering database is relatively small and most
of these data are at low energies where the energy dependence
of the real potential is not clear at present (see Sec. V B), we
did not include these data in the global analysis. We will show
in Sec. IV F that the present GDP08 parameters account for
these 3H scattering data rather well.

B. Data included in the fitting procedure

The range of the present analysis (i.e., 40 � AT � 209
and 30 � Einc � 217 MeV) was determined by the following
considerations:
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FIG. 6. Energy dependence of the relativistic effect of the DFP
for 3He from 12C, 58Ni, and 208Pb targets. See the text for details.

(i) According to the double-folding calculations, as is
shown in Fig. 1, the parametrization of the depth of the
real potential, which is based on the assumption that Vr

does not depend on the mass of the target, is only valid at
large AT values. For this reason only data corresponding
to AT � 40 were considered in this fitting procedure.

(ii) It was found that the real potential depth of the 3He-
nucleus optical potential deviates from the linear energy
dependence at low energies starting from around 30 MeV
for nuclei of mass AT ∼ 58 [18,39,65]. To avoid this
complexity, in the present analysis we only include the
elastic scattering data with Einc � 30 MeV.

(iii) When the incident energy of 3He is high enough,
relativistic effects, at least the relativistic kinematics,
have to be taken into account. Again we use double-
folding model calculations for our guidance. Figure 6
shows the differences of V

(0)
DF and JV of the DFP for 3He

on 12C, 58Ni, and 208Ni targets at incident energies from
10 to 450 MeV, that is,

�V
(0)

DF = 100 × [
V

(0)
DFrel

− V
(0)

DFnonrel

]/
V

(0)
DFrel

,

�JV = 100 × (JVrel − JVnonrel )/JVrel ,

where the quantities calculated with and without taking
into account relativistic kinematics are discriminated by
“rel” and “nonrel” in their subscripts, respectively. One
can see that for most of the experimental data in the
present analysis the relativistic effect is smaller than 5%,
except for the data at 217 MeV, for which the relativistic
effect is around 5.2% for the heavy targets. We thus do
not include the 443- and 450-MeV data to avoid the
explicit treatment of the relativistic effects.

The optical model program OPTICS used in MINOPT is
nonrelativistic. The relativistic effects were not taken into
account in the present work for the following reasons [8]:
(i) As has been shown by double-folding calculations, the
relativistic effect for the data under consideration is small,
and (ii) part of our goal is to provide, for this energy range,
a potential useful in nuclear physics calculations, which are
usually made with Schrödinger equations. However, we will
show that when taking into account the relativistic kinematics
the GDP08 global potential can reproduce the experimental
data at 443 and 450 MeV rather well.

Within this range the 40Ca, 44Ca, and 48Ca data at 50.4 MeV
[66] and 52Cr data at 59.8 MeV [56] were not included
because they were found to always give much larger Q2 values
compared to the Q2 values of these targets at other energies
and of the other targets at nearby energies. The 150Sm, 152Sm,
and 154Sm data at 53.4 MeV [60] and the 166Er and 176Yb data
at 90.0 MeV [67] were not included because these nuclei have
large deformations and the optical model used in OPTICS may
not be suitable for them.

We included all data points at all angles for all the
experimental data except for data points of (i) the 40Ca data
at 31.0, 32.9, 34.4, 39.3, 41.0, and 83.5 MeV with center-
of-mass angles (θc.m.) larger than 100◦, (ii) the 66Zn data at
33.2 MeV with θc.m. larger than 142◦, and (iii) the 148Sm
data at 53.4 MeV with θc.m. larger than 106◦. The criterion
of removing those data points was merely the corresponding
Q2 values of these data sets. One can see from Table I that
even when removing data points at larger angles the Q2 values
of data sets in cases (i) and (ii) are still among the largest in
the whole database. The reason for case (iii) is that the error
bars for the removed data points are much larger than the data
points at smaller angles and inclusion of those data points also
results in values of Q2 that are too high.

Note that although isospin asymmetry dependence has been
introduced in the parametrization of the GDP08 potential
(Sec. II C4), users of this global potential should always be
cautious when applying it to nuclei that are far away from
the stability line because almost all data included in the
present analysis are for nuclei that are near the valley of
stability.

C. Uncertainties of the experimental data

Besides the normal statistical and systematic uncertainties,
the experimental data have additional uncertainties introduced
by the digitization process we used. By checking some of the
data carefully and sometimes repeating the digitization several
times we estimate the digitization errors to be less than 0.5◦
in determining the angles and less than 5% in determining the
differential cross sections. For illustration, we use the data for
51V(3He,3He)51V scattering at 29.6 MeV [45]. In Ref. [45]
the authors presented the differential cross sections both in
tables in absolute units and figures in ratio-to-Rutherford units.
The comparison between the tabulated and digitized data are
shown in Fig. 7. In this case, the standard deviations of the
uncertainties of the scattering angles and differential cross
sections are 0.476◦ and 2.29%, respectively. Of course, the
digitization errors also depend on the quality of the figures.

