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Abstract The present review studies total reaction cross
sections from elastic scattering angular distributions of light
stable and exotic projectiles (2 < Zp < 10,4 < Ap < 24)
n 29Pb at energies around the Coulomb barrier. From the
overall about 200 data it is found that the widely accepted
simple grouping of the derived reduced cross sections into
three categories—tightly bound, weakly bound, and exotic
halo projectiles—is too simplistic and does not fully reflect
the range of the experimental data. Furthermore, the energy
dependence of the reduced cross sections shows unexpected
properties which were hitherto only sparsely considered.

1 Introduction

The total reaction cross section oreyc 1S an essential quantity
in the interaction of nuclei. At energies above the Coulomb
barrier, oyeqc 1S governed by the sizes of the projectile and the
target nucleus; their radii scale a Eprommately with the cubic
root of their mass numbers A p and A", Towards lower
energies, opeac decreases dramatically for charged projectiles
and targets because of the decreasing tunneling probability
through the Coulomb barrier.

A comparison of oyeqc for various combinations of projec-
tiles and targets at different energies requires a proper scal-
ing procedure. The present study applies the simple reduction
procedure using reduced cross sections oreq Vs. reduced ener-
gies E.q which was first suggested by Gomes et al. [1] and
later used in many subsequent papers. This choice will be
motivated in Sect. 2.

Several experimental techniques have been established
to measure the total reaction cross section opeac. At higher
energies oreac can be derived directly from the transmission
through relatively thick targets, see e.g. [2]. For relatively
light projectiles and moderate energies, oreac can be deter-
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mined by summing all partial cross sections. This technique
was recently applied to **Zn + « for energies below 20 MeV
where oreyc Was essentially given by the sum of the («,n),
(a,p), (a,y), and (a,a’) cross sections [3,4]. However, a
huge number of open channels contributes to oy, for heav-
ier projectiles and targets which are complete and incom-
plete fusion, one- or few-nucleon transfer (often two-neutron
transfer), breakup, and inelastic scattering. In this case it is at
least very difficult or practically almost impossible to mea-
sure and sum up all partial cross sections to obtain oyeac. For
this case, oeac 1S usually derived from elastic scattering. Here
the angular distribution depends on the reflexion coefficients
nr and the phase shifts 67 ; the total reaction cross section
oreac depends only on the 7, but is independent of the &z .

The latter technique will be applied in the following for
the determination of oyeac for the interaction of *08He,
678911 79.1011ge 811 10121315¢ 14N 1617.18¢)
7198 and 17202224Ne projectiles with 28Pb as target at
energies around the Coulomb barrier. Overall, more than
200 values for opeyc Were determined. The presentation of
the data as reduced cross sections oyeq vs. reduced energies
Eeq will show that larger oyeq are found for weakly bound
systems. In addition to this well-known general phenomenon,
further details on the energy dependence of o;¢q can be found
from this systematic study. Finally, unexpected differences
between the oy.q for different tightly bound projectiles like
the o-particle, 12 and 190 are identified for the first time.

It is generally accepted that the data for oyeq are grouped
into three categories, namely tightly bound projectiles,
weakly bound projectiles, and exotic projectiles with halo
properties, see e.g. [5—7]. The present study shows that such
a simple grouping does not fully reflect the wide range of
observed oreq, and in particular the energy dependence of
ored towards low energies deserves special attention.

The present study focuses on data for the target nucleus
208pp, From the experimental side, a huge number of angular
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distributions is available for stable and also unstable projec-
tiles which is a basic prerequisite for a systematic analysis.
The study of total reaction cross sections for various projec-
tiles on the the same 28Pb target facilitates the discussion
of the results because the target properties are identical in
all cases under study. At the end of the present work, a brief
comparison to results from a light target nucleus ('2C) is
added. Future work should complement the present analysis
with data for intermediate mass targets like 64Ni, 4Zn, and
907r. This should shed further light on the underlying reac-
tion mechanisms where larger contributions from Coulomb
breakup of exotic projectiles should be found for high-Z tar-
gets like 2°®Pb whereas nuclear contributions should domi-
nate for low-Z targets.

The paper is organized as follows. After some general
remarks in Sect. 2, the determination of the total reaction
Cross section oy, from angular distributions of elastic scat-
tering and the related uncertainties are discussed in Sect. 3.
The available elastic scattering data for +%3He, 678111,
79.10,11ge 811 10121315¢ 14N 1617180 17.19F apq
17.20.22.24Ne and the total reaction cross sections Oresc are
presented in subsections of Sect. 4. The data for 208pp 4+ o,
summarized in Sect. 4.1, will be used as a reference for oreq.
For comparison to heavier projectiles, some data for **3Ca
and *3Ti will be added in Sects. 4.29, 4.30, and 4.31. The
results will be discussed in Sect. 5, including a brief outlook
into data from X + !'2C elastic scattering in addition to the
main focus on X + 28Pb in the present study. A summary
and final conclusions are given at the end in Sect. 6.

2 General remarks

2.1 Reduction schemes

2.1.1 Geometrical reduction scheme

A simple reduction scheme for the comparison of heavy-ion
induced reactions, often called geometrical reduction, has

been suggested by Gomes et al. [1]. The so-called reduced
cross sections opeq and reduced energies Eeq are defined by:

13 13
o= (Ap” + A" )Ecm, W
red —
ZpZrt
Oreac
Ored = 43— 15302 @)
(Ap~+A77)

The reduced energy Ey.q takes into account the different
heights of the Coulomb barrier in the systems under con-
sideration. The factor ZpZ7/ (A;/ T4 AT/ 3), which appears
inverse in Eq. (1), reflects the height of the Coulomb poten-
tial at the radius Rgeom = 1.0 fm x (A}D/3 + AIT/3). The

reduced reaction cross section oyeq scales the measured total
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reaction cross section oye,ac according to the geometrical size
Ageom Of the projectile-plus-target system which is given
by Ageom = JTRéeom. Note that a more realistic choice of
Ry = 1.2 fm or 1.3 fm instead of Ryp = 1.0 fm in the defini-
tions of Reeom and Ageom Would lead only to scaling factors
for all reduced energies Ereq and oyeq but not affect the inter-
pretation of the oyeq Vs. Ereq Systematics.

The main advantage of this simple geometrical reduction
scheme is its trivial dependence on few parameters Zp, Zr,
Ap, At, and E. .. Extraordinary properties of the colliding
nuclei (like larger radii, deviating from the usual A'/3 depen-
dence) become directly visible in enhanced oreq. Taking into
account more realistic nuclear radii for individual nuclei in
the definitions of Eqs. (1) and (2) (e.g., from the measurement
of interaction radii or from charge density distributions from
electron scattering) would not be helpful because this would
wash out deviations from the standard behavior of the oyeq
vs. Ereq systematics. Consequently, the present study uses
only the simple reduction scheme of oyeq Vs. Ereq as defined
in Egs. (1) and (2). Washing-out effects will be discussed
further in the following Sect. 2.1.3.

It was already pointed out in the initial paper [1] that the
data from various systems can be assigned to three groups,
namely (i) data for tightly bound projectiles (e.g., '°0) with
regular oyeq, (i1) data for weakly bound projectiles (e.g., */Li
and °Be) with moderately enhanced oyeq, and (iii) data for
exotic nuclei like ®He with its neutron halo with significantly
enhanced oy.q. This general grouping was essentially con-
firmed in many subsequent studies, see e.g. [8,9] for pro-
jectiles with halo properties or [10,11] for many «-induced
reactions. For a definition of halo nuclei and the resulting
experimental observables, see e.g. [12,13].

2.1.2 Reduced critical interaction distance

Another purely geometrical method for the comparison of
different systems is the so-called reduced critical interaction
distance. The idea goes back to early work by Christensen et
al. [14] and was discussed recently in detail by Guimaries
et al. [15]. In this semi-classical approach, the closest inter-
action distance dj is derived from a plot of the Rutherford-
normalized differential cross section vs. the closest distance
d on a Rutherford trajectory. dj is typically defined as that
distance d where the deviation from Rutherford exceeds 2%
(but also slightly different definitions have been used [16]).

For comparison of different systems, the closest interac-
tion distance d; is reduced to dj eq = d,/(A}D/3 + AIT/3);
this is a similar idea as for the reduced cross sections oyeq.
It is found that the reduced closest interaction distance
dJ req 1s larger for weakly bound projectiles and dramati-
cally enhanced for 'Li, whereas for tightly bound projec-
tiles almost identical values are found (see Fig. 8 of [15]).
The results and interpretation from this d; req approach are
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close to the findings from the oyeq Vs. Ereq Systematics; see
also the discussion in Sect. 5.

2.1.3 Wong-type approaches

The widely used Wong formula for the total cross section
is based on the approximation of the barrier by an inverse
Gaussian potential with a barrier height E; and curvature
hoy atradius Ry for the L-th partial wave [17]. It is pointed
out in [17] that the L dependence of R;, and Ziwy, is minor.
Using the approximations Ry &~ Ry and hiwy, = hwo, finally
the total reaction cross section is given analytically as a func-
tion of the incoming energy E and the s-wave parameters for
the barrier height Ey, radius R, and curvature fiwg of the
barrier. It is found in [17] that this analytical formula is able
to reproduce experimental data very well.

On the one hand, this Wong-type approach contains more
physics than the simple geometrical approach in Sect. 2.1.1.
This allows a reliable prediction of the total reaction cross
section if reasonable parameters are used for Eg, Rp, and
hwp. On the other hand, a reduction of experimental cross
sections by normalization to predictions from the Wong for-
mula depends on the choice of the parameters Eg, Ry, and
hwop; the better the choice for these parameters, the better the
predictions from the Wong formula, and small deviations of
the total cross section from the Wong prediction cannot be
interpreted as a signature for extraordinary behavior of the
colliding nuclei. It is also already pointed out in [1] that such
reduction schemes have a trend to wash out enhanced cross
sections for halo nuclei (see e.g. their Fig. 2) because for such
nuclei Ry is increased and E is reduced.

The standard Wong approach from [17] was later improved
by Canto [18, 19] by the introduction of a so-called universal
fusion function (UFF). This leads to an improved description
of experimental reaction cross sections, but the above argu-
ments on the washing-out of extraordinary behavior persist.

2.2 Practical procedure

The present study applies the following strategy for the deter-
mination of the total reaction cross section oyesc from the
angular distribution of elastic scattering. Further explana-
tions can also be found in the next Sect. 3 where some exam-
ples are given in detail.

In almost all systems under study, the measured angular
distributions were analyzed using the optical model (OM).
Unfortunately, it is not common practice to provide the result
for opeac from the OM fit; only in about half of the systems
under study, the derived oyeoc are given in the original papers.
In these cases the values from the original papers are used in
present work.

If oreac 18 not given in the original studies, I tried to repeat
the original OM calculations using the parameters of the OM

potentials from the original papers. For simple Woods-Saxon
potentials, this can be done without major problems, and oyeac
can be re-calculated. Such calculations were verified by com-
parison to the shown results in the original papers. In most
cases good agreement was found, but in few cases it was
not possible to exactly reproduce the original calculations.
These differences may result from different OM codes, from
the given (probably) rounded values of the OM parameters,
from missing information on the chosen Coulomb radius, and
from technical details of the OM calculations like the max-
imum integration radius, integration step width, and maxi-
mum angular momentum. In some cases folding potentials
were used in the original papers. Here the available infor-
mation is often insufficient to exactly reproduce the original
calculations.

When it was not possible to re-calculate the resulting oyeqc
from the OM fits of the original papers, I tried to re-fit the
angular distributions. As discussed in the following Sect. 3,
this requires the original data as a numerical table, including
the original experimental uncertainties. As the availability of
such high-quality data is limited, experimental databases like
EXFOR [20,21] or NRV [22] often re-digitize the data from
published figures. Using such low-quality data leads to addi-
tional uncertainties for the derived oyeac Which are difficult
to quantify. Furthermore, often the experimental uncertain-
ties are not re-digitized because the quality of the figures
does not allow to do this with sufficient reliability. In such
cases assumptions on the experimental uncertainties have to
be made.

3 Angular distributions of elastic scattering and total
reaction cross section oyeac

A partial wave decomposition of the angular distribution
of the differential cross section (do/dS2)(1¥) shows that
(do/d2)(¥) depends on the real reflexion coefficients 7y,
and the real phase shifts §; where the complex S-matrix ele-
ments are given by S; = 1 x exp (2i81). The total reaction
Cross section opeac depends only on the reflexion coefficients
nr, but is independent of the phase shifts 87 . opeac 1S given
by

Oreac = Y01 = 73 9 CL+1)(1—n}) 3)
L L

where k = /2E.m. /1 is the wave number, and E. . is
the energy in the center-of-mass (c.m.) system. oy is the
contribution of the L-th partial wave to the total reaction
Cross Section Oreac.

At energies above the Coulomb barrier, the 17, for small
angular momenta L (corresponding to central collisions in a
semi-classical view) are very small, thus leading to oy, close
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to its maximum value o7, max = If—z x (2L + 1). This corre-
sponds to full absorption of the incoming partial waves with
small angular momentum and tiny elastic cross sections at
backward angles. For large angular momenta L (correspond-
ing to large impact parameters in a semi-classical view) the
nr approach unity and thus o7 = 0; i.e., these partial waves
are not absorbed but contribute to the Rutherford cross sec-
tion at forward angles.

At energies far below the Coulomb barrier, all n; remain
relatively close to unity, and oyeyc 1s thus much smaller than
above the Coulomb barrier. In a semi-classical view, even in
central collisions the incoming particles are not able to pass
the Coulomb barrier. As a consequence, the elastic scattering
cross section approaches the Rutherford cross section also at
backward angles, and the total reaction cross section Oresc
becomes much smaller.

Depending on the energy and mass of the interacting
nuclei, the above sum in Eq. (3) has to be calculated up to
angular momenta of more than Lpyax &~ 100. For lighter pro-
jectiles around the Coulomb barrier, lower Lyax =~ 30-50
are sufficient. Thus, a model-independent determination of
all ny and §;, from an angular distribution in a phase-shift
fit is possible only in very limited cases where precise data
over the full angular range with a sufficiently huge number
of data points are available. Some examples will be provided
below, see Sects. 3.1 and 3.2.

Instead of a full phase shift analysis, the angular distri-
bution of elastic scattering is typically fitted using the OM
with an appropriate nucleus-nucleus optical model potential
(OMP). The parameters of the OMP are adjusted to the exper-
imental data by a x >-fit. Unfortunately, such fits often lead to
ambiguities for the resulting OMP. This leads to uncertainties
in the derived opeyc Which are difficult to estimate. In prac-
tice, most papers simply report the opeac from their best fit
without any uncertainty. Sometimes a range of derived oyeqc
is given which results from the variation of the underlying
OMP parameters in a reasonable range. In such cases I use
the average of the given numbers as oyeac, and the scatter of
the data is taken as uncertainty.

It should be noted that this uncertainty is not the full uncer-
tainty for oye,c because all OM fits are performed in the lim-
ited model space of the OM which results from the shape
of the chosen OMP parametrization, whereas a phase shift
fit should allow a model-independent determination of orec.
However, as already stated above, such phase shift fits require
precise scattering data with well-defined experimental uncer-
tainties. Some illustrative examples for the determination of
Oreac from different approaches will be given in the following.

