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a-particle nuclear surface absorption below the Coulomb barrier in heavy nuclei
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An analysis of all available «-particle-induced reaction cross sections on nuclei within the mass number
range 121 < A < 197, below the Coulomb barrier, is carried out. This analysis leads to an optical potential that
describes the a-particle elastic scattering at low energies as well and both elastic-scattering and reaction data
for 45 < A < 124. The energy dependence of the surface imaginary potential depth is proved to be essential for
understanding «-particle interaction behavior below the Coulomb barrier.

DOI: 10.1103/PhysRevC.82.014606

I. INTRODUCTION

While the interactions of « particles with nuclei have
been of special interest from the earliest days of nuclear
physics, their unified description has been expected for two
decades [1]. However, even today their reaction cross sections
predicted below the Coulomb barrier can differ by one order
of magnitude. This happens because the one-body complex
optical potential that describes the combined effect of the
Coulomb and nuclear field is still uncertain at these energies.

As a matter of fact, the widely used phenomenological
optical model potential (OMP) parameters are mainly derived
from the analysis of elastic-scattering angular distributions,
which are ruled out below the Coulomb barrier B. The
extrapolation to very low energies of global potentials from
higher energies is not appropriate owing to the strong change
in the number of open reaction channels close to the Coulomb
barrier. This fact leads to a strong energy dependence of
the OMP imaginary part [2], which takes into account all
nonelastic interactions globally and accounts for the effect of
removing flux from the elastic channel. Thus, an «-particle
optical potential within this energy range can be validated
only by analyzing reaction cross sections. However, because
of their scarcity and small size owing to the Coulomb barrier
penetration, the analysis of these reaction cross sections
is challenging. Alternatively, besides its basic interest, an
accurate account of the «-particle OMP is highly required
by many nuclear astrophysics applications, as well as by the
nuclear engineering design of fusion test facilities.

In fact, the present study complements a similar work
carried out for target nuclei 45 < A < 124 [2], and the OMP
parameters given hereafter are suitable for the whole mass
range. Both articles follow a former systematic study [3] that
focused exclusively on the «-particle elastic scattering on
nuclei in the mass region A ~ 100 and energies from ~14
to 32 MeV. However, none of these works has addressed
an eventual failure to describe reaction data and the related
OMP features. Under these circumstances, we first considered
a semimicroscopic OMP with a double-folding model (DFM)
real part using an advanced version with the explicit treatment
of the exchange component ( [4] and Refs. therein). A semimi-
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croscopic analysis of the experimental «-particle elastic
scatteringon A ~ 100 nuclei at energies below 32 MeV led to a
suitable energy-dependent phenomenological OMP imaginary
part that also used the dispersive correction to the microscopic
DFM real potential. Second, a full phenomenological analysis
of the same data provided a regional OMP parameter set [3,5]
that can be used in further nuclear-reaction model calculations.
Next, A ~ 50-120 nuclei and energies from ~13 to 50 MeV
were subjected to the same analysis, which also included an
ultimate statistical-model (SM) assessment of available («,y),
(ae,n), and (o, p) reaction cross sections for target nuclei from
8¢ to '"8Sn and incident energies below 12 MeV [2]. An
additional analysis of («,y) and («,n) reaction cross sections
close to B, measured meanwhile for %Mo, 1128n, and '3In
[6,7] nuclei, reconfirmed this OMP appropriateness [8,9].

In the following we present a first analysis of the available
a-particle-induced reaction cross sections on nuclei with the
atomic mass number 121 < A < 197, atomic number Z > 51,
and around B, using an optical potential that describes also
the -particle elastic scattering. The extension of the previous
OMP [2] to heavy nuclei is discussed in Sec. II along with the
basis of the SM calculations involved in the present work. A
further OMP amendment is described in Sec. III, emphasizing
the role of («,y) reaction analysis for the understanding of the
a-particle optical potential at the lowest energies. Conclusions
are given in Sec. [V.