Different data sets measured by different groups with
different facilities may have different systematic uncertainties.
This can be approximately corrected by the Q2 renormal-
ization method described in Ref. [8]. In most of the papers
only the statistical uncertainties were reported. However, the
elastic scattering measurements were usually made with high
statistical precision, which makes the statistical uncertainties
unimportant except for some data at backward angles. Because
of these considerations, we assume a uniform uncertainty of
5% for all the data sets in the fittings.
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FIG. 7. Comparison of tabulated data (open points) and digitized
data (closed points) of the angular distributions of 3He elastic
scattering from 51V at 29.6 MeV [45]. The digitized data were
converted from dσ/dσR to absolute units.

D. Fitting procedures

The experimental data were simultaneously fitted by using
the computer program MINOPT by minimizing the following
quantity:

Q2 = 1

N

N∑
i=1

1

Mi

Mi∑
j=1

[
σ

exp
ij − σ th

ij ( �p)
]2

�σ 2
ij

, (18)

where N is the number of angular distribution sets, Mi is the
number of data points of the ith angular distribution, and σ

exp
ij

and σ th
ij are the values of differential cross sections of the j th

point in the ith set of data (with experimental error of �σij )
and its corresponding theoretical value calculated using the
vector of parameters �p. The quantity Q2 is usually referred
to as χ2. However, as has been pointed out in Ref. [8], Q2

has a χ2 distribution only when each term of Q2 is normally
distributed with a standard deviation of one and a mean of
zero. In the search of global potential parameters, where a
certain amount of experimental data with different systematic
uncertainties are fitted simultaneously, the quantity Q2 does
not have these desirable properties, so we named it differently.
For the entire database, N = 106, but Q2 can be applied to
individual data sets as well, using N = 1.

We started the fitting procedures by using the parameters
of the CH89 nucleon-nucleus potential as the initial values
with the depth parameters V0, Wv0, and Ws0 multiplied by 3
and Vso taken to be 2.0 MeV fm2, including all the parameters
in the parametrization of CH89. Then we did numerous test
fittings using different initial values. This procedure eventually
helped us to find the most likely region of the optimum
potential parameters. Also in this process we found that the
spin-orbit potential and the isospin asymmetry term of the real
potential, which exist in the CH89 parametrization, are not well
determined by the experimental data included in the present
analysis. For this reason we did not include these parameters
in the final parametrization of GDP08.

Once we found the nearly optimal global potential, we
performed a large number of test fittings with the initial values
of the parameters randomly chosen in this region. This process
eventually provided us with several candidates for the best set

of parameters, with each of these parameter sets satisfying the
convergence criteria of the MIGRAD strategy of MINUIT [20].

One of the unique features of the MINOPT program is
that it can estimate the uncertainty of the parameters and
the parameter correlations [8]. The candidates for the best
global potentials were then tested by performing searches
using the best global values randomly changed by 10% as
initial parameter values. The results were then checked to
see whether the parameter values were consistent, within the
estimated uncertainties, with the best values. In this way we
determined the best global potential, which is reported in the
next section.

IV. RESULTS

A. Parameters of GDP08

The final GDP08 parameters and uncertainties are listed
in Table II. The uncertainties are standard deviations of the
bootstrap distributions for each parameter, as are shown in
Fig. 8.

B. Uncertainties and correlation coefficients between
the global parameters

There are at least three facts that make the study of the un-
certainties and correlations between the parameters important:
(i) The potential parameters are derived from experimental
data with uncertainties, (ii) the optical model we are using is
not a complete description of the scattering for every target
at all energies, and (iii) there are known correlations between
the parameters, for example, the VrR

n ≈ constant relation
between the real potential parameters [68], that make a high-
precision determination of the optical potential parameters
impossible by only using elastic scattering data.

The definition of parameter uncertainty and correlation
coefficients can be found in Ref. [8]. For convenience, we give
a brief summary of the discussion here. A common measure

TABLE II. Parameters of the GDP08 global optical potential
for the A = 3 nuclei.

Parameter Value Uncertainty Units

V0 118.3 1.3 MeV
Ve −0.13 0.01
r0 1.30 0.01 fm
r

(0)
0 −0.48 0.05 fm

a0 0.82 0.01 fm
Wv0 38.5 3.9 MeV
Wve0 156.1 11.9 MeV
Wvew 52.4 8.2 MeV
Ws0 35.0 1.1 MeV
Wst 34.2 8.0 MeV
rw 1.31 0.02 fm
r (0)
w −0.13 0.10 fm

aw 0.84 0.01 fm
Wse0 30.8 4.7 MeV
Wsew 106.4 8.0 MeV
rc 1.24 fixed fm
r (0)
c 0.12 fixed fm
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FIG. 8. Bootstrap distributions of the GDP08 optical model parameters. The horizontal axes show x = p/p − 1, where p is the mean value
of the parameter in the bootstrap distribution. They are scaled to show x values within the interval [−0.5, 0.5]. The point x = 0 is shown by the
dashed line. The solid lines show the standard error interval. The bootstrap was performed with 1000 samples of the 106 angular distribution
database.

of the uncertainty of a quantity x is the standard deviation,

σ =
(

1

N

∑
i

(xi − x)2

)1/2

, (19)

where x estimates the mean value of x from N repeated
measurements. If the distribution of xi over i = 1, 2, . . . , N is
normal (Gaussian) the standard deviation is the half-width of
an interval that contains 68% of all the observations [i.e., the
probability P (x − σ < x < x + σ ) = 0.68].