In principle, the limitations of the model space in the
OM from the chosen parametrization of the OMP can be
avoided by a so-called model-independent OMP. Technically,
this is often obtained by adding a series of Fourier-Bessel
(FB) or Laguerre-Gaussian (LG) functions to a reasonably
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chosen underlying standard Woods-Saxon potential; see e.g.
[23,24]. However, if a fully model-independent analysis shall
be achieved, the number of FB or LG functions must be very
high, thus leading to the same problems as explained above
for the fully model-independent phase shift analysis.

Typical uncertainties of an elastic scattering experiment
are composed of three major contributions. As usual, all data
points have independent statistical uncertainties. Individual
systematic uncertainties for each data point result from accu-
racy and reproducibility of the experimental detector angle.
Furthermore, there is a common systematic uncertainty for
all data points from a possible offset of the angular scale rel-
ative to the beam axis, typically of the order of 0.1°, which
may lead to a significant contribution to the total uncertainty
at forward angles because of the steep increase of the Ruther-
ford cross section towards small angles. (Under poor beam
conditions, this offset between beam axis and detector angle
may even change during the experiment.) Finally, there is
a common systematic uncertainty for all data points from
the normalization which results from the uncertainties of the
beam current integration, target thickness, and solid angle of
the detector(s). This overall common systematic uncertainty
is typically of the order of 5-15%. In practice, this uncer-
tainty is reduced to about 1-2% by a normalization to the
Rutherford cross section at most forward angles. It has to be
mentioned that this requires a very careful measurement at
very forward angles because of the steep Rutherford cross
section, often also requiring a reliable deadtime correction
for the high count rates in forward directions.

This complicated situation for the experimental uncertain-
ties often leads to a presentation of experimental scattering
data with a statement “the error bars include statistical uncer-
tainties only”, and not much information is provided for the
other uncertainties. Obviously, such purely statistical uncer-
tainties will be inappropriate for a phase shift fit or an OM
fit.

In the next Sects. 3.1, 3.2, 3.3, and 3.4, some selected
examples will be discussed in detail to illustrate the typical
uncertainties of the total reaction cross sections oyeac Which
result of the derivation from elastic scattering angular dis-
tributions. From the examples in the following paragraphs it
will become clear that typical uncertainties for oye,c are of
the order of a few per cent at energies above the Coulomb
barrier. At energies far below the Coulomb barrier, the uncer-
tainties may be much larger because of the small deviations
of the experimental data from the Rutherford cross section
and because of the minor sensitivity of the calculated angular
distribution on the underlying OM parameters.

In general, the results from a y 2 fitting procedure may also
depend on the chosen initial values. In the present study I try
to use starting values for the parameters of the OMP which
roughly correspond to the systematic behavior of volume
integrals Jg and J; of the real and imaginary parts, as e.g.
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given in [25]. In practice and in particular for low energies
below the Coulomb barrier, the X2 landscape turns out to
be relatively flat which complicates the fitting procedure and
required manual adjusting of the initial values by trial and
error. The well-known ambiguities of the parameters of the
OMP, in particular towards lower energies, appear also in
the present study. However, the determination of the total
reaction cross section opeac depends only marginally on the
chosen initial values of the fitting procedure as long as the
experimental angular distribution covers a sufficiently large
angular range.

3.1 2%Pb(a,a)*Pb at E = 40.4 MeV

This example is mainly intended to illustrate the importance
of a full angular distribution and the essential role of the
experimental uncertainties. The data are presented in Fig. 5
of Atzrott et al. [25] with practically no information on the
experimental details. I have been involved in this measure-
ment as a student more than 30 years ago, and fortunately all
numerical data are still available.

The data will be fitted in different ways. First, a phase
shift fit will be used to determine all n;, and &, in a model-
independent way. For this purpose the approach of Chiste
et al. [26] is applied. Second, OM fits will be made using
either a folding potential or a standard Woods-Saxon (WS)
potential in the real part and a standard WS potential in the
imaginary part.

In a first attempt, I fit the experimental data using the sta-
tistical uncertainties only. The results are shown in Fig. 1
as dashed lines. It is obvious that the experimental data are
not well reproduced with x2/F ~ 70 for the phase shift fit
and & 100 for the OM fits. The huge x>/ F result from tiny
differences at forward angles where the statistical uncertain-
ties are of the order of 0.01%. In addition, the phase shift
fit claims an extreme increase of the angular distribution at
backward angles beyond the experimental range. The total
Cross sections are oyeac = 1399 mb for the phase shift fit and
1688 mb (1667 mb) for the OM fit with the folding potential
(WS potential) in the real part.

The three fits have been repeated using increased uncer-
tainties. It is stated in the underlying Ph.D. thesis by U.
Atzrott that an additional uncertainty of 5% should be added
quadratically to the statistical uncertainty to take into account
the various systematic uncertainties of the scattering experi-
ment (as discussed above). The resulting fits show x?/F ~
0.7 for the phase shift fit and about 0.9 for the OM fits.
These 2/ F slightly below unity indicate that these increased
uncertainties are realistic (maybe, even a bit too high). Now
the experimental data are well reproduced over the full angu-
lar range of the data, but the phase shift fit still shows a trend
to unusual high cross sections at backward angles. The total
Cross sections are oyeac = 1664 mb for the phase shift fit and
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Fig. 1 Angular distribution of the differential cross section of

208 ph(ar,a)?98Pb elastic scattering at E = 40.4 MeV: comparison of
experimental data [25] to various fits. The dashed lines result from the
statistical uncertainties only; the full lines are obtained from a realistic
uncertainty. Further discussion see text

1769 mb (1754 mb) for the OM fit with the folding potential
(WS potential) in the real part.

For a better understanding of the various oyesc from the
different fits, I show the obtained reflexion coefficients 1y,
and the resulting partial wave cross sections oy, in Fig. 2.
It is obvious that the low oreqc from the first phase shift fit
(statistical uncertainties only) is related to relatively high 7y,
for small L < 15 where all other approaches show small 7y,
close to zero. A comparison of the phase shift fit and the OM
fits for the data with realistic uncertainties shows that the 7y,
are quite similar. Only in the small window 18 < L < 22
the o7, from the phase shift fit are slightly lower than the oy,
from the OM fits, leading to oreac = 1664 mb from the phase
shift fit which is about 6% lower than the results from the
OM fits with opeac & 1760 mb.

It must remain an open question whether oy, from the
phase shift fit (with its excellent x2/F, but strange behavior
at backward angles) or from the OM fits (with their implicit
restrictions of the model space) provides the best estimate
for the real oyeac at E = 40.4 MeV. Therefore, I finally adopt
the average value of oyeac = 1713 2249 mb which results from
the average of the OM fits (1761.5 mb) and the phase shift fit
(1664 mb). The uncertainty is taken to include both values
(1761.5 mb and 1664 mb). This corresponds to an uncertainty
of about 3%. A further reduction of the uncertainty could be
achieved from additional data at backward angles. However,
the cross sections at backward angles are about 10~# of the
Rutherford cross section or about 10~8 of the absolute cross
sections at forward angles around 10° which complicates the
measurements at backward angles.

@ Springer
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Fig. 2 Reflexion coeffients 7, (upper part) and partial wave cross sec-

tions o7, (lower part) for 208ppy(qr,0)298Pb at E = 40.4 MeV. Colors
and linestyles are identical to Fig. 1. The data are connected by thin
lines to guide the eye. The black dotted line indicates the maximum
partial wave cross section o, max (corresponding to n; = 0). Further
discussion see text

3.2 208Pp(or,or)?%8Pb at E = 23.6 MeV

This example is mainly intended to illustrate the importance
of precise scattering data over the full angular range and
the increasing uncertainties of oyeac towards lower energies.
Furthermore, limitations in the model space of OM fits will
again become visible. The angular distribution at £ = 23.6
MeV was measured by Karcz et al. [27] already more than 50
years ago. Fortunately, the EXFOR data could be extracted
from a table in an underlying report, and thus a re-analysis
of the angular distribution is feasible. The data cover the
full angular range from about 10° to 175° and reach values
of about 10% of the Rutherford cross section at backward
angles which is about three orders of magnitude higher than
in the previous case at 40.4 MeV. On the one hand, this makes
measurements easier because of the higher cross sections. On
the other hand, the analysis will be less sensitive because of
the smaller deviations from the Rutherford cross section.

In general, the same procedure as in the previous Sect. 3.1
was followed. A phase shift fit and two OM fits with a folding
potential and a WS potential were used to extract oye,c from
the angular distribution. The fits are shown in Fig. 3.

Overall, the phase shift fit and the OM fits reproduce the
experimental data well with x>/ F = 0.9 for the phase shift fit
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Fig. 3 Angular distribution of the differential cross section of

208Ph(a,a)?98Pb elastic scattering at E = 23.6 MeV: comparison of
experimental data [27] to various fits. Note the small, but significant
difference between the phase shift fit and the OM fits in the maximum
aound 50°-70° which leads to slightly discrepant oyeyc. Further discus-
sion see text

and 1.2 (1.8) for the OM fit with the folding (WS) potential.
But there is a small, but significant difference around the
Coulomb/nuclear interference maximum between about 50°
and 70°. Both OM fits underestimate the experimental data
whereas the phase shift fit is flexible enough to match the
data. The higher cross section in the angular distribution of
elastic scattering is correlated with a smaller total reaction
Cross section oyeyc Which is 368 mb from the phase shift fit
and around 420 mb from the two OM fits. The corresponding
nr and o are shown in Fig. 4.

The lower energy of 23.6 MeV (compared to 40.4 MeV
in Fig. 2) leads to smaller absorption or 1y, closer to unity.
This holds in particular for the lowest angular momenta with
L < 5 where n; =~ 0 was found at 40.4 MeV (almost
full absorption); at 23.6 MeV the 7, are around 0.2-0.5 for
L < 5. The nr and op from the OM fits show a relatively
smooth and similar behavior, leading also to a similar oeyc.
Contrary, the 1, from the phase shift fit show a larger scatter
and a steeper increase towards 7 ~ 1 around L ~ 10. The
corresponding o7, decrease faster around L = 10, leading to
an overall lower oy, for the phase shift analysis.

Similar to the conclusions for 40.4 MeV data, it must
remain an open question whether opeqc is 368 mb from the
phase shift analysis or around 420 mb from the OM fits.
Because of the smaller x2/F for the phase shift fit and the
better description of the data in the maximum of the angular
distribution around 50°-70°, I have a slight preference for
the phase shift fit. Note that the experimental data at 23.6
MeV cover the full angular range, and thus the phase shift fit
cannot behave irregularily at large scattering angles. Similar
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Fig. 4 Reflexion coeffients 1 (upper part) and partial wave cross sec-

tions oy, (lower part) for 208ph(qr,)298Pb at E = 23.6 MeV. Colors
and linestyles are identical to Fig. 3. The data are connected by thin
lines to guide the eye. The black dotted line indicates the maximum
partial wave cross section o, max (corresponding to n;, = 0). Further
discussion see text

to the 40.4 MeV data, I finally adopt opeqc = 395 &= 27 mb
from the average and scatter of the phase shift fit on the one
hand and the OM fits on the other hand. This corresponds to
an uncertainty of about 7% at 23.6 MeV which is roughly
twice the uncertainty of opeac at 40.4 MeV although the data
at 23.6 MeV cover a larger angular range.

Finally, it has to be pointed out that a pure OM analysis of
the 23.6 MeV data might be interpreted as oyeac = 421.5 £
4.5 mb from the average and scatter of the two OM fits with
Oreac = 417 mb and 426 mb; i.e., an uncertainty of about
1% would be claimed. The phase shift fit reveals that the
limitations in the model space of the OM fits would lead to a
significant underestimation of the uncertainty of oy, in the
present case.

As this angular distribution at E = 23.6 MeV corresponds
to Eeq = 1.06 MeV, it is typical for the energy range under
study in this work. So I take the chance to illustrate which
angular range of the angular distribution in Fig. 3 is most
important for the determination of the total reaction cross sec-
tion oeyc. For this purpose, I use the relation that oy, results
from the angle-integrated difference between the angular dis-
tribution (do/d2) g () for a point-like charge (pure Ruther-
ford scattering; no absorption and thus ore,c = 0) and the real

Fig. 5 Lower part: Integrand of Eq. (5) for the determination of the
total reaction cross section oyeyc from the angular distribution of elastic
scattering. Upper part: Integral contribution to oyesc from the integration
of Eq. (5) from ¢ to 180°. Further discussion see text

angular distribution (do/d2)(¥):

do do
Oreac = L |:<E)R @) — (E) (19):| a2 4
e [[(2) - ()]
Q) . a9

x sin (9) do )

The integrand of Eq. (5) is shown in Fig. 5 (lower part) using
the best-fit OM from the folding potential calculation (see
red line in Fig. 3). Choosing instead the best-fit from the WS
potential or the phase shift fit, would not affect the resulting
conclusions.

The Rutherford cross section (do/d2) g (¢}) shows a very
steep 1/ sin* (9/2) angular dependence. The largest devia-
tion from the Rutherford cross section is found at most back-
ward angles with o /or = 0.1 in this case. However, because
of the small absolute Rutherford cross section at backward
angles and the additional suppression by the sin ¢ factor from
the solid angle, the integrand of Eq. (5) remains relatively
small at most backward angles. Significantly positive values
for the integrand are found at angles around ¢ &~ 90°-150°.

Around 60°-80° the cross section in Fig. 3 exceeds the
Rutherford cross section in the so-called Coulomb-nuclear
interference region, thus leading to a negative integrand in
Eq. (5), and for angles below about 40° an oscillatory behav-
ior of the integrand is found. For a quantitative estimate of the
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relevance of the negative integrand and the oscillations at for-
ward angles, I have integrated Eq. (5) from a minimum angle
Umin to 180°. The result is shown in Fig. 5, upper part. E.g.,
the integration of Eq. (5) for the most backward angles from
Pmin = 150° to 180° contributes with only 51 mb to the total
Cross section opeac = 417 mb; the latter value is calculated
from Eq. (3). The major contribution to oye,c comes from the
angular range between about 90° and 150°. The integration
of Eq. (5) from about 95° to 180° leads by accident to the
CorTect Opeqc. Integration from about 77° to 180° leads to a
result of 504 mb, i.e. overestimating the real oyeac. This over-
estimation is compensated by the negative integrand in the
peak of the Coulomb-nuclear interference. As soon as min
is chosen below about 45°, the integration of Eq. (5) leads
to the same oy, as the precise calculation from Eq. (3) with
deviations of less than 5%. Note that the huge values of the
integrand of Eq. (5) at most forward angles oscillate around
zero and cancel each other.

Summarizing, the total reaction cross section Oyeac 1S
strongly constrained by the elastic scattering cross sections
for angles between about 60° and 150°. The most forward
angles do not contribute significantly because the elastic scat-
tering cross section approaches the Rutherford cross section,
and the most backward angles do not contribute strongly
because the integrand of Eq. (5) remains small. (For an
extraordinary exception, see the case of ' Li in Sect. 4.8 with
significant deviations of the elastic scattering cross section
from the Rutherford cross section already at forward angles.)

3.3 2%Pb('’Be,'"Be)***Pb at E = 38.4 MeV

This example is mainly intended to illustrate the limits of
the present approach for energies far below the Coulomb
barrier where the angular distribution of elastic scattering
approaches the Rutherford cross section. Furthermore, prob-
lems with the re-digitizing of experimental data are briefly
mentioned. The experiment has been performed by Kolata et
al. [28]. The results are shown in Fig. 1 of [28], but numerical
data are not given. Instead, the data have been re-digitized
from this figure independently at EXFOR and at NRV. Thus,
the data sets at EXFOR and at NRV are close, but not fully
identical (see Fig. 6). It must be concluded that — despite the
huge efforts at EXFOR and NRV which I highly appreciate
— the usage of re-digitized data for fitting cannot be recom-
mended without special care.