II. MODELS PARAMETERS AND ANALYSIS OUTLINE

A. OMP extension for heavy nuclei

The separation between the elastic-scattering above B and
reaction cross-section analyses below B [2,3], where the OMP
parameters resulting from the former are involved in the latter,
have emphasized the OMP parameters responsible for the
difficulties incurred in describing reaction data. As a result,
the energy dependence of the diffuseness ag of the real part of
optical potential and the depth W, of derivative-shape surface
imaginary potential has to be modified for E. ., /B <0.9 to
obtain an optical potential that describes equally well the
low-energy «-particle-induced reactions and elastic scattering
data. Additionally, it is necessary to determine if similar
changes occur when the Coulomb barrier for heavier target
nuclei increases.

©2010 The American Physical Society
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FIG. 1. (Color online) The A dependence of energies E; (dash-
dotted) below which the depth W), is constant, E, (solid) corre-
sponding to 0.9B, E5 (dashed), and E, (dotted) given in Table I and
the energy ranges (thick bars) of the («,x) reaction data involved in
this work for A > 113, as well as formerly analyzed (thin bars) and
additionally checked in Ref. [2] for A < 90.

An extension of the semimicroscopic analysis that uses
the DFM real potential for the whole mass region 50 <
A < 209 nuclei and energies from ~8 to 50 MeV has also
been carried out [10] with no DFM adjustable parameter or
normalization. The analysis included the available a-particle
elastic-scattering angular distributions for 13 target nuclei
from '32Ba until ?Bi. The results of the same two-step OMP
approach [3,8], shown in Figs. 1 and 2 of Ref. [10], actually
endorse the previous regional parameter set. Minor changes
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were necessary only for the depth and diffuseness of the
optical-potential real part, as given in Table I, with effects
found to be larger only for A > 132.

Second, the aforementioned OMP parameters were used to
carry out a first SM analysis of all available a-particle-induced
reaction cross sections on 15 nuclei with 121 < A < 197 [11].
One should note that the increased B values associated with
medium nuclei move the energy range of interest close to
~20 MeV (Fig. 1). Moreover, we have to limit our analysis
to ~25 MeV because of the pre-equilibrium emission effects
that may trigger additional problems for the SM-calculated
reaction cross sections. However, because of the scarcity of
(e, y) reaction data available with higher precision at these
energies, which as a matter of fact exist only for 271, '#4Sm,
and %7 Au, we first needed to take into account the most recent
data for '3In [7].

B. Statistical model input parameters

The experimental «-particle-induced or (n,«) reaction
cross sections have not been previously taken into account [3]
because of the problems associated with the remaining param-
eters needed in SM calculations [12]. For the same reason,
we used a consistent set of local SM parameters established or
validated on the basis of independent experimental information
on, for example, neutron total cross sections, y-ray strength
functions based on neutron-capture data, and low-lying level
and resonance data. Of particular interest for the present work

. FIG. 2. (Color online) Com-
E parison of measured [7,11] and
(a,c) calculated («,y) and (o,n)
3 reaction cross sections for the tar-
] get nuclei '"!"In nuclei, using

the OMPs of Refs. [22] (dotted
curves), [23] (dash-dotted), and
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TABLE I. Optical potential parameters obtained by fit of the a-particle elastic-scattering and reaction cross sections on nuclei with
45 < A < 209, at energies E < 50 MeV, in addition to the Coulomb potential of a uniformly charged sphere of reduced radius rc = 1.3 fm.
The energy-range limits* are in MeV. An asterisk used as superscript follows the parameters which were changed with respect to the optical

potential of Ref. [2].