If two or more quantities are measured simultaneously, both
the uncertainty in each and the degree to which variations in
one parameter, x, can affect determination of another, y, should
be described. The relation between x and y is usually described
by the correlation coefficient,

ρ(x, y) =
∑

i(xi − x)(yi − y)[∑
i(xi − x)2

∑
i(yi − y)2

]1/2 , −1 � ρ � 1,

(20)

in which the sum is over N repeated measurement pairs
(xi ,yi). Here ρ = +1 indicates perfect correlation of x and
y in the same direction, and ρ = −1 means they are perfectly
anticorrelated. Correlation coefficients are useful in two ways:
(i) as a measure of the interdependence of two variables and
(ii) in the propagation of uncertainty for functions depending
on both x and y.

In MINOPT the uncertainties and correlations coefficients
of the global potential parameters can be calculated by
using the bootstrap uncertainty analysis method [69–71]. The
correlations show whether the global optical model parameters
in GDP08 are strongly interdependent and allow estimates
of the uncertainties for functions of the parameters such as
the volume integrals JV and JW . The importance and the
application of the uncertainties and correlation coefficients

were discussed thoroughly in Ref. [8]. Here we only give the
results for the GDP08 potential, listed in Tables II and III and
visualized in Figs. 8 and 9. Note that in the global analysis
of GDP08 the well-known strong anticorrelations between the
central-well depth V0 and its radius R0 = r0A

1/3
T + r

(0)
0 for

single angular distributions is weakened [ρ(V0, r0) = −0.3,
ρ(V0, r

(0)
0 ) = −0.1], presumably because of the large variation

of nuclear radii over 40 � AT � 209. Thus the well depth V0

and the radii r0 and r
(0)
0 are determined independently and

without ambiguity. This was also found in the CH89 global
nucleon-nucleus potential [8].

Similar to those found in the CH89 global nucleon-nucleus
potential [8], the least well determined parameters in the
GDP08 potential are those for (i) the energy dependence
of the absorptive potential (Wve0, Wvew, Wse0, and Wsew),
(ii) the offsets of the radius parameters (r (0)

0 and r (0)
w ), and

(iii) the isovector components of the absorptive potential
(Wst). The case (i) is partially a consequence of the irregular
distribution of the data in energy. Comparison of the energy
dependence of the absorptive potential (see Fig. 10) with the
distribution of the data (see Fig. 4) shows that the variation
of Ws and Wv with energy is greatest where there is the least
amount of data, around 130 to 200 MeV. Case (ii) is because
r

(0)
0 and r (0)

w are highly correlated with r0 and rw, respectively,
as is shown in Table III and Fig. 9. Finally, although Wst is
poorly determined, its uncertainty is consistent with those in
the other depth parameters.

C. GDP08 prediction of elastic scattering data

In this section we compare the experimental data with the
results of optical model calculations using the GDP08 global
potential. The calculations were made using FRESCO [72] as
a cross-check of the optical model code OPTICS incorporated
in MINOPT. We compare the calculations with experimental
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TABLE III. Correlation coefficient estimated for best-fit parameter values in GDP08. For corresponding parameters and uncertainties,
see Table II. All correlation coefficients of absolute value less than 0.1 have been omitted. The uncertainty of any single element is ±0.1.

V0 Ve r0 r
(0)
0 a0 Wv0 Wve0 Wvew Ws0 Wst Wse0 Wsew rw r (0)

w

Ve −0.3
r0 −0.3 −0.4
r

(0)
0 −0.1 0.4 −0.9

a0 0.5 0.4 −0.6 0.3
Wv0 −0.3 0.5 −0.1 0.1 0.2
Wve0 −0.2 −0.2 0.2 −0.1 −0.2 0.5
Wvew – −0.3 0.1 −0.2 – 0.4 0.8
Ws0 −0.1 0.1 – 0.1 −0.2 −0.1 −0.3 −0.6
Wst 0.2 – 0.1 −0.2 – −0.2 −0.2 −0.3 –
Wse0 −0.1 −0.2 0.2 −0.1 −0.4 – 0.2 −0.1 −0.1 −0.3
Wsew −0.1 −0.4 0.2 −0.1 −0.5 −0.3 0.4 0.3 −0.1 0.2 0.1
rw – −0.2 0.1 −0.1 0.1 0.2 0.3 0.5 −0.2 −0.7 0.2 −0.2
r (0)
w 0.1 0.4 −0.3 0.2 0.2 −0.1 −0.3 −0.3 0.1 0.6 −0.4 – −0.9

aw −0.1 −0.5 0.1 – −0.4 −0.3 – −0.1 – – 0.1 0.4 – −0.3

data corresponding to targets with mass AT from 6 to 208 and
covering a broad range of incident energy to test the reliability
and the prediction power of the GDP08 global potential. The
results are shown in Figs. 11–14.