Kolata et al. [28] provide two OM fits with either a deep or
a shallow WS potential with oresc =3 mb or 10 mb. Naively,
one might conclude that the experimental data constrain the
total reaction cross section to Opeac = 6.5 &= 3.5 mb. It is
clear from the findings in the previous Sect. 3.2 that such
an approach underestimates the real uncertainties. This was
already noticed by Kolata et al., and their Fig. 2 shows oreac
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Fig. 6 Angular distribution of the differential cross section of

208ph(10Be,'0Be)?"8Pb elastic scattering at E = 38.4 MeV: compar-
ison of experimental data [28] to various calculations. Note that the
two data sets—re-digitized independently at EXFOR and NRV from
Fig. 1 in [28]—are not in perfect agreement. The small deviation of the
experimental data from the Rutherford cross section prevents a reliable
determination of oyesc. Further discussion see text

with a center value of about 9.5 mb and a much larger error
bar from less than 1 mb up to 40 mb.

The full line in Fig. 6 corresponds to the deep potential in
Kolata et al. with oyesc = 10 mb which uses a relatively small
diffuseness of the imaginary part of a; = 0.35 fm. The cal-
culations are repeated varying a; between 0.25 fm and 0.65
fm. The total reaction cross section increases with increasing
imaginary diffuseness a; from 0.9 mb (a; = 0.25 fm) up to
274 mb (a; = 0.65 fm). It becomes obvious from Fig. 6 that
the experimental data are compatible (with x2/F < 1) with
o/og = 1.0 and thus with oy = 0 mb; i.e., the data can
provide an upper limit only. Depending on the choice of the
data from EXFOR or NRYV, this upper limit is around 150 mb
(EXFOR) or around 80 mb (NRV).

3.4 208pp(160,160)208pp gt E = 78 MeV

This example is mainly intended to illustrate further uncer-
tainties in the determination of oyeyc. Elastic scattering angu-
lar distributions for 208Pb(100,100)2%8pPp at E = 78 MeV
are available from three independent experiments.

Lilley et al. [29] show data between about 85° and 170°.
The data are normalized to the Rutherford cross section at the
most forward angle, and the lowest cross section is slightly
below 0.6 of the Rutherford cross section at 170°. The data
are not avaibable at EXFOR or NRV. Lilley et al. provide a
careful OM study with a wide variation of parameters, lead-
ing to oyeac between 36 mb and 57 mb. Despite the concerns
in Sect. 3.2, it seems reasonable to adopt oyeyc = 46.4 £ 7.5
mb because of the extensive study of the parameter space in
this analysis.
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Almost simultaneously, the data by Vulgaris et al. [30]
were published in 1986. Also these data are not available
at EXFOR or NRV. The data cover a smaller angular range
from about 100° to 170°. The cross section at the most back-
ward angles is about 0.6 of the Rutherford cross section, i.e.,
marginally higher than the Lilley et al. data. The OM analysis
provides only one data set in a subsequent paper [31] with
Oreac = 40.1 mb which is slightly lower, but within the error
bars of the Lilley et al. result for oyeac = 46.4 £ 7.5 mb.

About 15 years later, Silva et al. [32] have measured a
series of scattering data for '90. The data are available at
EXFOR after re-digitization of Fig. 3 of [32]. The data cover
a wider angular range from about 60° to 175°. Although the
re-digitization imposes some additional uncertainties, it is
clear that the cross sections at the most backward angles are
much higher with about 0.75 of the Rutherford cross section,
compared to about 0.6 from the Lilley et al. and Vulgaris
et al. data. As oreqc 18 nOt given by Silva et al., I have re-
fitted the data from EXFOR. As expected, the higher elastic
scattering cross sections at backward angles correspond to a
significantly lower Oreqc Of 27.6 mb.

The three results are shown in Fig. 7. The reason for the
discrepancy between the relatively high backward cross sec-
tions by Silva et al. [32] and the lower cross sections by
Lilley et al. [29] and Vulgaris et al. [30] remains unclear.
Most likely, the discrepancy results from small differences
in the projectile energies which are given as “78 MeV” in
all cases. If this is a rounded value, the real energy can be
between 77.5 MeV and 78.4 MeV. Furthermore, a minor cor-
rection to the laboratory energy of the projectile should be
made to take into account the energy loss in the target. (This
correction remains below 100 —200 keV in the present cases,
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L LN 1] i
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Fig. 7 Angular distribution of the differential cross section of
208pp(160,160)208pp elastic scattering at E = 78 MeV: comparison
of experimental data [32] with a new fit (present work) to the best-fit
calculations based on the experiments of [29] and [30]. There is obvi-
ous disagreement between the experimental data, leading to total cross
sections between slightly above 40 mb from [29,30] and slightly below
30 mb from [32]. Further discussion see text

depending on the target thickness.) Note that a reduction of
the energy by 0.5 MeV results in a lower oreac by about 20%,
thus potentially explaining the range of the observed oyeyc in
the three experiments at the nominal energies of 78 MeV.

3.5 Some conclusions from the above examples

The following conclusions can be drawn from the above four
examplesin Sects. 3.1, 3.2, 3.3, and 3.4. (i) Typical uncertain-
ties for the determination of the total reaction cross section
Oreac from elastic scattering angular distributions are of the
order of a few per cent at energies above the Coulomb bar-
rier, but increase significantly to about 10 — 20% around the
Coulomb barrier and even larger values at very low energies.
(i7) Precise angular distributions over the full angular range
(including experimental uncertainties) are required to obtain
very robust results for oye,c and to achieve the claimed uncer-
tainties. (iii) The restricted model space in OM calculations
may constrain the calculated oyesc and thus lead to an underes-
timation of the uncertainty of oye,c. For light projectiles, this
can be investigated by an additional phase shift fit. (iv) The
Oreac calculated from an OM fit is not inevitably the precise
Oreac Of the system under study. But the oy from any OM
fit which reproduces the experimental angular distribution of
elastic scattering over a wide angular range, is a reasonable
estimate of the precise oreac Within the uncertainties as listed
above. (v) The energy of the projectile should be given as
the effective energy in the middle of the target with higher
precision because of the steep energy dependence of oyeqc at
low energies below the Coulomb barrier.

3.6 Quasi-elastic data and inelastic scattering to low-lying
states

In several cases under study, the energy resolution was not
sufficient to distinguish between elastic scattering and inelas-
tic scattering to low-lying excited states of the projectiles.
This holds in particular for several even-odd projectiles like
7Li, "Be, 'Be, 170, 17F, and F. In these cases the exper-
imental angular distributions are often called quasi-elastic
angular distributions.

This leads to the following consequences for the analy-
sis of the angular distribution and the determination of the
total reaction cross section opeac. The quasi-elastic peak in
the energy spectrum of the scattered projectiles is composed
of the elastic contribution and — depending on the scatter-
ing angle — a more or less significant inelastic contribution.
Whereas at forward angles the elastic contribution domi-
nates, at backward angles the measured quasi-elastic peak
will be somewhat higher than the elastic peak only. Conse-
quently, the deviation from the Rutherford cross section is
smaller in the quasi-elastic analysis than it would be in the
analysis of the purely elastic data. Such a smaller deviation
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Fig. 8 Reduced cross sections oyeq as a function of the reduced energy
Eeq. Larger values of oy¢q are found for weakly bound projectiles, in
particular towards lower energies. Further discussion see text

from the Rutherford cross section leads to an underestima-
tion of the total reaction cross section oyeac When quasi-elastic
data are analyzed in the optical model.

The effect is most pronounced for a strong coupling to the
low-lying states, i.e. for cases with a low excitation energy
E, of the low-lying states and a small spin difference AJ.
Grineviciute and Descouvemont [33] have applied a micro-
scopic continuum discretized coupled-channels model for
the case of '°F with its low-lying states at £, = 110 keV
(J® =1/27) and 197 keV (5/2%) which can be populated
from the 1/2% ground state with AJ = 0 and 2 (see also
Sect. 4.24). Itis concluded in [33] that “the theoretical inelas-
tic contribution to the quasi-elastic scattering data is small”.
Because the excitation energies of the lowest states are higher
in the other even-odd projectiles, it is reasonable to assume
that the underestimation of the total reaction cross section
oOreac from the analysis of quasi-elastic angular distributions
remains minor not only for !°F but also for the other even-odd
projectiles in the present study.

4 Data under study

All energies E in the following discussion will be given in
the laboratory system (except explicitly given as E¢ ). All
reduced energies E\q are related to the center-of-mass ener-
gies E.m. by Eq. (1).
All derived reduced cross sections oreq are shown in Fig. 8.
Because of the steep energy dependence of oyeq towards
low energies, the data are also presented in Fig. 9 as ratio
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Fig. 9 Ratios of the reduced cross sections oyeq to a reference opeq ().
Here not only the enhanced oyeq for weakly bound projectiles can be
seen, but also unexpectedly small oyeq for several projectiles with masses
above A = 10 at low Eq below about 1 MeV become more visible.
Further discussion see text

to a reference cross section oyeq(e) which is calculated for
the system 2%8Pb + «, see Sect. 4.1. In this presentation it
becomes visible that there are not only enhanced oyeq for
weakly bound projectiles, but also unexpectedly small oyeq
for several projectiles with masses above A = 10 atlow E\eq
below about 1 MeV. These results will be discussed later in
Sect. 5. The « particle has been chosen as a reference in
the present study because (i) it is a doubly-magic nucleus,
usually considered as a typical tightly bound projectile, and
(ii) oreac can be determined from the available experimental
data with small uncertainties down to low reduced energies
Ereq ~ 0.7 MeV.

In the following subsections I provide further information
for each reaction under study. I start with a detailed discussion
of the 208Pb(ar,)2%8Pb reaction which is used as reference
in Fig. 9.

Because of the huge number of data points in Figs. 8 and
9, additional figures with reduced cross sections opeq and
ratios ored/ored(er) are shown for those cases which required
an extended discussion (Figs. 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22 and 23). The presentation of the data in
these additional Figs. 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22 and 23 uses the following strategy, here explained for
the example of the lithium isotopes in Figs. 12 and 13. If data
are available only from one experiment (e.g., 8Li and °Li),
the additional figures use the same symbol and color as in the
overview Figs. 8 and 9. The same symbol and color are also
used in cases when data sets from several experiments are
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Fig. 10 Same as Fig. 8, but with different scale to visualize the oyeq
data for ®He and 3He which are far above the reference oyeq for the
tightly bound « particle

Fig. 12 SameasFig. 8, but with different scale to visualize the oy¢q data
for °Li, 7Li, 8Li, and °Li. The discrepancies between the experimental
data sets towards low energies are better visible in the ratios, see Fig. 13.
Further discussion see text
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Fig. 11 Same as Fig. 9, but with different scale to visualize the oreq
data for °He and $He which are far above the reference oyeq for the
tightly bound « particle. Note the strong energy dependence of the ratio

Oted/Ored ()

consistent (e.g., °Li). For "Li, the energy dependence of the
oreq from various experiments differs. Only for these cases,
the different experimental data sets are shown with different
colors and symbols.
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Fig. 13 Same as Fig. 9, but with different scale to visualize the oreq
data for °Li, 7Li, 8Li, and °Li. Note the low values of Martel et al. [53]
and Vardaci et al. [54] for 7Li towards low energies. Further discussion
see text

4.1 203pp 4+ 4He

Several angular distributions of elastic scattering at ener-
gies around the Coulomb barrier are available in literature.
Because of the above discussion I restrict myself to stud-
ies which either provide oyeqc in the original publication or
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Fig. 14 Same as Fig. 8, but with different scale to visualize the oreq
data for 'Be, ?Be, and '°Be. The small discrepancies between the exper-
imental data sets for “Be towards low energies are better visible in the
ratios, see Fig. 15. Further discussion see text
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Fig. 16 Same as Fig. 8, but with different scale to visualize the oreq
data for 10C, 12C, 13C, and 'C. Note the huge oyeq for 15C and the small
Oreq for 12C towards low energies which are better visible in the ratios,
see Fig. 17. Further discussion see text
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Fig. 15 Same as Fig. 9, but with different scale to visualize the oreq
data for "Be, ?Be, and '"Be. There are minor differences in the energy
dependence of the two data sets by [65] and [66] towards low energies.
Contrary to 7Be and ?Be, the oyeq from the 298Pb(19Be,!9Be)2%8 P data
[28] show a completely different energy dependence. Further discussion
see text

the numerical data are available or sufficient information is
available for a re-analysis.

Three angular distributions at 19, 20, and 22 MeV have
been measured by Barnett et al. [34]. oreqc can be calculated
from the given OMP parameters. The same holds for the
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Ered (MeV)

Fig. 17 Same as Fig. 9, but with different scale to visualize the oreq
data for 10C, 12C, 13C, and °C. Below Eeq ~ 1 MeV, the oyeq for 12C
are lower than the reference data orq(v). Further discussion see text

data by Lilley et al. [35] at 23.5 MeV. Data by Karcz et al.
[27] are available at 23.6 and 27.6 MeV. The 23.6 MeV data
have been discussed in detail in Sect. 3.2. The 27.6 MeV
data have been re-analyzed in a similar way. The results of
Lilley et al. and Karcz et al. agree within about 5% around
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Fig. 18 SameasFig. 8, but with different scale to visualize the oy¢q data
for 190, 170, and '80. Note the small o;eq for 1°O towards low energies
which are better visible in the ratios, see Fig. 19. Further discussion see
text

23.5 MeV. The data by Baxter et al. [36] at 27.0 MeV were
already analyzed in [25]. That analysis was confirmed by
a new fit to the EXFOR data, leading to almost the same
Oreac as by Karcz et al. at 27.6 MeV. At 39 MeV an angular
distribution is available by Gonchar et al. [37]. The EXFOR
data are taken from an underlying preprint which allows a
reasonable estimate of oy, although the data do not cover a
wide angular range. Finally, the data by Atzrott et al. [25] at
40.4 MeV were already analyzed in Sect. 3.1. The resulting
Oreac Of the data at 39 MeV by Gonchar et al. and the data
at 40.4 MeV by Atzrott et al. are consistent. The data of
Hudson et al. [38] between 19.5 MeV and 25.5 MeV were
not re-analyzed because the EXFOR data set is based on are-
digitization. All oyeqe from the analysis of 2%8Pb(a,)?%3Pb
elastic scattering are shown in Figs. 8 and 9 with small green
full circles. The elastic scattering data cover an energy range
of 0.85 MeV < Ejq < 1.82 MeV.

It is difficult to provide oy, at lower energies from elastic
scattering because the angular distribution shows only tiny
deviations from the Rutherford cross section below about
20 MeV. But it has been shown that the total reaction cross
section is well approximated by the (c,n) cross section for
heavy target nuclei at energies above the (c,n) threshold and
below the («,2n) threshold, see e.g. Fig. 3 of [39]. Therefore,
I extend the energy range under study for 2Pb + « towards
lower energies using the 2*8Pb(a,n)?! ' Po data by Barnett et
al. [34]. The approximate oy, data from the («,n) reaction
are shown in Figs. 8 and 9 with small green open circles. The
(oe,n) data cover an energy range down to Ereq &~ 0.72 MeV

Fig. 19 Same as Fig. 9, but with different scale to visualize the oreq
data for 1°0, 170, and 130. Similar to the findings for 12C below Ereq
~ 1 MeV, the oyeq for 1°0 are lower than the reference data oreq(c). A

similar trend is observed for '80. Further discussion see text
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Fig. 20 Same as Fig. 8, but with different scale to visualize the oyeq
data for 7F and 'F. Note the discrepant opeq for 9F from the differ-
ent analyses which become better visible in the next Fig. 21. Further
discussion see text

and overlap with the data from elastic scattering around E\eq
~ (0.9 MeV.