Potential depth

Geometry parameters

(MeV) (fm)
Vi =16540.733Z/A'® — 2.64E, E < E; rr = 1.18 + 0.012E, E <25
=116.5+0.337Z /A3 — 0.453E, E > E; =148, E > 25
a; =0.631+0.016Z/A"3 — (0.001Z/A'?)E,, E < E,
=0.631+0.016Z/A'3 — (0.001Z/AY?)E, E, <E<E,
=0.684 — 0.016Z/A'? — (0.0026 — 0.00026Z/A'*)E, E > E4
Wy =2.73 — 28843 + 1.11E ry = 1.34
ay = 0.50
W) =2.541.0° E < E, rp=1.52
=222+457TA3 —7T446E, +6E, E, <E<E, ap=0.729—0.0744'3
=222+ 4.57AY3 — 1 446E, E>E,

AE} = —3.28 — 0.762A'3 + 1.24E,, E» = (2.59 + 10.4/A)Z /(2.66 + 1.36A/3), E; =222+ 0.181Z/A'/3, E; =29.1 — 0.22Z/A'3.
W, = 3.5 for A < 130 while W, = 1.5 fits better the data for A > 130.

has been the analysis of these data for all stable isotopes of,
for example, Cd, Sn, and Te [13]. Actually, the systematical
analysis of this neutron-capture data basis was carried out
to obtain a suitable normalization of accurate y-ray strength
functions using independent experimental data within the same
energy range as the («,x) reaction cross sections which are the
subject of this work.

The global and local OMPs of Koning and Delaroche
[14] have usually been used for neutrons, while the y-
ray-transmission coefficients are obtained with a dominant
electric dipole transition strength function fgi(g,) given by
the giant dipole resonance model with an energy-dependent
Breit-Wigner (EDBW) line shape [15,16]. Moreover, we used
the usual normalization procedure of fus1, fg2, ..., relative to
the dominant E'1 contribution to calculate the radiative width
I75"Y of the s-wave neutron resonances and to analyze thus

the experimental average values '’ [17]. Next, systematic
EDBW-model correction factors were established assuming
that they are given by the ratio Fsp = I‘%p / FEODBW. It should
be noted that the radiative width predicted for nuclei without
resonance data are rather close to the results given by an
interpolation formula proposed by Gardner and Dietrich [15]
and available optionally within an updated version of SM code
STAPRE-H95 [18] used in this work. Finally, the correctness of
the adopted y-ray strength functions has been proved by the
consistency of the calculated and measured neutron-capture
cross sections.

As far as the nuclear level density is concerned, the back-
shifted Fermi gas (BSFG) formula was used for excitation
energies below the neutron-separation energy, with the param-
eters a and A [19] obtained by a fit of the recent experimental
low-lying discrete levels [20] and s-wave nucleon resonance
spacings Dg [17]. The smooth-curve method was adopted [21]
for nuclei without resonance data, leading to a values of the
even-even, odd-odd, and odd-mass nuclei that were next kept
fixed during the fit of low-lying discrete levels.

Because consistent model calculations should concern the
available data for all reaction channels and isotopes of an

element, our analysis has included the earlier measured cross
sections [11] for other isotopes of the same element, for
example, the ''*!15In and '2!:!23Sb, and various channels on
the same target nucleus as («,xn) on 1218h with x = 1,2 and
(er,y) and (a,n) on *La. The agreement of the calculated
and accurately measured cross sections for the ground and
isomeric states of 113115 [Figs. 2(b) and 2(d)] confirms the
SM calculation accuracy and consistency.

C. Comparison of a-particle OMPs for heavy nuclei

The aim of the present analysis is twofold. Apart from
setting up an optical potential that can accurately describe both
the elastic-scattering and «-particle-induced reaction data,
it also aims to understand the reasons why predictions of
a-nucleus potentials [22,23] frequently used for heavier nuclei
(e.g., Ref. [24]) are at variance with the measured reaction
data. It is for this reason that we start this discussion by
comparing the results obtained for ''*!'5In (Fig. 2) using
the OMP parameters of Refs. [22,23] and our own findings
(Table I). We found that the present parameters provide a
better data account at lowest energies in comparison with the
well-known four-parameter global potential of McFadden and
Satchler [22], while there is a similar description at energies
closer to B. The OMP of Ref. [23], which has the same
imaginary potential [22] but a lower real potential, leads
to smaller reaction cross sections (Figs. 3-5), as usual for
energies below the barrier [25-28].