Whenever possible, we compare with one of the most fre-
quently used global potentials for 3He published by Becchetti
and Greenlees (BG) [14], which was obtained by systematic
study in the region of AT > 40 and Einc < 40 MeV, namely,

Vr = 151.9 − 0.17E + 50(NT − ZT )/AT , r0 = 1.20,

a0 = 0.72, Wv = 41.7 − 0.33E + 44(NT − ZT )/AT ,
(21)

rw = 1.40, aw = 0.88, Vso = 2.5,

rso = 1.20, aso = 0.72, rc = 1.30.

The units of the BG parameters are the same as those of
GDP08. One can see that at low energies GDP08 and BG
potentials give similar results to the elastic scattering data;
however, the BG potential will not be able to reasonably
reproduce the experimental data when the incident energy
of the 3He projectile is higher than about 40 MeV whereas
GDP08 behaves very well at high energies for all the targets
from A = 6 to A = 208.

D. Total reaction cross sections

The total reaction cross section of 3He on targets from
9Be to 208Pb at 96.4, 137.8, and 167.3 MeV measured by
Ingemarsson et al. [94] are compared to the optical model

0V

v0W
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ve0W

(0)
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vewW

wa

(0)
0r

s0W

se0W

0a

stW
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FIG. 9. Scatter plots of correlated parameters. The figure shows the correlation of r0 with all the other parameters in a bootstrap data set
of 1000 samplings of the global database. The axes are scaled so that the correlation ellipses would be aligned along a 45◦ line if the relative
uncertainties in each pair of parameters were correctly estimated, as shown for the self-correlation of r0.
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FIG. 10. Energy dependence of the absorptive potentials for
GDP08. The volume integrals of the surface (JWS) and volume (JWV)
absorption are shown by dotted and dashed curves, respectively, and
the total absorptive volume integral (JW = JWS + JWV) is shown by
the solid line. The calculations are made for 3He scattering from 58Ni.
Coulomb corrections and the isospin asymmetry term for the surface
absorption (Wst) are included in the calculations.

predictions using the GDP08 global potential in Fig. 15. One
can see that GDP08 reproduces the total reaction cross section
data rather well for targets with AT > 100 and overestimates
the experimental data as AT decreases. From the figures we
have shown in Sec. IV C one can expect that the GDP08
should be able to reproduce the elastic scattering data at
these three energies satisfactorily. The discrepancy between
the theoretical predictions and the experimental data here
might be because the elastic scattering and total reaction

data have different sensitivities to different sets of S-matrix
elements [95].

E. Upper limit of the incident energy for the application
of GDP08

We verify here that, when taking into account relativistic
kinematics, the GDP08 parameters can be used for 3He
elastic scattering at energies where the relativistic effects
are important. Figure 16 shows the comparison between
the calculations using the GDP08 potential and the elastic
scattering data of 3He from 12C, 58Ni, and 90Zr at 443 MeV
[31], from 13C at 450 MeV [32], and from 12C, 28Si, 58Ni,
90Zr, and 208Pb at 450 MeV [96]. The calculations were
made using the computer code ECIS03 [97] with and without
taking into account relativistic kinematics, which are shown
by solid and dashed curves, respectively. One can see that
(i) relativistic effects are more important for heavy targets
than for light targets and (ii) when relativistic kinematics
were taken into account in the calculations, the phases of
the angular distributions for targets of A � 58 are greatly
improved when compared to the experimental data. The fact
that, for the 58Ni and 90Zr targets at 443 MeV, both phases and
absolute amplitudes of the differential cross sections are well
reproduced whereas for the same targets at close energy of
450 MeV only the phases are well reproduced may suggest
that there might be some normalization problem in the data
sets at 450 MeV. Note that the absolute cross sections in
Refs. [31,32] were converted to ratio-to-Rutherford units
in Fig. 16 with relativistic kinematics explicitly taken into
account for their corresponding Rutherford cross sections.

10-2

100

102

104

106

108

1010

 0  30  60  90  120  150  180

σ(
θ)

/σ
R

ut
h

θc.m. (deg)

9Be(3He,3He)9Be
4

13.2

27

32.8

46

217
100

104

108

1012

1016

 0  30  60  90  120  150  180

σ(
θ)

/σ
R

ut
h

θc.m. (deg)

6Li(3He,3He)6Li
8

12

16

20

24.6

44

217

10-4

100

104

108

1012

1016

1020

 0  30  60  90  120  150  180

σ(
θ)

/σ
R

ut
h

θc.m. (deg)

12C(3He,3He)12C

11

20

32.6

41

49.8

72

119217

FIG. 11. Comparison between the optical model calculations and experimental data of 3He elastic scattering from 6Li, 9Be, and 12C at
different energies [17,39,40,73–82]. The solid and dashed curves were calculated by using the GDP08 and BG global potentials, respectively.
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FIG. 12. Same as Fig. 11, but with 24Mg, 27Al, and 40Ca targets [16,17,34,35,37–40,51,56,57,83–90].