It has been shown that the Atomki-V2 a-nucleus OMP is
able to predict the total reaction cross section of «-induced
reactions for heavy nuclei at low energies [40,41]. The result
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Fig. 21 Same as Fig. 9, but with different scale to visualize the oreq
data for '"F and '°F. Whereas the original analysis of Lin et al. [103]
shows high oreq for 'F like for typical weakly bound projectiles, several
subsequent OM analyses of these experimental data indicate much lower
Ored, similar to tightly bound nuclei. Further discussion see text

is shownin Figs. 8 and 9 as a dotted green line. The deviations
between the calculated oyeyc from the Atomki-V2 OMP and
the experimental data is less than 10% for all data from elastic
scattering and most («,n) data. The largest deviations are
found around E,.q between 0.75 MeV and 0.78 MeV; the
deviations do not exceed 17%. The found ratio close to unity
between the experimental and the calculated oy OVer the
full energy range under study confirms the consistency of the
present analysis of oeac.

The excellent reproduction of the experimental oy data
using the Atomki-V2 OMP allows a reliable interpolation
between the experimental data points. The calculated oyeac
from the Atomki-V2 OMP are converted to reduced cross
sections oreq Which are then used as a reference for com-
parison of the oreq from the different systems under study.
The presentation of the ratio r = 0yed/0red(e) in Fig. 9 is
suitable for comparison between the different systems under
study because it circumvents the steep energy dependence
of oreq towards lower energies. Details of the energy depen-
dence of oy.q for the various projectiles under study will be
better visible in Fig. 9 with the ratios oyed/0req(@) than in the
presentation of the oyeq in Fig. 8.

The reference calculation is listed in Table 2 in the
Appendix. The table includes the reduced energy Eeq, the
reduced cross section oreq, the underlying energy E¢ . in
the center-of-mass system and the total reaction cross section
Oreac- In addition, the astrophysical S-factor S(E) is given.
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Fig. 22 Same as Fig. 8, but with different scale to visualize the oyeq
data for 17Ne, 2°Ne, 22Ne, and 2*Ne. The lower limit from the sum
of fusion cross sections of Ref. [107] is shown in addition. Further
discussion see text
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Fig. 23 Same as Fig. 9, but with different scale to visualize the opeq
data for 17Ne, 2°Ne, 22Ne, and 2*Ne. Further discussion see text

4.2 203pp 4 OHe

Several experiments have been done for 208pp(®He,"He)
208pp elastic scattering. The data by Sanchez-Benitez et al.
[42] cover the low energy region between 14 MeV and 22
MeV. 0yeqc s not given in [42], but the OMP parameters allow
to reproduce the fits and to calculate oyesc between 35.7 mb
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Table 1 Reduced cross sections oyeq for 'Be, 9Be, 19Be, and !!'Be
from elastic scattering on 28 Pb at higher energies above Ereq = 2 MeV
[67,69,70]. The neutron-halo nucleus 11Be shows a strongly enhanced

ratio to the reference calculation (marked in bold), compared to the
weakly bound 7Be and ?Be and the tightly bound '°Be

projectile Eap Oreac Ereq Ored ared/o'red (o)
(MeV) (mb) (MeV) (mb)

HBe! 140 7798 3.30 117.4 3.05

10Be! 127 3067 2.98 47.0 1.25

9Be ! 88 2473 2.06 38.6 1.20

"Be? 130 3063 3.01 499 1.32

"Be 3 125 3182 2.89 51.8 1.38

IRef. [67]

2Ref. [69]

3Ref. [70]

at 14 MeV and 1315 mb at 22 MeV. There are two further
angular distributions at 22 MeV by Acosta et al. [43] and
Marquinez-Durén et al. [44]. The numerical data by Acosta
et al. are available at EXFOR. Because oyeqc 1S not given in
[43], the angular distribution was re-fitted, leading to oyeac
= 1205 mb. Marquinez-Durdn et al. have analyzed their own
data with opeyc = 1522 mb, and a further analysis of a com-
bined data set at 22 MeV leads to oyeac = 1459 mb in [44].
Finally, at 27 MeV oeac = 1924 +46 mb is derived from the
experimental data by Kakuee et al. [45] using the two almost
identical fits to the data in the subsequent paper [46], Table
1, last two lines.

The experimental data cover the range 0of 0.64 MeV < Ereq
< 1.24 MeV. The oycq values for °He are significantly higher
than the reference values, see the light-blue open triangles in
Figs. 8 and 9. For better visualization, the data for %He are
shown in the separate Figs. 10 and 11.

Figures 10 and 11 nicely show that the oyeq for %He are
by far higher than the oyq for the tightly bound « particle. In
addition, there is a strong energy dependence with increas-
ing ratios oyed/ored (o) towards lower energies. Although the
uncertainties of oyeq at the lowest energies may be huge (see
discussion in Sect. 3), the trend of increasing oreq of ®He
towards lower energies is an experimental fact. It has been
interpreted as a signature of the two-neutron halo in ®He with
its o + 2n cluster structure [42—46] and the low two-neutron
separation energy of only 975 keV. Such a halo structure
corresponds to a wave function with a long-range tail which
leads to absorption of the incoming *He projectiles at large
radii which becomes more and more relevant towards sub-
barrier energies. In OM calculations, this is reflected by a
shift of the imaginary potential towards larger radii for low
energies. This effect was also observed in other ®He + nucleus
scattering data, see e.g. [47,48].

4.3 208pp 4 8He

Only few data are available for 208pp(8He,3He)2%8 Pb elastic
scattering. A first experiment by Marquinez-Duran et al. [44]
determined oyeyc Of this reaction as 1520 mb at 16 MeV. In a
subsequent experiment by the same collaboration [49] further
data at 22 MeV were measured, and a common analysis gave
Oreac = 1529 4+ 40 mb at 22 MeV and 254 4 60 mb at 16
MeV. I show only the data from the latter paper in Figs. 8§,
9, 10, and 11 as small magenta stars. The experimental data
cover the range of Eeq from 0.74 MeV to 1.02 MeV.

The oreq for ¥He show almost the same behavior as the
ored for ®He. The oreqc for 8He are significantly enhanced
in comparison to the reference data, and the enhancement
is increasing towards lower energies. Interestingly, noticable
differences between the required OMP for °He and $He have
been identified in [49]. The discussion in [49] points out
that several reaction mechanisms like one-neutron and two-
neutron transfer, breakup, and to minor extend also fusion
contribute to the total reaction cross section oyeae for SHe. A
tentative conclusion is drawn in [49] that the breakup cross
section for ¥He must be considerably smaller than for °He.
Although the different reaction mechanisms may contribute
in varying weights to the oyeac for 8He and 6Ho:, at the end a
very similar behavior of the oyeq for 8He and °He is found.

4.4 208pp 4 6L

Several experimental angular distributions of 2%Pb
(°Li,%Li)?8Pb elastic scattering are avilable in literature. The
data by Gemmeke et al. [5S0] cover the energy range between
23 MeV and 48 MeV. Total reaction cross sections are not
provided, but the oyesc can be re-calculated from the given
OMP parameters. In the same energy range Keeley et al. [51]
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provide angular distributions between 27 MeV and 39 MeV.
Here the oyeqc are listed in their Table 2. Chun-Lei et al. [52]
provide further angular distributions between 25 MeV and 46
MeV. The authors provide only the depths of real and imagi-
nary potentials at the sensitivity radius Rg, but no information
on the underlying WS parameters and on the obtained oyeqc
is given in [52]. Fortunately, the original data are available at
EXFOR, and so it is possible to re-fit the data and determine
Oreac Without major problems.

The derived opeqc from the different experiments [S0-52]
cover reduced energies Erg between 0.70 MeV and 1.47
MeV. The o¢yc are consistent with each other. The data can
be found as blue crosses in Figs. 8 and 9 at the upper end
of the bulk of data for weakly bound projectiles. The data
are also added for comparison to the plots for 'Li in the next
section, see Figs. 12 and 13. The oyq for °Li are slightly
lower than the oeq for the neutron halo nucleus °He, but
both data sets for oreq of °Li and °He show a similar slope
with an increasing ratio oyed/ored(¢) towards lower energies.
This finding is reflected in the properties of the ®Li nucleus.
Similar to ®He, also for °Li strong clustering is expected with
a dominant o + d contribution in the wave function. The
separation energy of the two clusters is also quite low with
1.47 MeV, but slightly higher than in the °He case. At higher
energies above the Coulomb barrier around Eeg &~ 1.5 MeV,
the data for °Li follow the general trend of opeq for weakly
bound projectiles which is about a factor of 1.5 above the
reference oeq(c) from the 298 Pb(er,a)*%8Pb reaction.

4.5 208pp 4 714

The experimental situation for 208pp(7Li,Li)2%8Pb is more
complicated than in the previous cases. There is a low-lying
level at E* = 478 keV in ’Li. The experimental energy res-
olution of the scattering experiments is not always sufficient
to resolve the 3/27 ground state and 1/27 excited state at
478 keV. This may be one explanation for the discrepant
experimental results for this reaction.

Utsunomiya et al. [55] have measured an angular distri-
bution at 63 MeV from about 10° to 70°, corresponding to
Ered = 1.94 MeV, i.e., the upper end of the energy range
under study. oye,c 1S nOt given, but can be re-calculated from
the OMP parameters. Keeley et al. [51] have covered a broad
energy range between 29 and 60 MeV. The oy, are provided
in their Table 1, and a subsequent re-analysis by Martel et
al. [53] confirmed these results. Das Gupta et al. [S6] mea-
sured an angular distribution at 42 MeV; opeyc Was recalcu-
lated from the OMP parameters in their Table 1. Parkar et
al. [57] provide an angular distribution over the full angular
range at 27 MeV. The data had to be re-fitted because no OMP
parameters are given; fortunately, the data set at EXFOR was
provided by the authors as numerical table. The data by Yang
et al. [58] cover a wide energy range from 25.7 MeV to 42.6

@ Springer

MeV. In addition, an earlier experiment by Zeller et al. [59] at
52 MeV is re-analyzed; this data point from the Zeller data is
included in the data set of Yang in the presentation. The oreqc
have been recalculated from the OMP parameters in Table
I. Recently, new angular distributions became available by
Vardaci et al. [54] at low energies between 25 MeV and 39
MeV. oyeqc are provided in Table 2 of this work.

Overall, the data cover an energy range from 25 MeV to
63 MeV, corresponding to Ereq from 0.77 MeV to 1.94 MeV.
The results are shown in Figs. 8 and 9 with orange open
squares. They are located in the middle of the bulk of weakly
bound projectiles. Similar to the two previous projectiles °He
and °Li, a strong « clustering component is found in the wave
function of Li = « + . The separation energy between the
two clusters is 2.468 MeV, i.e. somewhat higher than in the
case of OLi. Thus, slightly lower o;eq can be expected for 'Li
compared to °Li. This can be seen in the additional Figs. 12
and 13.

An interesting feature becomes visible in the plot of the
ratios of oreq/0red () in Fig. 13 which is not as obvious in the
plot of oveq in Fig. 12. There is a general trend of increasing
ratios oyed/ored (o) towards lower energies around Ereq ~ 1
MeV, very similar to the trend for i which can be seen
in all data sets at these energies by Keeley, Martel, Parkar,
Yang, and Vardaci. But at 27 MeV, corresponding to Eyeq
= 0.83 MeV, a significant discrepancy appears between the
relatively high oreq = 0.59 mb by Parkar and the relatively
low oreq = 0.19 mb by Martel. (No parameters at 27 MeV are
provided in the Keeley paper). The ratios to oyeq(c) are about
5.2 for the Parkar o4 and about 1.7 for the Martel oyeqc. At 25
MeV, the data by Vardaci of oreac = 1.18 mb and o7¢q = 0.019
mb indicate an even lower ratio of about 1.5 only. The error
bars of the Vardaci angular distribution are very small, thus
allowing to constrain opeac With an uncertainty of less than a
factor of two. Thus, there is strong experimental evidence that
the energy dependence of oreq of “Li deviates significantly
from ®He and °Li. Unfortunately, the error bars of the Yang
data at 25.7 MeV do not allow to determine oy With a
reasonable accuracy. The number which can be calculated
from the given OMP parameters, is of the order of microbarns
and thus far below the already low opeac from the Vardaci
experiment. But the experimental angular distribution at 25.7
MeV can also be reproduced with x2/F below 1 with much
higher oyeac up to about 10 mb. This data point at 25.7 MeV
is omitted in Figs. 12 and 13. Interestingly, the next-lowest
data point by Yang at 28.6 MeV, corresponding to Eeq =
0.88 MeV, shows a high ratio around 5.7 which is close to
the ratio of Parkar at 27 MeV (Eeq = 0.83 MeV) and above
the ratio around 3.0-3.2 at 29 MeV (Eeq = 0.89 MeV) from
Keeley and Martel.

Summarizing the data for 7Li, there is some tension
between the experimental data sets towards low energies. But
there is strong evidence for a significantly different energy
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dependence of oyg compared to %He and °Li, leading to much
lower opeq and ratios oyeq/ored(cr) towards low E.q below
about 0.8-0.9 MeV. At higher energies, the oyeq for ’Li fol-
low the general trend of weakly bound projectiles.

4.6 298pp + 8L

Data for 298Pb(®Li,3Li)2%®Pb are available only by Kolata
et al. [60]. Five angular distributions have been measured at
energies between about 20 MeV and 25 MeV, corresponding
t0 ored = 0.79 MeV to 1.07 MeV. The total reaction cross
sections are provided in Table I of [60]. The data are shown
with dark purple club symbols in Figs. 8 and 9. The results
for opeq for 8Li exceed the Ored Of Li and "Li, but remain
below oyeq for %He. Such results are expected for 8Li with its
small neutron separation energy of 2.033 MeV. The energy
dependence of oyeq for 8Li shows the same increase towards
low energies as ®He and °Li. Contrary to Li, no evidence
for a decreasing ratio opeq/ored(c) towards very low energies
can be seen.

4.7 208pp 4+ 9L

Overall, four angular distributions have been measured by
Cubero et al. for 2%8Pb(°Li,°Li)2%Pb which are shown in
Fig. 3 of [61] and Fig. 3 of [62]. The experiments cover only
a limited energy range between 24 MeV and 33 MeV, cor-
responding to Epg = 0.74 MeV to 1.02 MeV. The data at
EXFOR have been provided by the authors and have to be
used for a re-analysis because total reaction cross sections
are not given in [61,62]. A separate analysis was made for
two angular distributions which were measured at the projec-
tile energy of 29.5 MeV because two targets with different
thicknesses were used, leading to effective energies of 29.28
MeV and 29.20 MeV. The results for oyeq of °Li from the
present re-analysis are shown in Figs. 8 and 9 with brown
open circles. Because the data for “Li are difficult to see in
the bulk of data for weakly bound projectiles, the oreq for °Li
are also included in the separate Figs. 12 and 13. The data
show a steep increase towards lower energies, similar to 5He,
6Li, and L4, but different from 7Li.

Outside the shown energy range of Figs. 8 and 9, one more
angular distribution has been measured by Skobelev et al.
[63] at Ec.m. = 82 MeV, corresponding to Ereq = 2.67 MeV.
The resulting o,eq = 73.6 mb fits nicely into the general trend
of weakly bound projectiles at higher energies with ratios
Ored/0red (@) ~ 1.5 (as found above for Li and TLi).