III. THE OMP AMENDMENT FOR HEAVY NUCLEI

A. (a,y) reactions

The («,y) reaction data for A > 121, below the Coulomb
barrier, are available only for '?’I, *°Xe, '¥La, '*Sm, and
197 Au. Actually, the overall good agreement between the mea-
sured and calculated cross sections (Figs. 3—5) has confirmed
the present a-particle OMP obtained by elastic-scattering
data analysis within the whole range 45 < A < 197 except
for the lowest-energy-limit value of the surface imaginary

014606-3



M. AVRIGEANU AND V. AVRIGEANU

PHYSICAL REVIEW C 82, 014606 (2010)

E(c.m.)/B
0.49 0.74 0.99 1.24 100 0.93 1.11 1.30
1000 og: McFadden+ (1966) _ ims=3 - - -ogasE>B
........ o 100 .
100 7
n(.
e
A Calboreanu+(1984) 10k )
10 o Ismail (1990) 5 This work E
& Singh+(1997) =~ Rauscher (2003}
A Hassan+(2006) A Calboreanu+(1984) .
e Tarkanyi+(2009) 1k o Ismail (1990) . FIG. 3. (Color online) Compar-
1 This work E <& Singh+(1997) b ison of calculated «-particle total
— - - Rauscher (2003) (b) 4 Hassan+(2006) reaction cross sections using the OMP
8 12 16 20 15 18 21 parameters of Ref. [22] (thin solid
0.75 . 0.99 J;."ﬁ 060 090 ,,_.1.'51 curves), those obtained for energies
SR- McFajden+(1?E§L.—- - - -ogasExB -~ -~ 3 above the energy limit E, (Table I)
- - -ogasEsB //" . on » 1 by elastic-scattering analysis alone
~~~~~~~~ s ] (dashed), and their final values (dot-
10k 127| 131 3 ted), as well as of the measured [11]
R : o, Cs 3 ’
___ 1oor = /'{' . C( IY) 1967 ] and calculated cross sections of (c,x)
'g , 3 Vi alson+ ( )-g reactions by using the OMP of this
= 123Sb (a,n)1 26| ~ 3 work (solid) and Rauscher [23] (dash-
© 5 lsmail (1990) 0.1k 3 dotted) for the target nuclei '>""1?3Sb,
, e Singh+ (2006) /' / ] 1271, 136Xe, and '*’La. The dash-dot-
10 This work ] L .:’. ' This work - dotted curve for the target nucleus
— -~ Rauscher (2003) (o IR Rauscher(2003)(d) 1271 (d) corresponds to the OMP of
5 1I6 2-0 0.001 1‘1-0 1-5 2-0 this work and a 20% decrease of
072 096 121 057 086 115 the radiative width of s-wave neutron
. 'Ba||+' i 95-9)/’-./,,'.._.-—1-— T --- -.GR aS-E>-B T ', - — =T '(f): :ﬁsonarncest;lsrfl:dﬂfofr Eotrim;llézatii)nng
100 s { 100........ iy 4 © y-ay strength tunetion {see texb).
o ot McF adden+ (1966) R Ity
& . 1139 142, 7
108 7 - - -ogasEsB E 10k 7 La(oc,n) Pr 3
3 ’ ........ on m  Furukama (1966)
I . | R A Verdieck+ (1967)
1 This work 1
—-—- Rauscher (2003) A o Daly+ (1968)
136 140
0.1k Xe(o,y) Ba 41 0.1k
e Sulhon,
/ o)
0.01r This work E
- 4 O| — - — - Rauscher(2003)3
12 16 20 10 15 20
E (MeV)

potential depth Wp,. It can be well established by means of the
(e, y) reaction study at «e-particle energies where this reaction
cross section stands actually for the «-particle total reaction
cross section. The «-particle total reaction cross sections
corresponding to the parameters given in Table I are shown in
Figs. 3-5 and offer a straightforward view of a given reaction
weight and its sensitivity to the «-particle OMP. Unfortunately,
while there have been several A < 120 target nuclei (*°Fe,
8,62,64Nji, "9Ge, %Ru, '°°Cd, ''2Sn) with measured («,y)
reaction data well described by the W, value of ~3.5 MeV [2],
only the available data corresponding to the target nucleus
144Sm are useful in this respect for A > 130. These data can
be described by using a value Wp ~ 1.5 MeV as shown in
Fig. 4(c). As a result, we adopt the value (2.5 = 1.0) MeV
for the lowest-energy limit of this parameters, as shown in
Table I. Further experimental reaction cross sections should

provide better parametrization constraint and make possible a
physical insight of the corresponding trend.

A different case is that of the available («,y) reaction data
for the other target nuclei '?’I, 1**Xe, '*La, and '’ Au at a-
particle energies where the («,y ) reaction cross sections are at