F. GDP08 application to triton elastic scattering

Recently, Li et al. studied the global triton optical potential
[15] using 29 parameters to fit 36 sets of 3H-nucleus scattering
data within the range 46 � AT � 232 and 2.0 � Einc � 33 MeV.
Their resulting global potential for the triton is referred to as
the Li potential in the following text. We compare calculations

using GDP08 and the Li potential with the experimental data.
The results are shown in Figs. 17–19. Again, the comparison
over a large range of AT and Einc coverages allows one to
estimate the performance of the global potential.

(i) For the 15-MeV data, GDP08 produces large oscillations
in the angular distributions that are not consistent with
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FIG. 13. Same as Fig. 11, but with 58Ni, 64Ni, and 90Zr targets [16,17,34,35,40,44,45,49–53,83,91,92].
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FIG. 14. Same as Fig. 11, but with
116Sn and 208Pb targets [16,40,45,46,62,
64,93].

the experimental data compared to the Li potential,
especially for targets of AT � 60.

(ii) For the 17- and 20-MeV data, in general GDP08 is better
than the Li potential in the sense that it reproduces better
phases of the angular distributions of the differential
cross sections. We found that the agreement with the
Einc � 20 MeV and 50 <∼ AT <∼ 120 region could be
greatly improved by reducing the depth parameter of
the real potential of GDP08. We discuss this problem in
Sec. V B.

(iii) GDP08 and the Li potential give similar results when
compared with the Einc = 33 MeV data; however, at the
higher energies of 36 and 38 MeV, GDP08 begins to be
better than the Li potential. We recall that the surface
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FIG. 15. Comparison between optical model calculations using
the GDP08 global potential and measurements of the 3He-nucleus
total reaction cross sections [94] at 96.4, 137.8, and 167.3 MeV. The
experimental data are shown in points with different symbols and
model calculation results are represented by solid curves.
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FIG. 16. Comparison between the optical model calculations
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curves were calculated using ECIS03 with and without taking into
account relativistic kinematics, respectively. The differential cross
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FIG. 17. Comparison between the optical model calculations and the experimental data of 3H elastic scattering from different targets at
Einc = 15 and 17 MeV [98–110]. The solid and dashed curves are results calculated using GDP08 and the Li potential, respectively. All data
are shown as points with the same style. Different data sets are offset by factors of 10n with n variable for optimum view.

imaginary part of the Li potential,

Ws = 37.06 − 0.6451Einc − 47.19(NT − ZT )/AT ,

makes the Li potential not applicable as soon as Einc is
larger than 57 MeV. In practice, by comparing to the 3He-
nucleus scattering data, we found that the Li potential
could not give reasonable predictions to the experimental
data for energies larger than around 40 MeV. We show
in Fig. 20 that GDP08 works well at higher incident
energies. The data are from 14C elastic scattering from
the 3H target at 334.4 MeV, which corresponds to the
incident energy of 3H being 71.7 MeV for the 14C target
[112]. The shape of the experimental angular distribution
could be well reproduced by the GDP08 potential, but
the differential cross sections should be normalized by
a factor of around 1.4 to get an acceptable reproduction
of the absolute cross sections. This may not mean that
GDP08 does not work well for this case because the
authors declared in their text that “The obtained results
are preliminary, because the absolute cross section will
be measured with higher accuracy” [112].

Note that some data, for example, the 68Zn data at 17 MeV,
which were shown to be reproduced rather well with the Li
potential using the computer code APMN [119] in Ref. [15],
were not reproduced as well by using the same potential
with the computer code FRESCO. This may be because
APMN takes into account both compound nucleus elastic
scattering and shape elastic scattering whereas the results
shown in this work were calculated with only shape elastic
scattering.

V. DISCUSSION

A. The doubly-magic nucleus 40Ca

Among all the data included in the present analysis, the
40Ca data at energies between 31.0 and 83.5 MeV are always
those with the worst fit (see Fig. 12). We then did regional
fittings with 40Ca data only, keeping the same parametrization
as in the global fitting except that in this case the Wst parameter
is irrelevant and was set to be zero. The resulting parameters
are listed in Table IV and the fits to the 40Ca data using these
parameters are shown in Fig. 21. One can see that the angular

TABLE IV. Optical potential parameters of the 3He-40Ca
system from regional fitting.

Parameter Value Uncertainty Units

V0 124.3 5.4 MeV
Ve −0.17 0.05
r0 1.27 0.02 fm
r

(0)
0 −0.32 0.06 fm

a0 0.82 0.02 fm
Wv0 13.1 6.4 MeV
Wve0 68.4 9.0 MeV
Wvew 21.3 4.8 MeV
Ws0 27.1 1.2 MeV
rw 1.27 0.02 fm
r (0)
w 0.40 0.05 fm

aw 0.77 0.02 fm
Wse0 52.0 11.2 MeV
Wsew 169.7 47.4 MeV
rc 1.24 fixed fm
r (0)
c 0.12 fixed fm

024615-13



PANG, ROUSSEL-CHOMAZ, SAVAJOLS, VARNER, AND WOLSKI PHYSICAL REVIEW C 79, 024615 (2009)