4.8 208pp 4 114

Only few experimental data are available for 2%%Pb
(M'Li,"'Li)298Pb elastic scattering. Two angular distributions
at the energies of 29.6 MeV and 24.0 MeV were measured in

[61], corresponding to oreg =0.76 MeV and 0.93 MeV. (Note
that I have corrected the given energies in [61] by about 300
keV to take into account the energy loss of the ! Li projectiles
in the 2%8Pb target with a thickness of 1.45 mg/cm?.) It was
found in [61] that elastic scattering of the neutron-halo pro-
jectile ' Li shows a completely different angular distribution
which deviates from the Rutherford cross section already at
forward angles.

It is very difficult to find reasonable fits in the OM which
describe the !'Li elastic scattering data. Although the OMP
parameters must remain quite uncertain under these condi-
tions, it is nevertheless obvious that the resulting total reac-
tion cross sections are huge because of the deviations of the
angular distribution from Rutherford over a wide angular
range. The obtained oy are about 3900 mb at 24.0 MeV
and 6200 mb at 29.6 MeV which translates to oyeq = 58 mb
(93 mb) at E;eq =0.76 MeV (0.93 MeV). The ratios to the ref-
erence cross sections are huge with 57.5 at the upper energy
(Ered = 0.93 MeV) and about 8600 at the lower energy ( Ereq
=0.76 MeV). The data are shown with lightblue full circles
in Figs. 8 and 9. However, because of the huge numbers, only
the lower data point is within the scale of Fig. 8 with the oreq,
and only the upper data point is within the scale of Fig. 9 with
the ratio oped/ored(a). The huge slope of the ratio with more
than two orders of magnitude between Ey.g = 0.76 MeV and
0.93 MeV exceeds the slope of other nuclei under study and
reflects the extreme neutron-to-proton ratio and neutron halo
properties of ''Li.

4.9 208pp 4 TBe

"Be is the isospin mirror nucleus of 'Li. Consequently, many
similarities can be expected. 'Be has also a noticable a-
cluster structure as o + SHe. The separation energy of the
clusters is very low with 1.587 MeV, i.e. only about 2/3
of the separation energy in ’Li which should also result in
enhanced oOreq.

Experimentally, similar to the ’Li case, there is a low-lying
excited state in 'Be at an excitation energy of 429 keV which
complicates the measurement of elastic scattering because a
high energy resolution is needed to separate the contributions
of the 3/2~ ground state and the 1/27 excited state. Further-
more, experiments with ’Be are by far more complicated than
with 7Li because "Be is unstable.

Angular distributions of elastic scattering at low energies
have been measured by Mazzocco et al. [64] at three ener-
gies between 37.4 MeV and 42.2 MeV which corresponds to
E.cq between 0.86 MeV and 0.98 MeV. Total reaction cross
sections are provided in Table I of [64]. The resulting oeq
are shown in Figs. 8 and 9 as big filled orange diamonds. As
expected, the oyeq for "Be are located in the bulk of weakly
bound projectiles. The ratio opeq/ored(er) increases towards
lower energies, similar to the many previous cases except its
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mirror 'Li. The lowest energy Erq = 0.86 MeV for "Be is
slightly above the energy range where the energy dependence
of the oyeq data for Li deviates from the typical behavior of
weakly bound projectiles. Thus, it must remain an open ques-
tion whether ’Be will behave similar or different as its mirror
"Li towards low energies.

Furthermore, the o,eq data for 'Be are also included in
the additional Figs. 14 and 15 which are mainly intended
for a better visualization of the Be and '“Be data (see next
Sects. 4.10 and 4.11).

4.10 208pp + 9Be

Elastic 2°*Pb(°Be,”Be)??Pb scattering at low energies was
investigated experimentally in two studies. Woolliscroft et al.
[65] have measured angular distributions between 38 MeV
and 75 MeV, and Yu et al. [66] have complemented these
data between 37 MeV and 50 MeV. Overall, data for reduced
energies between 0.88 MeV and 1.75 MeV are available. In
addition, Duan et al. [67] have measured recently an addi-
tional angular distribution at 88 MeV which corresponds to
Ereq =2.06 MeV (slightly outside the shown range in Figs. 8
and 9).

Although neither Woolliscroft et al. nor Yu et al. provide
the total reaction cross sections oyeyc from their fits, a subse-
quent analysis by Palli et al. [68] re-fits all angular distribu-
tions and lists the resulting oy in their Table I. The derived
Ored for ?Be are shown in Figs. 8 and 9 with light-blue heart
symbols. The additional Figs. 14 and 15 illustrate the data
for "Be, ?Be, and 1°Be.

The nucleus ?Be has a strong o + o + n cluster struc-
ture where the neutron is only weakly bound by 1.665 MeV.
Consequently, enhanced oreq can be expected. Indeed, the
ored for ?Be are located in the bulk of weakly bound projec-
tiles in Figs. 8 and 9. Towards higher energies, the oyq are
a factor of 1.3—1.4 above the reference calculation. Towards
lower energies, the ratios oped/ored(a) for 9Be increase in the
usual way for weakly bound projectiles. There is a minor dif-
ference between the two data sets. The o,eq from Yu et al. are
slightly higher than the opeq from Woolliscroft et al. towards
the lowest energies; otherwise, the two data sets agree well.
And also the oyeq from the 88 MeV data of Duan et al. with
Ored = 38.6 mb and a ratio oyeq/oreq(@) = 1.20 at Ereq = 2.06
MeV fits nicely into the general trend of the data for *Be.

4.11 298pp 4+ 10Be

The 208Pb(lOBe, 10Be)ZOSPb reaction was studied at low ener-
gies by Kolata et al. [28]. Five angular distributions at ener-
gies between 38.4 MeV and 43.9 MeV are shown in Fig. 1 of
[28]. Total reaction cross sections from different OM fits are
provided in Table I of [28]. However, it is noted in [28] that
the angular distributions at the two lowest energies show only
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tiny deviations from the Rutherford cross section, and thus
the obtained o7, from the OM fits have significant uncertain-
ties. Consequently, oreqc With larger uncertainties are shown
in Fig. 2 of [28]. As also discussed above in Sect. 3.3, the two
OM fits by Kolata et al. at the lowest energy of 38.4 MeV
provide opeac = 3 mb or 10 mb. Their Fig. 2 shows oye,c With
alarger error bar, with a lower end exceeding the lower range
of the diagram at 1 mb, and an upper end around 40 mb. I
adopt these results from Fig. 2 of [28] although my re-fits in
Sect. 3.3 indicate that the upper limit may be even higher at
80 mb or 150 mb, depending on the choice of the re-digitized
data either from NRV or from EXFOR.

The 0req from 298Pb(10Be, 0Be)2%8Pb scattering cover an
energy range between Eq = 0.90 MeV and 1.03 MeV. The
ored for 1°Be are shown in Figs. 8 and 9 with dark cyan
filled diamonds. Interestingly, the data for the three upper
energies are located at the lower end of weakly bound projec-
tiles although '°Be is tightly bound with a neutron separation
energy of 6.8 MeV, proton separation energy of 19.6 MeV,
and o separation energy of 7.4 MeV. The ratio to the refer-
ence calculation is about 1.5—1.7 for the three upper energies.
Contrary, the oreq at the two lowest energies are much lower,
with ratios of about 0.17 and 0.30 at E.q = 0.90 MeV and
0.92 MeV. The original error bar of Kolata et al. ends below a
ratio of 1.0, but from my additional analysis the ratio may be
up to a factor of 4 higher. Thus, the available experimental
data point towards lower oyq at low energies and towards
a different energy dependence for the oyeq for °Be (com-
pared to several weakly bound projectiles like ®He, °Li, "Li,
"Be, ?Be). But unfortunately the uncertainties for oreq are too
large to come to a clear conclusion on the energy dependence
of oyeq for 10Be. Interestingly, the low o¢q for 10Be at the
lowest energies nicely match the results for several tightly
bound projectiles which will be discussed later in this study.

4.12 298pp 4+ l1Be

Elastic scattering data for 208pp(l1Be, 11Be)208Ph at low
energies around the Coulomb barrier are not available in lit-
erature. Because of the low neutron separation energy of 502
keV and because of J* = 1/2% of the ground state of ! Be,
this nucleus can be expected to show strongly enhanced oyeq
because of its pronounced neutron halo properties. As some
data are available at higher energies, we briefly discuss the
results above the usual energy range of the present study.
Duan et al. [67] have measured angular distributions for
1Be, 10Be, and °Be scattering from 2°8Pb. The respective
energies were 140 MeV for lIBe 127 MeV for 1OBe, and 88
MeV for *Be. Total cross sections of 7798 mb, 3067 mb, and
2473 mb are reported in [67], leading to the following results
for oyeq in Table 1. The data are complemented by another
data sets at higher energies for ’Be by Yang et al. [69] and
Wang et al. [70]. Although the E\¢q of the different data sets at
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higher energies do not match exactly, the oreq Vs. Ered curve
is sufficiently flat at these energies, and thus a comparison
of the ratios ored/ored(cr) in Table 1 clearly reveals that the
Ored for 1'Be is far above the oyq for 'Be, °Be, and 9Be
which show the typical behavior of weakly bound projectiles
with ratios above 1.0 but below about 1.5 (see also Fig. 9).
A similar enhancement of oeq of !!'Be (compared to 9Be
and '°Be) can be derived from low-energy scattering data on
647n [71]. This finding strenghtens the interpretation of !'Be
as a neutron halo nucleus (e.g., [71,72]).

For completeness I mention another recent experiment
at relatively high energies where angular distributions for
208pp(12B,12B)208pp and 208pp(12N,12N)208p elastic scat-
tering were measured by Wang et al. [73]. Both odd-odd
nuclei, 12B and 12N, are relatively weakly bound with a low
neutron separation energy of 3370 keV for '>B and a very
low proton separation energy of 600 keV for '?N. The total
reaction cross sections opege from the angular distributions
at E = 255 MeV for ’B and 343 MeV for !°N are given
by Wang et al. as about 3600 mb in both cases, leading to
Ored & 53 mb at Ereq = 4.77 MeV for 2B and E,oq = 4.64
MeV for '2N. This result is less than a factor of two above
the reference calculation, i.e. close to the typical values for
weakly bound and exotic halo projectiles. This underlines the
extraordinary properties of !'Be where a much higher oyeq
above 100 mb was found already at the slightly lower Eyeq =
3.30 MeV (see Table 1).

4.13 298pp + 8B

8B is the isospin mirror nucleus of 8Li. The proton separation
energy of 8B is as low as 136 keV which is even below
the relatively small neutron separation energy of its mirror
8Li of 2.033 MeV. There is only one angular distribution
of 28Pb(3B,8B)2"8Pb elastic scattering at low energies by
Mazzocco et al. [64] at 50 MeV which corresponds to Ereq =
0.93 MeV. The total reaction cross section oyeac 1S provided
in Table I of [64]. The resulting oy¢q is shown in Figs. 8 and 9
as open light-blue diamond. This oyeq for 8B shows a strong
enhancement close to the results for its mirror nucleus 8Li
and the neutron halo nucleus ®He, thus indicating the proton
halo of 8B.

Somewhat surprisingly, at higher energies between Eeq =
3.17MeV and 4.43 MeV, o4 between 53 mb and 55 mb were
derived in [69,70,74] which is only moderately enhanced and
corresponds to ratios oreq/ored(er) of about 1.4, in line with
the overall results for many weakly bound projectiles (see
Fig. 9).

Very recently, an angular distribution of elastic ®B scatter-
ing on a natural zirconium target was measured at 26.5 MeV
by Palli et al. [75]. The total reaction cross section of Oreac
= 180 £ 40 mb translates to about oyeq = 4.3 mb at Ejeq
= 0.79 MeV and a ratio oyed/ored(e) of about 150; i.e., all

data for 8B at low Eeq are close to the data for the $Li mirror
nucleus.

4.14 208pp 4+ 11B

Contrary to 8B, the nucleus ''B is stable and tightly bound
with neutron and proton separation energies above 11 MeV,
and also the cluster separation energies of an « + « + ¢ struc-
ture are 8.7 MeV and 11.2 MeV for the « and the triton. Thus,
1B can be considered as a typical example for a tightly bound
nucleus, independent of a possible cluster structure. From a
shell model point of view, !'B consists of the tightly bound
12¢ with one proton hole in the p3,; shell, also without any
evidence for a weak binding.

There is one angular distribution of 208pp(1ig, 11R)208py,
elastic scattering in literature by Sahu et al. [76] at 69 MeV.
The data cover only a limited angular range of 45° to 75°.
The total reaction cross section of oyeac = 1302 mb in Table
I of [76] corresponds to oreg = 19.6 mb at Ereq = 1.30 MeV.
The ratio to the reference calculation is opeg/0req(a) = 1.10,
i.e. close to unity within 10%. A similar result is found from
the earlier experiment by Ford et al. [77] at the slightly higher
energy of 72.2 MeV. The results for ''B are shown in Figs. 8
and 9 with a light-brown dotted circle.

4.15 298pp 4+ 10C

The very proton-rich (N/Z = 0.667) even-even nucleus
10C is moderately bound with a proton separation energy
of 4.0 MeV and « separation energy of 5.1 MeV. Recently,
Linares et al. [78] have measured an angular distribution of
208pp(10C,10C)298pp elastic scattering at 66 MeV. The total
reaction cross section from an OM fit is given as oyeac = 753
mb, corresponding to oreg = 11.5 mb at Ereg = 1.03 MeV.
The data point for '°C is shown in Figs. 8 and 9 with a
@ symbol in light orange color. The data point is located at
the lower end of the bulk of weakly bound projectiles, and
is almost hidden behind two close-lying results for 1°F (see
also Sect. 4.24). From the separation energies of '°C, such an
enhanced oeq is somewhat unexpected. However, the origi-
nal analysis in [78] using the so-called universal fusion func-
tion (UFF) shows an even more pronounced enhancement of
the 19C cross section (see Fig. 5in [78]). A slightly enhanced
ored for 1°C is also observed at higher energies where Yang
et al. [79] report oreqg = 51.4 mb at Eeq = 3.54 MeV, corre-
sponding to a noticably enhanced ratio oyeq/0red(er) = 1.33.

4.16 208pp 4 12C

Elastic scattering for the 208pp(12C,12C)208pp reaction was
investigated experimentally in several studies. A broad range
of energies was covered by Santra et al. [80]. Overall, seven
angular distributions were measured at energies between 58.9
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MeV and up to 84.9 MeV, and the derived ey are listed in
Table I of [80]. In addition, earlier data at 118 MeV by Fried-
man et al. [81] were re-analyzed in [80], leading to oreqc close,
but slightly lower by less than 5%, than the original analysis
in [81]. An earlier experiment by Ball et al. [82] shows an
angular distribution between 20° and 75° at the energy of 96
MeV. The total reaction cross section was derived from vari-
ous fits, leading to opeac = 1754 — 1869 mb; from the scatter
of the derived oreac, I adopt opeac = 1810 £ 58 mb. Angular
distributions at relatively low energies between 54.5 MeV
and 57.0 MeV are reported by Gasques et al. [83]. AS Oreac
are not provided in [83], I have re-fitted the data which are
available at EXFOR. Another angular distribution is avail-
able in Rudakov et al. [84] at 75.7 MeV. Here the EXFOR
data were re-fitted which are taken from a numerical table
including the uncertainties. The total cross section oyeyc at
116.4 MeV is derived from the experiment by Larsen et al.
[85]. Because the information in [85] is very limited, oyeac
is re-calculated from the OMP parameters of a subsequent
analysis of the Larsen et al. data by the same group in Ford
etal. [77]. Finally, early angular distributions are available at
122.8 MeV by Kerlee et al. [86] and at 125.3 MeV by Baker
et al. [87]. For a brief discussion of the data analysis in [87],
see Sect. 4.19.