least two orders of magnitude smaller than the a-particle total
reaction cross sections which go mainly in the («,n) reaction
channel. In this case the SM-calculated «-particle capture-
reaction cross sections depend on the y width as well. The
results obtained for '>"I and '°” Au with ~20% either decreased
or increased s-wave neutron-resonance radiative widths used
for normalization of the y-ray strength functions are shown in
Figs. 3(d) and 5(d), respectively. In this way we can evaluate
the sensitivity of the calculated («,y ) reaction cross sections to
the adopted transmission coefficients for y rays. As a matter of
fact, these changes correspond to the differences between the

014606-4



a-PARTICLE NUCLEAR SURFACE ABSORPTION ...

PHYSICAL REVIEW C 82, 014606 (2010)

E(cm.)/B
100 089 1.11 ”.’1 3400 067 089 1.11 —
og: McFadden+ (1966)_..--= on: McFadden+ (1 96§L.-~"
- - -ocgasEsB 7 - - -ogpasEB el
R Ve
........ G - 100k G E 4
R R /
100 o - 10
y .
2141 144~ .
/s Pr(o,n) "Pm’~. —o—
. . 1 L
A Afzal Ansari (2005) 1 e Qam+ (2007)
This work This work
—-—- Rauscher (2003 —
4 | . (2003) @] o1k . IRaJscher <20.03) (b3
10 16 20 24 12 16 20
10 053 0.64 0.75 100 0.84 1.04 1.25
T T T P T T PR
6g: McFadden+ (1966) P i o' McFadden+ (1966.)/._.,..
| - - -ogpasE>B //...’/ ] - - -ogasExB .~
— i og (W,3.5) s B oR /./
— 0 7T og (Wy= 100 4 E FIG. 4. (Color online) The
Q same as in Fig. 3 but for the target
é [ . ] PR nuclei "“!'Pr, "ONd, “Sm, *Tb,
(o) 27 Mg 148 : T 165Ho, and '®Tm.
74 Sm(a, Gd L 15 162 i~ ’
; (o) 10 7 **Tb(0,n)"**HE ~.
0.001F e Somorjai+ (1998) 3 , =
A This work / ° ?Lr;grxoioon
L ',// p —-—- Rauscher (2003)(0)_ ~ .~ Rauscher (2003)  (d)
VA Il 1 Il 1 1
10 12 12 ! 16 20 o4
100 0.82 1.02 1.23 0.80 1.00 120
v Martin Jr.+ (1966) P og: McFadden+ (1966) ..+~
Singh+ (1992) e . E-B -
o Gadkari+ (1997) °R A8 e
100 100
10k 10
/A Sigh+ (1990)
/
7 This work : ° Paltel+ (1999)
/7 —-—- Rauscher (2003) g This work
", () / == Rauscher (2003)  (f)
1 16 20 24 1 16 20 24
E (MeV)

radiative widths obtained through the normalization procedure
mentioned in Sec. II B and the predictions of the interpolation
formula in Gardner [15]. As a result, despite the quite larger
sensitivity of the calculated (¢, y) reaction cross sections to
the OMP parameters, the data for '?’I and '’ Au have only
been used to check the adopted Wy, value.

B. (a,xn) reactions

There are more data below the Coulomb barrier for the
(a,xn) reaction than for the («,y) reaction, namely, for the
target nuclei 121’123811, 139La, 141PI', ISONd, 159Tb, 165H0, 169Tm,
18Iy 1920g, 1917 and 97Au. One may note the suitable
description of these reaction cross sections within the critical
energy range just above the threshold, which is usually a real
challenge for SM calculations (e.g., in Figs. 4 and 8-9 of

Ref. [7]). Some discrepancy could be seen just for a couple
of target nuclei, '*'Pr and '°Nd (Fig. 4). However, because
there is currently only one data set for each of them, further
measurements may be enlightening. Additional experimental
data at the lowest energies will be especially helpful if an
increased incident-energy accuracy is made available.

The «-particle total reaction cross sections corresponding
to the parameters given in Table I are also shown in Figs. 3-5,
which clearly emphasize a given reaction weight. The sensitiv-
ity of the calculated cross sections for such a particular reaction
to the a-particle OMP is noticeable as well. Moreover, the total
reaction cross sections corresponding to the four-parameter
global potential of McFadden and Satchler [22] and the OMP
parameter values obtained by the elastic scattering analysis
for E > E, (Table I) are also included in these figures. It
can therefore be seen that the larger overestimation of the