10-12

10-8

10-4

100

104

108

1012

 0  30  60  90  120  150  180

σ θ
/σ

R
ut

h

θc.m. (deg)

E3H=20 MeV

96Zr

116Sn

118Sn

120Sn

122Sn

124Sn

182W

207Pb

208Pb

10-16

10-12

10-8

10-4

100

104

108

1012

 0  30  60  90  120  150  180

σ θ
/σ

R
ut

h

θc.m. (deg)

E3H=20 MeV
12C

40Ca

52Cr

54Fe

62Ni

64Ni

90Zr

92Zr

94Zr
10-9

10-6

10-3

100

103

106

109

1012

 0  30  60  90  120  150  180

σ θ
/σ

R
ut

h

θc.m. (deg)

E3H=33 MeV
12C

16O

19F

20Ne, 33.4 MeV

22Ne, 33.4 MeV

24Mg

FIG. 18. Same as Fig. 17, but with Einc = 20 and 33 MeV [100,111,113–116].

distributions at energies between 31.0 and 83.5 MeV have been
greatly improved. Note that the optical potential parameters
obtained in this regional fitting are highly constrained by the
larger number of low-energy data (with incident energies of 9
out of 13 sets of data being below 80 MeV). This leads to the
unexpected poor fits to the 109.2- and 130-MeV data.

As pointed out by Trost et al. [18], a doubly-magic nucleus
like 16O or 40Ca has a larger gap between its ground and
first excited states as compared to other stable nuclei with
AT > 10, leading to reduced couplings between the elastic
and nonelastic scattering channels, and thus requiring smaller
absorption strength. This can be seen in Fig. 22, in which
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the upper panel compares the imaginary part of the 3He-40Ca
potential as a function of incident energy calculated using the
global parameters in Table II (labeled with “glb”) and the
regionally fitted parameters in Table IV (labeled with “rgl”).
The lower panel compares the corresponding Q2

rgl/Q
2
glb values

for each data set. It is clear that the best fit of the data always
requires the smaller JW value whether it is in the global fitting
or in the regional fitting. Here might be a good place to
point out that the global potential, which does not take the
different structure of every particular nucleus into account
and is parametrized using smooth forms of energy and mass
dependence, is thus only supposed to give reasonable instead
of perfect fits to the individual data.
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B. Energy dependence of the real potential at low energies

We found that GDP08 tends to underestimate the differ-
ential cross sections at large angles for 3He scattering from
targets with AT >∼ 50 when the incident energy is smaller than
around 30 MeV. This is illustrated in Figs. 13 and 14. We
also found that the fits for these energies can be improved by
just reducing the depth of the real potentials of GDP08. These
observations led us to study this problem by looking at the
JV value. Figure 23 depicts JV as a function of the incident
energy for 3He elastic scattering from an 58Ni target, where
the points are results of individual fitting of the experimental
data by Trost et al. [18] and the solid curve is calculated
using the GDP08 global parameters. One can see that GDP08
is consistent with the individual fitting results rather well at
higher energies down to around Einc = 30 MeV, but at low
energies they are not consistent because for the latter JV drops
sharply as Einc decreases. For the same target, this corresponds
to a sharp drop of the depth parameter of the real potential with
a decrease of the incident energy.
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FIG. 23. JV as a function of the incident energy for 3He elastic
scattering from 58Ni. The solid curve represents the result of the
GDP08 global potential and the dots are based on individual fittings
of the experimental data by Trost et al. [18]. The dashed curve is the
result of the correction for Einc < 30 MeV to the real potential of
GDP08 by Eq. (22).
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In fact, we found that the fitting of the experimental data at
the Einc < 30 MeV for targets of AT >∼ 50 could be improved
by multiplying a low-energy correction function [f (Einc)] to
the depth of the real potential of GDP08 [V GDP08

r (Einc)] while
keeping all the other parameters unchanged:

Vr (Einc) = f (Einc) × V GDP08
r (Einc),

(22)
f (Einc) = 1 − e(−E2

inc/λ).

Here λ = 254.1 ± 33.4 MeV2. This value of λ was obtained
by simultaneous fitting of 131 sets of the 3He scattering
data in the range of 58 � AT � 209 and 12 � Einc � 217 MeV
with all the 15 parameters of GDP08 fixed. Note that here
V GDP08

r = V0 + Ve × (Einc − EC). When applying the low-
energy correction to the real potential of GDP08, as is shown
by the dashed curve in Fig. 23, the results reported in Ref. [18]
are very well reproduced at low energies. The relatively large
discrepancy at 217 MeV may be related to the fact that
the authors of Ref. [18] were only using surface imaginary
potentials (Ws) in their individual fittings, whereas the result
of GDP08 shows that it is the volume absorption (Wv) that
dominates at this energy (see Fig. 10). Forcing the fitting of
data using only Ws will certainly result in a real potential that
does not follow the global behavior.