The above mentioned angular distributions cover the
energy range of E.q from 0.88 MeV to 1.98 MeV. The result-
ing oreq are shown with brown stars in Figs. 8 and 9. For bet-
ter visualization of the individual experiments, two further
Figs. 16 and 17 have been added.

The 0yeq from the different !2C scattering data are nicely
consistent and agree well with the reference data from «
scattering at higher energies above Erg &~ 1 MeV within
deviations of less than 15%. However, an unexpected devi-
ation between the '2C data and the reference data is found
below E.q & 1 MeV where low ratios oped/ored(a) down to
about 0.05 are found at E..q = 0.88 MeV to 0.89 MeV. The
extremely low ratios are based on the re-fits of the experi-
mental data of Gasques et al. only, but also the lowest data
point by Santraetal. at Er.q =0.93 MeV clearly shows aratio
far below 1.0 with oyeq/0req(o) = 0.158 £0.025. Similar low
ratios to the reference oeq(«) will be found in several further
data for tightly bound projectiles (see below).

4.17 298pp 4+ 13C

Experimental data for 208pp(13C,13C)208py elastic scatter-
ing are very scarce. Franey et al. [88] have measured transfer
reactions on 2%Pb at sub-Coulomb energies. They pointed
out that the elastic angular distributions were mainly mea-
sured “as justification for using Coulomb distorted waves in
the analyses of transfer reactions”. Accordingly, the mea-
sured angular distributions at 52 MeV and at 54 MeV (Ereq
=0.82 MeV and 0.86 MeV) consist only of few data points,
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and the deviations from the Rutherford cross section remain
below 10%. I have tried to re-fit these angular distributions
by adopting the OMP parameters of Santra et al. [80] and
by re-adjusting only the diffuseness of the imaginary OMP.
The obtained oy and oreq show significant uncertainties,
and thus the data are only shown in Figs. 16 and 17. Despite
the uncertainties of roughly a factor of two for oyeyc, 1S seems
that the data for 13C are located slightly above the reference
calculation with oyed/0req(0) &~ 2 around Eq =~ 0.84 MeV.
These oeq are much higher than for the tightly bound '>C,
but also much lower than the results for weakly bound pro-
jectiles. The neutron separation energy of °C is 4.946 MeV
which is neither tightly nor weakly, but moderately bound.

4.18 298pp + 15C

A preliminary analysis of a recent 28 Pb(1>C,13C)?8Pb scat-
tering experiment at the HIE-ISOLDE facility in CERN is
given by Ovejas et al. [89]. A total reaction cross section of
Oreac = 3035 mb was found at 65 MeV, corresponding to a
reduced cross section opeqg = 43.1 mb at Eq = 1.03 MeV.
The result is shown as a big blue star in Figs. 8,9, 16, and 17.
The obtained oyeq for °C is even slightly above the results
for the neutron halo nucleus ®He. It will be interesting to
see whether the final analysis of the data will confirm this
result, but the dramatic differences between the angular dis-
tributions of 208Pb(12C,12C)2%8Ph and 208pb(15C,15C)2%8pp
scattering in Fig. 3 of [89] clearly show that oeyc for 5C s
strongly enhanced.

The neutron binding energy in the neutron-rich °C
nucleus is tiny with 1.218 MeV, and furthermore the spin and
parity of J* = 1/27 indicate that the ground state wave func-
tion has a strong '“C + n component with a s-wave (L = 0)
neutron halo. Consequently, the obtained huge oreq for 15C
is not surprising.

4.19 208pp 4+ 14N

One angular distribution for 208Pb(14N,14N)208Pb has been
measured in literature by Baker et al. [87] at 146.7 MeV
already in 1967. Instead of an OM fit, Baker et al. use a
simple parametrization of the S-matrix and fit the parame-
ters to their experimental angular distribution. The reflexion
coefficients 7, are essentially characterized by the range of
angular momenta L where the 1, change from almost zero
(full absorption for low L, corresponding to central colli-
sions) to almost one (no absorption for high L, correspond-
ing to peripheral collisions). The given formula for the ny
in [87] allows to recalculate the total reaction cross section
Oreac from Eq. (3).

Baker et al. have measured angular distributions for 2¢,
14N, and '°0 for energies close to Ereg =2 MeV. In all cases,
the ratio to the reference calculation oyedq/oreq(e) is between
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1.14 and 1.18, see Fig. 8 and 9. An earlier experiment for
208pp(14N, 1N)298 P by Kerlee et al. [86] at almost the same
energy of 147.2 MeV finds a slightly lower oeyc, leading to
aratio oyeq/ored() = 1.05 at Eeq = 2.003 MeV (i.e., outside
Figs. 8 and 9).

4.20 298pp + 160

160 is a doubly-magic, tightly bound nucleus with proton and
neutron separation energies above 12 MeV. And also the «
separation energy is not very low with 7.162 MeV. A series of
experimental angular distributions for 2Pb(1°0,100)2%8pp
is available in literature which makes 1°0, together with 12c
and the « particle, another paradigm for a tightly bound pro-
jectile in the present study.

A series of angular distributions was measured by Vide-
baeck et al. [90] between 80 MeV and 102 MeV. The derived
Oreac are listed in their Table I from different OM fits. The
average and standard deviation have been adopted. These
data have been complemented by Vulgaris et al. [30,31]
between 78 MeV and 90 MeV. Here oye,c are provided in
their Table III without uncertainties. An extension towards
lower energies was provided by Silva et al. [32] who mea-
sured angular distributions between 74 MeV and 78 MeV.
Unfortunately, Silva et al. do not provide oyeyc, and the lim-
ited information on the chosen potentials does not allow to
re-calculate oyeyc from the original analysis. So I have used
the data at EXFOR to re-fit the angular distributions and to
determine oyeqc. Pieper et al. [91] have measured two angu-
lar distributions in the energy range of the present study at
104 MeV and 138.5 MeV. The obtained o, are not listed
in [91], but can be re-calculated from the OMP parameters
in their table IV (best-fit set “I3”). In addition to the above
experiments which provided many angular distributions, the
following studies show one additional angular distribution.
The experiment by Baker et al. [87] at 158 MeV or Eeq =
2.03 MeV is marginally above the chosen energy range of
the present study, but fits into the general trend of the opeq
data with a ratio oyeq/oreq(a) = 1.14. Ball et al. [82] show
data at 129.5 MeV and 192 MeV (the latter with E.q = 2.30
MeV outside the chosen energy range, but with oyeg/0req(o)
= 1.20 close to the data at lower E\eq). The oyeqc are provided
in their Table 2 from different OM fits. Becchetti et al. [92]
have measured elastic scattering at 104 MeV, and o;¢,c can be
re-calculated from the OMP parameters in a footnote of their
Table I. The same holds for the angular distribution at 130
MeV by Friedman et al. [81]; here in addition a parametrized
phase shift fit was made, leading to practically the same oyeyc
within less than 1%. A third angular distribution at 78 MeV
is measured by Lilley et al. [29]. For a discussion of these
three measurements at 78 MeV, see above Sect. 3.4. Finally,
the angular distribution by Rudakov et al. [84] at 95 MeV

was re-fitted using the original data which are available at
EXFOR.

Overall, the available angular distributions cover a wide
range of energies from 74 MeV up to almost 200 MeV, cor-
responding to Ereq from 0.88 MeV up to more than 2.0 MeV.
The resulting oreq are shown in Figs. 8 and 9 with light-red
® symbols. For better visualization, the data for the oxygen
isotopes are shown also in the additional Figs. 18 and 19.

In general, the agreement between the different exper-
imental data sets is very reasonable. Typical uncertainties
have been illustrated above in Sect. 3.4. Below Eq ~ 1
MeV, a major deviation between the data for '°0 and the
reference data from the o particle is found, leading to ratios
Ored/0red(r) far below unity, reaching values of only about
0.02 at Eeqg = 0.9 MeV. Although the uncertainties of the
derived oo and oyeq increase towards lower energies, the
overall good agrement between the different experiments for
160 shows that these unexpectedly small oreq are an exper-
imental fact. Furthermore, this finding is very similar to the
results for 12C, see Sect. 4.16 and Figs. 16 and 17. Although
the low-energy data by Franey et al. [88] do not allow to
determine oo With reasonable accuracy, upper limits for
Oreac Can be derived from the angular distributions at 69.05
MeV, 70.95 MeV, and 72.95 MeV. Thes upper limits confirm
the trend towards ratios oped/ored(e¢) < 1.0 at low energies
for 1°0.

421 298pp + 170

Only few data are available for 208pp(170,170)208pp elastic
scattering. Lilley et al. [29] show an angular distribution at
78 MeV, and oreyc Was determined by a careful analysis of
OM fits (see their Table 1, similar to 1°0 above). Torresi et
al. [93] show six angular distributions at energies between 50
MeV and 87 MeV. Unfortunately, the angular distributions
cover only a very limited angular range, and at the lower
energies the deviation from the Rutherford cross section is
tiny. Torresi et al. provide directly the reduced cross sec-
tions opeq in their Fig. 2 for their three highest energies of
82 MeV, 84 MeV, and 87 MeV; here I use these three data
points (re-digitized). Finally, an angular distribution at 66.95
MeV has been measured by Franey et al. [88], but also here
the deviation from Rutherford is too small to allow for a
determination of the total reaction cross section opeyc. The
upper limit from the Franey et al. angular distribution is far
above the ratio opeq/0red(e) = 1.0, thus not constraining the
low-energy behavior of oyeq for 170.

The obtained oeq data for 7O cover reduced energies
Eeq between 0.94 MeV and 1.04 MeV. The data are shown
in Figs. 8 and 9 with small pink filled diamonds. The lowest
data point from the Lilley et al. angular distribution is clearly
below the reference data with opeq/oreq(e) = 0.68, and also
the three oyeq from the Torresi et al. experiment show a trend
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of decreasing ratios oyed/ored(¢) towards lower Ereq although
the deviations from unity are small at these Eq around 1
MeV. It seems that the oyeq data for 'O are close to the
results for 12C and 00, but the deviation from the reference
data is probably somewhat less pronounced than in the '2C
and 100 cases.

The neutron separation energy of !7O is moderately low
with 4.143 MeV which is even lower than for '3C with 4.946
MeV. Thus, it is somewhat surprising to see that the oy.q data
for 170 show ratios oyed/oreq(er) smaller than unity, whereas
the oyeq for 13C show ratios above unity at low energies.
However, the experimental data in both cases show signifi-
cant uncertainties. Better experimental data are required for
a robust conclusion whether >C and 7O show similar or
discrepant oyeq towards low energies.

4.22 208pp 4 180

Vulgaris et al. [30,31] have measured five angular distribu-
tions at energies between 78 MeV and 86 MeV. At higher
energies, an angular distribution is available at 120 MeV by
Gross et al. [94]. In both studies, various OM fits have been
made to estimate oy, and the results are provided in Table
IIT of [31] and Table I of [94]. The resulting orq cover the
energy range of E.q between 0.94 MeV and 1.44 MeV and
are shown in Figs. 8 and 9 with olive © symbols. Another
angular distribution at the low energy of 66.95 MeV, mea-
sured by Franey et al. [88], deviates only marginally from the
Rutherford cross section and unfortunately does not allow to
determine oyeac. An upper limit of about 30 mb can be esti-
mated which corresponds to oreqg < 0.4 mb at Epg = 0.80
MeV which is about a factor of 10 above the reference cal-
culation. No relevant information can be obtained from this
upper limit.

For better visualization, the data for 180 are also shown in
Figs. 18 and 19. The upper limit from the Franey et al. angular
distribution is included in Fig. 18; it is located outside the
shown range of Fig. 19.

The data by Vulgaris et al. indicate that the oyeq for 180
behave almost similar to '°0 and >C, i.e. showing a signif-
icantly decreasing ratio oped/ored(e) towards lower energies
below Eq ~ 1 MeV. On the one hand, such a behavior can be
expected from the relatively high proton and neutron separa-
tion energies of 180, On the other hand, the 30 structure with
two neutrons outside the doubly-magic 'O core, could also
lead to some enhancement for o4 because of two-neutron
transfer reactions which may be seen from the slightly high
ored from the Gross et al. experiment at the higher energy
Ereq = 1.44 MeV.

The low 0req for 130 are confirmed by a re-analysis of the
Vulgaris et al. data at 86 MeV by Aygun et al. [95]. The re-
analysis finds oyeac =475.5 mb or 413.0 mb using either WS
or double-folding potentials. Averaging both results leads
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t0 Oreac = 444 £ 31 mb which is about 7% lower than the
original analysis with oteac = 479 mb. One should keep in
mind that the given uncertainty of 31 mb from the deviation
of the two OM fits may underestimate the real uncertainty
(as discussed in Sect. 3.2).

4.23 208pp + I'F

I7F is the isospin mirror nucleus of !7O. The proton sepa-
ration energy of !’F of only 600 keV is far lower than the
neutron separation energy of !70O. But it has been pointed
out that a pronounced proton halo appears only for the first
excited state in '7F (1/27F at 495 keV, proton s-wave), but
not for the ground state (5/2%, proton d-wave) [96]. Thus it
is interesting to see how the oyeq for I7F will behave at low
energies.

Much experimental efforts have been spent to measure
angular distributions for 208pp(17F,17F)208pp elastic scatter-
ing. One angular distribution at 86 MeV was measured by
Signorini et al. [97], and the two earlier angular distributions
at 90.4 MeV and 98.0 MeV by Romoli et al. [98] were re-
analyzed. Here I adopt the oeac from Table 1 of [97]. Liang
et al. [99] provide data at 120 MeV, but the result for oreac
can only be found in the above mentioned Table 1 of [97].
An earlier experiment by Liang et al. [100] shows an angular
distribution at 170 MeV. Here oreac can be recalculated from
the given OMP parameters. Recently, a new angular distribu-
tion at 94.5 MeV became available by Rong et al. [101]. As
Oreac 18 NOt given in [101], the data at EXFOR were re-fitted,
and oyeac = 323 mb was determined. Another re-analysis by
Heo et al. [102] shows slightly higher results for oyec at 98
MeV by about 30% and similar results within about 10% at
120 MeV and 170 MeV.

The data for !”F cover reduced energies E.q between 0.92
MeV and 1.81 MeV; the data are shown in Figs. 8 and 9 with
pink open diamonds. For better visualization, the data for
I7F are also included in Figs. 20 and 21 for '°F (see next
Sect. 4.24). Obviously, the data for !’F follow the general
trend of low ratios oreq/ored (o) towards low energies, similar
to its isospin mirror '’O and also similar to the tightly bound
12€C and '90 projectiles. Despite the very low proton separa-
tion energy, there is no evidence for an enhancement of oyeq
for 'F.

4.24 208pp 4 9F

Somewhat surprising, the situation for °F is worse than for
most other cases under study although !°F is a stable nucleus
and 208pp(19F 19F) 208 pp experiments can be made with stan-
dard techniques. The only experiment in literature by Lin et
al. [103] provides six angular distributions over a wide angu-
lar range at energies between 88 MeV and 102 MeV which
corresponds to Ereq from 0.94 MeV to 1.09 MeV. The total
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reaction cross section oreac 18 listed in Table I of [103]. The
results are shown in Figs. 8 and 9 with small full brown cir-
cles.