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FIG. 5. (Color online) The same as in Fig. 3 but for the target nuclei '¥!Ta, >Os, '°!Ir, and !’ Au, except the dash-dot-dotted curve for the
target nucleus '’ Au (d), which corresponds to the OMP of this work and a 20% increase of the radiative width of s-wave neutron resonances

used for normalization of the y-ray strength function.

measured data by the extension to lower energies of the
latter potential is the result of the extrapolation of the surface
imaginary potential below the energy range where it was
established. Actually, this OMP component increases with the
energy increase, as more and more channels are thus opened.
Furthermore, at higher energies the «-nucleus interactions
take place to a greater extent inside the nucleus, owing to
the volume part of the optical potential, while the surface
component is decreasing and eventually vanishes. However,
the elastic-scattering data analysis has been carried out at the
energies above B, where the surface imaginary potential is
already decreasing with the energy increase. Thus, while its
estimation just above B is valuable as far as the understanding
of the elastic-scattering is concerned, its extrapolation to much
lower energies is unphysical and leads to larger disagreement
between the calculated and measured data in comparison with
apotential that has only a volume imaginary part. Nevertheless,
the complementary reaction data analysis is the only method
that permits an accurate estimation of the optical potential at
the lowest o-particle incident energies.

IV. CONCLUSIONS

A correct estimation of the a-particle optical potential at
energies below the Coulomb barrier is a key prerequisite

for improved predictions of reaction data that are relevant
at astrophysical energies as well as for a-particle emission
leading to major radiation damage in fusion installations. Its
understanding can be improved by comparing calculated and
measured («,x) reaction cross sections as long as they are
quite close to the «-particle total reaction cross sections in
the given energy range. A suitable surface-imaginary part of
the optical potential proves to be essential in this respect, in
comparison with adoption of a potential having only a volume
imaginary part with a constant depth [22,23]. Moreover, the
lowest energy limit of the surface imaginary potential depth
Wp seems to have an essential importance for the accuracy of
further cross-section predictions at these energies, eventually
decreasing with the increase of the target nucleus mass.
Nevertheless, additional measurements are needed to obtain
a better parametrization constraint and to generate a physical
insight into the corresponding trend.

To sum up, a larger overestimation of measured data may
be generated through an extension to the lower energies
of an optical potential that is established on the basis of
only elastic-scattering data analysis and includes a surface
imaginary part. This component increases first with the energy
increase, as more and more reaction channels are opened,
but then decreases and eventually vanishes as the larger-
energy o-nucleus interactions take place to a greater extent
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inside the nucleus. Because the elastic-scattering data analysis
just above the Coulomb barrier facilitates the description
of the latter side of the surface imaginary-potential energy
dependence, the extrapolation to much lower energies of
this partial trend becomes unphysical and leads to a larger
breakdown than its absence. Nevertheless, the available data
basis is still poor and further measurements with an increased
incident-energy accuracy will be particularly helpful for

PHYSICAL REVIEW C 82, 014606 (2010)

a further understanding of the interactions of low-energy
« particles.
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