However, according to the work of Trost et al., this
additional factor might not be good for light targets because
there is a transition in the form of energy dependence of the
real potential depth from heavy to light targets (see Fig. 3 in
Ref. [18]). A comparison with the experimental data shows that
this energy correction function will degrade the prediction of
3He-nucleus scattering at low energies for targets of AT <∼ 50
and has no advantage for 3H-nucleus scattering at low energies
for targets of AT >∼ 120. We thus suggest using this low-energy
correction function only for targets with 58 <∼ AT <∼ 120. We
note that this is a rather preliminary result. A detailed study of
the energy dependence of the optical potential for the A = 3
projectiles with the attempt to expand the simultaneous fit to
the Einc < 30 MeV and/or AT < 40 region by using different
forms of energy and mass dependence of the global potential
has not been completed yet.

C. Reduction factor of JV

One of the major motivations for the study of the global
potential for the A = 3 nuclei is to provide a benchmark for
theories of elastic scattering, for example, the double-folding
model. The real part of the 3He-nucleus potential at a certain
energy Einc has been found to be shallower than the sum of
nucleon-nucleus potentials at Einc/3 [18,39,65]. Theoretical
work such as that of Perkin et al. attributed this to the internal
motions of nucleons in the projectile, the three-body term,
and the Pauli principle correction [120]. GDP08 allows us to
do this comparison within a much larger energy range. For
this purpose we define the following reduction factor of JV

for the volume integral of the real GDP08 global potential
[J GDP08

V (AT ,Einc)] and that of the potential for A = 3 nuclei

obtained by any other means [JV (AT , Einc)]:

ηJV (AT ,Einc) = J GDP08
V (AT ,Einc)

JV (AT ,Einc)
. (23)

Obviously ηJV is a function of AT and Einc.
As an example, we calculate ηJV as a function of the

incident energy Einc for 3He on a 58Ni target for (i) the
double-folding potential, η

JV

DFP, and (ii) a superposition of
the CH89 global potentials for protons (VP ) and neutrons (Vn)
at E

(1/3)
inc = Einc/3, η

JV

CH89, with

VCH89
(
E(1/3)

inc

) = 2VP

(
E(1/3)

inc

) + Vn

(
E(1/3)

inc

)
.

The double-folding calculations were described in Sec. II. The
calculated volume integrals and reduction factors are shown in
Fig. 24. One can see the following for the 3He-58Ni potential:

(i) For the reduction factor related to the CH89 global poten-
tial, η

JV

CH89, (i) η
JV

CH89 is around 0.8 when Einc is less than
around 120 MeV (40 MeV/nucleon), a result that is very
consistent with the results in Ref. [120], and (ii) η

JV

CH89
increases with increasing incident energy. Theoretical
results in Ref. [120] suggested that the reduction of JV

of the 3He potential occurs mainly because of the internal
motion of the nucleons in 3He. If this theoretical model
is correct, one would expect that the reduction should
get smaller as the incident energy increases. The fact in
Fig. 24 that η

JV

CH89 increases with increasing incident
energy thus provides strong support for that theoretical
model.

(ii) The volume integrals of the double-folding potentials are
consistent with the GDP08 global potential within 20%
in the energy range from 20 to 250 MeV.

(iii) The reduction factor related to the double-folding po-
tential, η

JV

DFP, increases with increasing incident energy
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FIG. 24. (Upper panel) Comparison between volume integrals
of the real potential of 3He with 58Ni target calculated by using
(i) the GDP08 global potential (solid curve), (ii) double-folding
model calculations (dashed curve), and (iii) the summation of the
CH89 global proton and neutron potentials (dash-dotted curve). The
energies have been scaled to Einc/AP with AP = 3 for 3He and
AP = 1 for protons and neutron. (Lower panel) Reduction factors of
the volume integrals of the real potentials. The dashed and dash-dotted
curves are for η
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TABLE V. The spin-orbit potential parameters. These parameters were obtained by fitting the same sets of
data as for GDP08 by fixing all the GDP08 parameters.

Parameter Value Uncertainty Units Correlation coefficients

Vso0 1.7 1.6 MeV fm2 Vso0 Vsoe rso r (0)
so

Vsoe −0.02 0.02 fm2 Vsoe −0.7
rso 0.64 0.29 fm rso −0.1 −0.1
r (0)

so 1.18 0.86 fm r (0)
so −0.2 0.1 −0.4

aso 0.13 0.58 fm aso 0.2 −0.1 −0.1 −0.1

and it is larger than 1.0 when Einc is larger than
100 MeV. This may suggest some corrections to the
effective nucleon-nucleon interaction used in the double-
folding calculations.

D. The spin-orbit potential

As has been stated in Sec. III D, the spin-orbit potential
was not included in the global fitting because its parameters
were found to be not well defined by the experimental data
included in the present analysis. We study the spin-orbit
potential by fitting the same set of experimental data with all
15 GDP08 parameters fixed. We have found a set of spin-orbit
potential parameters that is stable against the changes of
their initial values. The values of the spin-orbit parameters,
their uncertainties, and correlation coefficients are listed in
Table V. Although the resulting parameters have quite large
uncertainties, their values are consistent with previous studies
[39,46,50,77]. Compared to the nucleon-nucleus potentials,
Vso is around 1/3 of its counterpart in the CH89 potential [8]
and all other nucleon-nucleus potentials cited in Ref. [10].
The diffuseness parameter aso here is much smaller than those
found for nucleon-nucleus potentials [8,10].