The data for '°F are located close to the results for the
weakly bound SLi. Atfirst view, this seems to indicate that 1°F
behaves like a weakly bound projectile although the proton
and neutron separation energies are high with 7994 keV and
10,432 keV. The lowest separation energy is Sy, = 4014 keV
which is still far above the smaller separation energies of the
typical weakly bound projectiles.

A closer look sheds some doubt on this interpretation. The
experimental data by Lin et al. did not resolve the three very
low-lying excited states in '°F which are the 1/2% ground
state, the 1/27 state at 110 keV with its pronounced «-cluster
structure, and the 5/2% state at 197 keV. Lin et al. point
out that they use phenomenological optical potentials but
they use a coupled-channels code and take into account the
coupling to the 5/27 state at 197 keV. The 1/2 state was
excluded in the calculations because of its different structure.
Itremains unclear from the paper which coupling between the
1/2% and 5/27 states was applied and which ratio between
the 127 ground state and the 5/2% state resulted from the
coupling. Furthermore, it is not clear whether the shown
curves in their Fig. 2 (called “optical model fits by the ECIS
code™) correspond to the 1/2% ground state only or to the
sum of 1/2% ground state at 5/2% excited state.

Grineviciute and Descouvemont [33] applied a micro-
scopic continuum discretized coupled-channels model to the
208pp(19E 19F)208pp scattering data, and they conclude that
the “theoretical inelastic contribution to the quasielastic scat-
tering data is small” (as measured by Lin et al.). Thus, a stan-
dard OM fit (i.e., without coupling to excited states) should
provide a reasonable estimate for oyeyc. Note that the opeqc
from the pure OM fits will be lower because the elastic cross
section is assumed to contribute by 100% to the experimental
angular distribution and is thus higher than in the calculation
by Lin et al. Indeed much lower oo Were found in subse-
quent OM analyses of the Lin et al. data by Romoli et al.
[98], Aygun [104], and El-Hammamy et al. [105], although
this interesting result was not discussed in the latter studies.
As the latter studies cover only a part of the angular distri-
butions by Lin et al., I have re-fitted all angular distributions
which are available at NRV. The results from these new fits
nicely overlap with the later OM fits, but are much lower than
the original oyesc by Lin et al. The results are shown in the
additional Figs. 20 and 21.

It becomes obvious from Figs. 20 and 21 that the original
ored data by Lin et al. are above the reference calculation
and show the typical energy dependence for weakly bound
projectiles with a strong increase of the ratio oyeq/ored(®)
towards lower energies. Contrary, the re-analysis by an OM
fit to the same experimental data favors that the opg of 19
are lower than the reference calculation, and the difference

increases towards lower energies. A clear conclusion for
19F can only be drawn from additional oreq data at lower
and higher energies. This calls for further experiments on
208pp(19F 19F)298pp elastic scattering with excellent energy
resolution to distinguish between the contributions from the
low-lying excited states in '°F,

4.25 208pp 4 17Ne

The nucleus ! Ne has a low proton separation energy of 1469
keV and thus maybe another candidate for enhanced oreq
towards low energies. Furthermore, the two-proton separa-
tion energy is even lower with 933 keV. Very recently, an
angular distribution of 208pp(17Ne,17Ne)208Pp elastic scat-
tering was measured by Ovejas et al. [106] at 136 MeV, cor-
responding to Eq = 1.28 MeV. Note that I have used an
effective energy in the center of the target which is 2.5 MeV
lower the than incoming energy of 136 MeV because of the
energy loss of the '"Ne projectiles in a 1.2 mg/cm? target
which is rotated by about 60° (see experimental details in
[106]). This shifts Er.q down from 1.30 MeV to 1.28 MeV.
The ratio oyed/ored(®) = 1.46 is slightly enhanced but very
close to the results for the neighboring projectile 2°Ne in the
next Sect. 4.26. The result is shown in Fig. 8 and 9 with a
full red square.

Interestingly, the obtained ratio oyed/oreq(cr) for I7Ne is
almost identical to 2’Ne whereas the ratio is slightly lower
by about 20% than for 22Ne (see Secs. 4.26 and 4.27). The
results for the different neon isotopes are shown in enlarged
scale in Figs. 22 and 23.

A very recent re-analysis of the Ovejas et al. data by Heo et
al. [108] derives a slightly higher total reaction cross section
Oreac- HOWEVET, Oreqc 18 Only increased by 3% to 5%, depend-
ing on the choice of OMP parameters. This corresponds to
the expected uncertainties of oye,c at energies slightly above
the Coulomb barrier (as also discussed in Sect. 3.1 and 3.2).

4.26 298pp + 20Ne

Similar to '°F, the proton and neutron separation energies of
20Ne are high with 12,843 keV and 16,855 keV, and the sepa-
ration energy of the a-particle is relatively low with 4730 ke V.
Unfortunately, the available data for 208Pb(zoNe,ZONe)zong
elastic scattering are not sufficient to determine the low-
energy behavior of oy below Erq & 1 MeV, and thus no
strong conclusion can be drawn on the relevance of the low
o separation energy for oeq of 2°Ne.

An early experiment by Kerlee et al. [86] has measured
an angular distribution at 206.2 MeV, i.e. at the upper end
of the energy range of this work. A later experiment by Ball
et al. [82] at 161.2 MeV provides the OMP parameters to
re-calculate oyeqc for 2°Ne. Another experiment was done at
130.9 MeV by Gross et al. [109], but neither total reaction
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cross sections nor the parameters of the OMP for the pure
OM calculation are provided in [109]. A recent experiment
on "Ne has shown these data for comparison, and Oreac =
1817 mb is given in [106]. A re-fit of the data by Gross
et al. resulted in an almost identical result of oyeqc = 1786
mb. There are two further angular distributions at the lower
energies of 108.6 MeV and 115.0 MeV by Strojek etal. [110].
Unfortunately, the energy resolution of that experiment was
not sufficient to resolve the ground state contribution and the
contribution of the first excited state of 2°Ne with J7 = 27,
E* = 1.63 MeV, and only quasi-elastic angular distributions
are shown in Figs. 2 and 3 of [110].

A further attempt to constrain the low-energy behavior
of oreq for 2°Ne is made using the data by Tripathi et al.
[107]. They have measured partial cross sections of many exit
channels of 2°Ne-induced fusion with 2°%Pb at 114.4 MeV.
As pointed out in the Introduction, this summed partial cross
sections can provide only a lower limit because of additional
contributions of unobserved channels. The result from the
Tripathi et al. data in their Table II is 382.8 mb, leading to
Ored = 5.1 mb at Eq = 1.10 MeV which corresponds to a
ratio oyeq/ored(cr) of about 0.5; thus, this lower limit cannot
provide further insight into the low-energy behavior of oreq
for 2Ne.

The results for 2’Ne are shown in Figs. 8 and 9 with blue
full triangles. A more detailed view is added in Figs. 22 and
23. Summarizing the findings for 20Ne, oyeq could be deter-
mined only at three energies between 130.9 MeV and 206.2
MeYV, corresponding to reduced energies Er.q between 1.26
MeV and 1.98 MeV. The behavior of oyeq below Ereq = 1
MeV cannot be constrained from the available angular dis-
tributions, and also the study of the fusion data by Tripathi
et al. provides only a lower limit and cannot give further
information on the low—energy behavior of oeq for 20Ne.

4.27 298pp + 22Ne

Contrary to the two previously studied neon isotopes '’Ne
and 2°Ne, the nucleus 2?Ne is tightly bound with proton and
neutron separation energies above 10 MeV and an « sepa-
ration energy of 9667 keV. Accordingly, a behavior of the
reduced cross section oyeq similar to other tightly bound pro-
jectiles can be expected.

Grossetal. [111] have measured an angular distribution of
208pp(22Ne,22Ne)208Pp elastic scattering at 132 MeV, corre-
sponding to Ereg = 1.27 MeV. As no total cross section oreae
is provided in [111], I have re-fitted the angular distribution.
The resulting oreac = 1563 mb is about 13% higher than the
result from the WS parameters in [111] which were deter-
mined in a coupled-channels approach. This leads to opeq =
20.5 mb or aratio oyeg/oreq (o) = 1.23. Few further data points
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of an angular distribution heve been measured by Bottoni et
al. [112] at 128 MeV as a part of their experiment for 2*Ne
(see next Sect. 4.28). These few data points do not allow to
derive oreqc With high reliability. But a reasonable descrip-
tion of the few data points is achieved in [112] with standard
OMP parameters, and so I use opeac = 1059 mb from that
calculation, leading to oeg = 13.9 mb at Eeq = 1.23 MeV;,
this corresponds to a ratio oyeg/ored(e) = 0.90, i.e., slightly
below unity. The two results for >?Ne are shown in Figs. 8
and 9 with small light-brown full triangles; a more detailed
view is provided in Figs. 22 and 23.

The data for 22Ne do not reach low energies below Ereq
~ 1 MeV. Thus, a conclusion on the behavior of oeq at
sub-Coulomb energies is not possible for the tightly bound
projectile 2>Ne, but the data show a weak trend towards low
ratios ratio oped/ored(e) at low energies.

4.28 208pp 4+ 24Ne

Only one angular distribution for 2%Pb(**Ne,?*Ne)?%Pb at
182 MeV, corresponding to Ereq = 1.75 MeV, is available in
literature which is discussed in two papers by Benzoni et al.
[113] and Bottoni et al. [112]. The resulting ratio oyed/ored ()
= 1.07 is close to unity which is an expected result for a
tightly bound projectile at energies significantly above the
Coulomb barrier. Because the determination of oyeac from
few experimental data points is somewhat uncertain, I have
re-fitted the angular distribution. My result for oye,c i less
than 5% higher than the original result, thus confirming the
analysis in [112,113]. Note that despite the big ratio N/Z =
1.4 for *Ne, the neutron separation energy is still high with
8869 keV, and the proton and « separation energies are above
10 MeV. The result for >*Ne is shown in Figs. 8 and 9 with a
big open dusky pink triangle; a more detailed view is given
in Figs. 22 and 23.

4.29 208pp 4 40Cy

For comparison, I add some further examples of intermedi-
ate mass, tightly bound projectiles. Elastic 2%8Pb(*°Ca,**Ca)
208pp scattering was investigated by Oganessian et al. [114]
at 302 MeV, corresponding to Eyeq = 1.44 MeV. AS 0yeqc 18
not given in [114], T have re-fitted the data which are available
at NRV from a re-digitization of Fig. 2 of [114]. The result
for oreq agrees with the reference calculation with a ratio of
Ored/0red(a¢) = 1.01 which is very close to unity.

The result for oyeq of “°Ca is shown in Figs. 8 and 9 with
a steel-blue full square. The relatively high energy of Ereq =
1.44 MeV does not allow to draw conclusions on the low-
energy behavior of oreq for °Ca. Two further angular distri-
butions for °Ca have been measured by Szilneretal. [115] at



Eur. Phys. J. A (2024) 60:193

Page 250f35 193

the lower energies of 235 MeV and 249 MeV. Unfortunately,
this experiment was not able to resolve inelastic contribu-
tions, and only quasi-elastic angular distributions are shown
in Fig. 8 of [115]. As the data are available at EXFOR, I
have re-fitted the angular distributions under the assumption
that the inelastic contributions are small. This leads to ratios
Ored/Ored(a) = 1.16 and 1.26 at Eyeq = 1.13 MeV and 1.19
MeV. Inelastic contributions would reduce the elastic cross
section and thus enhance the total reaction cross section oyeac.
Hence, although the determination of oyeq for the lower ener-
gies has major uncertainties from the unknown inelastic con-
tributions, there is no evidence that the ratios oyeq/0yeq(v) for
40Ca decrease towards low energies (as e.g. clearly observed
for '2C and '90). Because of the uncertain inelastic contri-
butions, the oeq from the Szilner et al. data are not included
in Figs. 8 and 9.

4.30 208pp 4 48Ca

Only one angular distribution of 28 Pb(*¥Ca,*Ca)>*8Pb elas-
tic scattering is available in literature at 252 MeV which was
measured in the same experiment as “°Ca in the previous
Sect. 4.29 by Oganessian et al. [114]. The re-fit of the data
leads to oreg = 11.9 mb at Ereq = 1.19 MeV, corresponding to
a ratio oyed/ored(ar) = 0.86 which is below the oyeq for 40Ca.
This result is shown with a big open orange circle in Figs. 8
and 9.

The relatively low oyeq of 48Ca is somewhat unexpected
because the significant neutron excess of **Ca with N/Z =
1.4 should lead to noticably enhanced neutron transfer cross
sections. Thus, the low oyeq for *8Ca at Ereq = 1.19 MeV may
be considered as a weak evidence for low ratios oyeq/ored(c)
towards lower energies (as e.g. observed for 12C and '°0).

4.31 298pp 4 48713

As final example I show the derived opeq for 48Tj which is
another tightly bound nucleus. Here the experimental angu-
lar distribution of 29 Pb(*8Ti,*8Ti)298Pp elastic scattering at
252 MeV by Oganessian et al. [114] covers a wide angu-
lar range which allows a reliable determination of the total
reaction cross section. The energy of 252 MeV corresponds
to a relatively low Eq of 1.08 MeV, and the obtained total
reaction cross section from different fits of oyeac = 556 243
mb corresponds to oreg = 6.1 £ 0.5 mb. The result is shown
with a small red @ symbol in Figs. 8 and 9.

The low ratio of oyed/ored(e) = 0.67 £ 0.05 strengthens
the evidence that the reduced cross sections oyeq for tightly
bound projectiles are significantly lower than the reference
calculation of the also tightly bound « particle. Note that the
result for *3Ti shows the lowest ratio ored/ored () at energies
above Er.q = 1.0 MeV for all reactions under study.

5 Discussion

It is widely accepted that the reduced cross sections oyeq for
a variety of projectiles and targets are grouped into three
categories, namely tightly bound projectiles, weakly bound
projectiles, and projectiles with halo properties, see e.g. [1,
5-7]. It is obvious from the above Figs. 8 and 9 and the
information in Sect. 4 that this simple classification does
not fully reflect the more complex behavior of the oreq Vvs.
Eeq data. This holds in particular for the energy dependence
of oreq Which was previously not well visible because of
the steep decrease of oreq towards low energies. The present
study improves the visualization by normalizing the oy¢q data
to areference calculation for a tightly bound projectile. The «
particle was chosen as a reference because (i) experimental
data for oyeq are available down to energies of Eyeg ~ 0.7
MeV far below the Coulomb barrier, and (ii) a calculation is
available which reproduces the oyeq data over the full energy
range under study and can thus be used for interpolation
between the experimental oy.q data and also for extrapolation
towards lower energies.

It is found that at energies above the Coulomb barrier
for Ereq > 1.5 MeV all projectiles behave almost identical
with ratios opeq/ored(e) of the order of 1.0-1.5, with a slight
trend of higher ratios for weakly bound projectiles, but over-
all almost independent of the properties of the projectile.
Towards lower energies below E.q ~ 1.3 MeV, this ratio
increases for weakly bound projectiles (like °Li, "Li, "Be,
9Be), and this increase is more pronounced for projectiles
with halo properties (like %He, 8He, 8Li, °Li, !!Li, ®B, 15C).
Surprisingly, also the tightly bound '°F shows an increasing
ratio towards lower Eq, very close to the results for SLi; but
the latter result is not confirmed by later re-analyses of the
scattering data (see Sect. 4.24).