Previous studies [39,91] have shown that improvement of
the description of elastic scattering data by including spin-orbit
potentials is negligible and mainly at the backward angles,
especially when Vso <≈ 2 MeV fm2 [44]. It is true also in the
present work. Figure 25 shows the Q2

so/Q
2
GDP08 value for each

data set and their corresponding incident energies and target
mass numbers, where Q2

so are the Q2 values calculated by
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FIG. 25. Effect of spin-orbit potentials on the elastic scattering
data viewed by Q2. See the text for details.

including the spin-orbit potentials in Table V and Q2
GDP08 are

the Q2 values calculated with the GDP08 potential only. One
can see that (i) for most data sets 0.9 < Q2

so/Q
2
GDP08 < 1.1,

which means that fittings of these data were not improved or
only slightly improved by including the spin-orbit potential,
and (ii) the data sets whose fittings were improved by including
the spin-orbit potentials are mainly in the region of AT < 70
and Einc < 80 MeV. But in the same region, there are three
data sets whose fittings were degraded when including these
spin-orbit potentials. Note that these parameters cannot be used
for incident energies larger than 85 MeV because Vso will be
negative for these energies. Polarization data are necessary to
study the global spin-orbit potential of the A = 3 projectiles
and to reduce the uncertainties obtained in the present work.

E. Effect of Coulomb corrections to the incident energies

The Coulomb potentials experienced by 3He and 3H can
have a difference as large as around 19 MeV for target
208Pb. However, since the energy dependence factor of the
real potential, Ve, is relatively small the effect of Coulomb
corrections to the real potential is not important (less than
around 2 MeV with respect to the total potential depth of
around 110 MeV). It has larger effects in imaginary potentials.
Figure 26 shows how the variations of the imaginary potentials,
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FIG. 26. Variation of Wv and Ws from Coulomb corrections as
functions of incident energy. The GDP08 potential parameters were
used here for an 3H projectile with a 208Pb target. See text for details.
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�Wv and �Ws , depend on the incident energy. The projectile
and target are 3H and 208Pb, respectively. �Wv and �Ws are
defined as the differences between potentials calculated using
the GDP08 parameters with and without taking into account the
Coulomb corrections to the incident energies, for volume and
surface imaginary potentials, Wv and Ws , respectively. One
can see that the Coulomb corrections mainly affect the volume
imaginary potential at around 170 MeV. The same is true for
the 3He projectile except that the values of �Wv and �Ws

are larger. We thus study the effect of Coulomb corrections
to the differential cross sections for 3He elastic scattering
from different targets at 130 MeV. The results are shown in
Fig. 27. It is obvious that at the same incident energy the
Coulomb correction effect increases with the increasing charge
numbers of the targets and it manifests itself mainly at larger
scattering angles.

Of course the Coulomb correction term only has meaning
in the context of fitting elastic scattering data of both 3He and
3H projectiles simultaneously, which is not the case in the
present work. However, we show in Fig. 28 that the Coulomb
correction has some positive effects on the 3H scattering as
well. The case under study is 3H elastic scattering from 208Pb
at 33 MeV [115]. From the solid curve one can see that with
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FIG. 27. Comparison between optical model calculations and
experimental data of 3He elastic scattering from different targets at
an incident energy of 130 MeV [51,62]. The solid and dashed curves
were calculated with and without Coulomb corrections to the incident
energy, respectively, using the GDP08 potential parameters. See text
for details.
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FIG. 28. Comparison between optical model calculations and
experimental data of 3H elastic scattering from 208Pb at 33 MeV
[115]. The solid and dashed curves were calculated with and without
Coulomb corrections to the incident energy, respectively, using the
GDP08 potential parameters.

the Coulomb correction taken into account the phase of the
angular distribution is better reproduced. As has been shown
in Fig. 26, the Coulomb correction effect for the 208Pb target
is most important for incident energies of around 170 MeV.
Unfortunately, no experimental data at this region could be
found for the 3H projectile. We welcome measurements of
3H elastic scattering at higher energies to test the GDP08
potential.

VI. CONCLUSIONS

In conclusion, a set of global optical potential parameters
for 3He-nucleus elastic scattering, GDP08, was obtained by
simultaneously fitting 106 sets of 3He-nucleus scattering data
covering the range of 40 � AT � 209 in the target masses
and 30 � E � 217 MeV in the incident energy. This global
potential is found to account for 3H-nucleus elastic scattering
as well, which makes it a global optical potential for A = 3
nuclei. Uncertainties and the correlation coefficients of the
global parameters were also obtained by using the bootstrap
method. We expect the GDP08 potential will be very useful to
investigators making systematic studies of nuclear reactions
involving 3He or 3H scattering from both stable targets and
radioactive beams. We discussed the special behavior of the
energy dependence of the 3He-40Ca potential, the energy
dependence of the real potential at low energies for the
AT >∼ 58 nuclei, and the spin-orbit potential parameters. We
also defined and calculated the reduction factor of the real
part of GDP08 against the double-folding calculations and the
CH89 nucleon-nucleus potential.
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