The ratios for ’Li show the unusual feature that the trend
of increasing ratios towards lower energies changes around
Eeq =~ 0.9 MeV and leads to ratios oyeq/ored(e) between
1.5 and 2 which is much lower than for other weakly bound
projectiles and halo projectiles where ratios above 10 and up
to several thousand were found (the latter being outside of
the scale of Fig. 9). The reason for this unusual finding for
7Li remains unclear; for details, see Sect. 4.5.

Contrary to the weakly bound projectiles and halo pro-
jectiles, the ratios oreq/oreq(cr) for tightly bound projectiles
decrease with energy below E.q & 1.0 MeV. This holds for
12¢, 160, and 130, but it seems also to hold for the relatively
weakly bound projectiles 170 and '’F. As a word of caution,
it has to be mentioned that extremely low values of the ratio
Ored/0red (@) below & 10~ ! are only found for 12c, 160, and
one data point for !’F. The data for !’F may be underesti-
mated because of inelastic scattering (see Sect. 3.6), and all
data with oyeq/ored(e) < 107! for 12C [83] and 1°0 [32] were
measured at the same lab (Sdo Paulo Pelletron Accelerator,
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Brazil). The discussion in Sect. 3.4 points to some inaccura-
cies in the energy of the data for 10 at 78 MeV from different
labs with a trend to lower values for the Sao Paulo data. How-
ever, such a minor inaccuracy of a few hundred keV cannot
explain the found energy dependence of oyeg/oreg(er). Never-
theless, although there is no reason to doubt in the Sdo Paulo
data, an independent verification of the low oyeg/0yeq(er) for
12C and '°0 would be desirable.

The tightly bound projectile '°Be shows relatively high
ratios above Ereq =~ 0.95 MeV, close to the data of "Li and
"Be. But towards lower Eeq the ratios drop steeply and come
close to the results for tightly bound projectiles.

For several further projectiles only few angular distribu-
tions for elastic scattering from 208pp are available, and often
the energies are located around or above Eeg & 1 MeV. In
these cases it is impossible to make a clear statement whether
the oeq for these projectiles behave regular. This holds e.g.
for 1B, 1N, 1"Ne, 29Ne, 22Ne, *Ne and also for the inter-
mediate mass projectiles 40Ca, *8Ca, and *3Ti. However, the
latter three intermediate mass projectiles show a slight trend
to low ratios at low energies, i.e., similar to other tightly
bound projectiles like '2C and '°0.

The above findings using the oyeq Vs. Ered approach can
be compared to the results from another approach which is
based on the reduced critical interaction distance and reduced
strong-absorption distance. Guimaraes etal. [15] present data
for elastic scattering of 14 light heavy ions between °He and
19 on 298Pb which in general nicely agree with the present
results. In particular, small and almost identical reduced dis-
tances are found for '2C, 190, and '"F. Interestingly, the
results for '°F in [15] are also close to 12C, 16O, and "F.
This finding is in agreement with the present re-analysis of
the Lin et al. data [103] for I9F: however, when the data from
the original analysis in [103] are used, '°F behaves different
from 12C, 100, and '"F, Unfortunately, in the case of TLi,
Guimaries et al. restrict themselves to the experimental data
by Keeley et al. [51]. It would have been very interesting to
see how the data by Martel et al. [53] would affect the analy-
sis in [15] because the orq data by Martel et al. show a very
unusal behavior in the present study.

All above data for oyeq are derived from experiments with
208pp, This allows a comparison of the different projectiles,
because the same heavy target nucleus 2°Pb was used in
all studies. For comparison with a light target, I finish the
discussion by adding two plots for oyeq data with a '>C target
which have been reviewed recently by Zamora et al. [116]
(see Figs. 24 and 25).

Similar to the data with the 2°8Pb target, the opq data
for the 12C target are enhanced for weakly bound projectiles
and halo projectiles like %He, °Li, "Li, 3Li, "Be, ?Be, and
8B. Somewhat surprising, also the oyeq for 10Be and !B are
clearly enhanced, and the ratio oyeg/oreq(er) is about 2 for
energies above Eq = 1.5 MeV. (Note the larger scale of
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energies up to Eeq = 3.7 MeV for the oy¢q of the 12c target
in Figs. 24 and 25, compared to Figs. 8 and 9 for the 2®Pb
target.)

Most of the data for the 12C target in [116] do not reach
the sub-Coulomb region where a very pronounced increase
of the ratio oyeq/cred () was found for the 298 Pb targetin com-
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bination with weakly bound projectiles; most tightly bound
projectiles showed the opposite trend of decreasing ratios
towards low energies. Only the data for !'B + 12C scattering
in [116] cover a wide range of Ey.q, and it can be seen that
these data behave like weakly bound projectiles over the full
range of Ey.4. A possible explanation for this exceptional
behavior of the tightly bound "B and '>C nuclei may be
related to elastic proton exchange between the ' ' B projectile
and the '>C target which leads to characteristic oscillation
patterns in the backward range of the elastic scattering angu-
lar distributions even at low energies below the Coulomb
barrier [117]. Such patterns are absent in all low-energy data
under study with the 2°Pb target.

Also the oyeq data for 12C + 2C in [116] are found above
the reference calculation with ratios oyeq/ored(c) between
about 1.1 and 1.4 (with a small but clear trend towards
increasing ratios with decreasing energy). Contrary, the data
for 12C + 298Pb show ratios closer to unity at higher reduced
energies Erq and the opposite energy dependence. The
energy range of the '>C + 12C data in [116] is restricted
to E¢.m. between 14.6 MeV and 30.9 MeV because the data
are taken from Ledoux et al. [118] only. Because of the high
relevance of the '>C + '2C fusion cross section at low ener-
gies (mainly motivated for the determination of astrophysical
reaction rates, see e.g. [119-121]), I add also the data by Treu
et al. [122] at lower energies down to E. . = 5.5 MeV, thus
covering Eeq from 0.71 MeV to 3.9 MeV. Unfortunately, the
data by Treu et al. and by Ledoux et al. do not overlap. But
from a reasonable extrapolation of the energy dependence,
one can estimate that the absolute normalization of the data
by Treu et al. is about a factor of 1.5 higher than the data
by Ledoux et al. (as can be nicely seen in Fig. 25). Subse-
quent theoretical analyses [123,124] of these two data sets
and a comparison to the experimental reaction yields in [125]
clearly favor the lower absolute normalization of the Ledoux
et al. data. But independent of the somewhat uncertain abso-
lute normalization, the oy¢q data of Treu et al. nicely show that
the ratio oyed/oreq (@) increases strongly towards low energies
for 12C + 12C whereas the completely opposite behavior was
found for the '>C + 2%8Pb data in Sect. 4.16. For complete-
ness it has to be noted that the number of data points for
the total reaction cross sections in the original papers [118],
Fig. 4, and [122], Fig. 2, is much larger than the shown data
points in Figs. 24 and 25 because it is practically impossible
to re-digitize those data points from the tiny original Figures;
but the shown data in Figs. 24 and 25 reflect the general trend
of the original data.

Summarizing the above discussion, the comparison of
reduced cross sections oreq for different projectile-target
combinations at energies around the Coulomb barrier shows
that there is no simple classification scheme into tightly
bound nuclei, weakly bound nuclei, and halo nuclei. The
energy dependence of oyeq, best visualized by a plot of the

ratio to a reference calculation ored/oreq(@), shows strong
trends to low ratios for tightly bound projectiles and strongly
increasing ratios for weakly bound and halo projectiles
towards low energies. But also exceptional behaviors are
found e.g. for 7Li with its unusual energy dependence of
ored or for 17F with its behavior like a tightly bound projec-
tile despite its small proton separation energy of less than 1
MeV. Furthermore, for '2C it is found that the oeq behave
as expected like a tightly bound projectile for the 28Pb tar-
get, but like a weakly bound projectile for a 1>C target. The
behavior of oyeq for 12C-induced elastic scattering from var-
ious targets and the transition from low ratios oyeq/ored ()
for heavy targets (?°8Pb) to high ratios for light targets (!>C)
should be the scope of future investigations. A recent study
by Xu et al. [126] has already investigated various elastic
scattering angular distributions of '>C-induced reacions, and
a global '?C-nucleus OMP is provided. However, this global
potential cannot reach the required accuracy to extract total
reaction cross sections oreyc at low energies. In several cases
this global '>C-nucleus OMP underestimates the elastic scat-
tering cross sections at low energies in the backward angular
range, thus leading to an overestimation of the total reaction
Cross section oreyc in these cases.

6 Summary and conclusions

Total reaction cross sections ore,c Were derived from angular
distributions of elastic scattering for various projectiles and
the target nucleus 208pp_ Qverall, about 200 Oreac are derived
at energies around the Coulomb barrier. Depending on the
available data in the original papers and in the EXFOR and
NRYV databases, the o5 Were taken either (i) from the orig-
inal paper (if available) or (ii) re-calculated from the opti-
cal model parameters in the original paper (if available) or
(iii) determined by re-fitting the angular distributions from
EXFOR or NRV. These data for oye,c allow to characterize
the properties of the projectile nuclei because the same target
nucleus 2%Pb is used in all cases under study.

For comparison of the results for different projectiles at
different energies, the simple reduction scheme of reduced
Cross sections oyeq vs. reduced energies Ereq (as proposed by
Gomes et al. [1]) was applied. Because of the steep energy
dependence of o;¢q towards low energies below the Coulomb
barrier, the data are presented as ratio oyed/oreqd(®) Where
ored(@) is a reference which is calculated for «-induced reac-
tions using the Atomki- V2 «-nucleus optical model potential.
This presentation illustrates differences in the energy depen-
dence of the ocq for the different projectiles which might go
missing in the logarithmic scale of the standard oyeq vs. Ereq
presentation.

Itis generally accepted that the oreq are grouped into three
categories, namely tightly bound nuclei with low o4, weakly
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bound nuclei with slightly enhanced oyeq, and exotic halo
nuclei with strongly enhanced or¢q. The present work shows
that the oreq at higher energies above Eq &~ 1.5 MeV are
close to each other, with only small enhancements for weakly
bound and for exotic halo nuclei. But there are dramatic dif-
ferences between the oyq towards lower energies, in par-
ticular below Erg ~ 1.0 MeV, with extremely high ratios
Ored/0red () up to several orders of magnitude for exotic halo
nuclei, but also with low ratios far below unity for tightly
bound nuclei like '2C and '60. The latter result is somewhat
unexpected as the chosen reference, the «-particle, is also
tightly bound.

Furthermore, besides these general findings, there are
some special cases with unusual or unexpected behavior. For
7Li the energy dependence of oyeq/0req(cr) deviates towards
low energies from the otherwise found increasing ratio for
weakly bound nuclei. The relatively weakly bound nuclei
170 and !"F behave like or at least close to the tightly bound
doubly-magic '°O. Contrary, there is some evidence that the
moderately bound '*C shows much larger oyq than the tightly
bound '?C. The results for '°F in the original paper [103] dif-
fer from several later analyses of the same data, including the
present re-analysis, and thus no clear statement on the energy
dependence of oyeq for 19F can be made.

Finally, a comparison of oyeq for the target nucleus 2°Pb
(from this work) and for the target 12C (from [116]) shows
that in some cases the ratios ored/oreq(¢) behave completely
different. This is most pronounced for '>C + 2%8Pb with low
and decreasing ratios oyeq/0red(cr) towards low energies, but
high and increasing ratios towards low energies for '>C +
IZC.

Further experimental angular distributions over a wide
angular range with small uncertainties are required to pro-
vide deeper insight into the behavior of the reduced cross
sections oreq as a function of reduced energy Eeq. A careful
analysis of these angular distributions is mandatory to deter-
mine oreqe and oreq from the experimental data, with a focus
on the uncertainty of oreac. Such additional data are essential
to strengthen and verify the above conclusions, in particular
on the found ratios ored/oreq(r) towards low energies with
their huge variations between about 1072 and 10** below
Ereqd < 1 MeV.
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Note added in Proof

The final analysis of the data for 15C (see Sect. 4.18) became
available after submission of the present work [Tévora et el.,
Phys. Lett. B 855, 138770 (2024)]. The total reaction cross
section oOpegc 1S NOW given as 1695 mb which is a factor of
1.79 lower than the preliminary analysis in Ovejas et al. [89]
where oreqc = 3035 mb was derived. This brings the reduced
cross section oyeq for 1 C closer to the results of other weakly
bound projectiles like *He, but is still significantly above the
results for tightly bound projectiles.
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Appendix A Reference cross section for 28Pb + 4He

The results for the reference calculation for the system 2°8Pb
+%He are listed in Table 2. The calculation has been discussed
in Sect. 4.1. Table 2 includes the reduced energy Ey.q4, the
reduced cross section oyed, the underlying energy Ec . in
the center-of-mass system and the total reaction cross section
Oreac- In addition, the astrophysical S-factor S(E) is given.
Interpolations for org between the given Eeq should be done
using the S-factor instead of the very steep oreq towards the
lowest Ereq.
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Table 2 Results of the reference calculation for the 298Pb + “He system for Erg = 0.5 to 2.5 MeV. In addition to the cross sections, also the
astrophysical S-factor is listed

Ered Ored (@) Ecm. Oreac S(E) Ered Ored(at) Ecm. Oreac S(E)
(MeV) (mb) (MeV) (mb) (keV b) (MeV) (mb) (MeV) (mb) (keVb)
0.500 1.685e-09 10.915 9.508e-08 1.945e+36 1.500 2.336e+01 32.746 1.318e+03 1.100e+29
0.525 1.341e-08 11.461 7.571e-07 1.558e+36 1.525 2.394e+01 33.292 1.351e+03 7.218e+28
0.550 9.050e-08 12.007 5.107e-06 1.239e+36 1.550 2.450e+01 33.837 1.383e+03 4.781e+28
0.575 5.264e-07 12.553 2.971e-05 9.800e+35 1.575 2.504e+01 34.383 1.413e+03 3.196e+28
0.600 2.680e-06 13.098 1.513e-04 7.702e+35 1.600 2.555e+01 34.929 1.442e+03 2.155e+28
0.625 1.210e-05 13.644 6.830e-04 6.017e+35 1.625 2.605e+01 35.475 1.470e+03 1.466e+28
0.650 4.904e-05 14.190 2.768e-03 4.676e+35 1.650 2.652e+01 36.020 1.497e+03 1.005e+28
0.675 1.801e-04 14.736 1.017e-02 3.616e+35 1.675 2.698e+01 36.566 1.523e+03 6.948e+27
0.700 6.053e-04 15.281 3.416e-02 2.785e+35 1.700 2.742e+01 37.112 1.548e+03 4.840e+27
0.725 1.876e-03 15.827 1.059e-01 2.138e+35 1.725 2.784e+01 37.658 1.571e+03 3.397e+27
0.750 5.405e-03 16.373 3.050e-01 1.637e+35 1.750 2.825e+01 38.204 1.594e+03 2.401e+27
0.775 1.456e-02 16.919 8.219e-01 1.252e+35 1.775 2.864e+01 38.749 1.616e+03 1.710e+27
0.800 3.689e-02 17.464 2.082e+00 9.555e+34 1.800 2.902e+01 39.295 1.638e+03 1.225e+27
0.825 8.811e-02 18.010 4.973e+00 7.269e+34 1.825 2.937e+01 39.841 1.658e+03 8.840e+26
0.850 1.985e-01 18.556 1.120e+01 5.489%¢e+34 1.850 2.971e+01 40.387 1.677e+03 6.417e+26
0.875 4.192e-01 19.102 2.366e+01 4.077e+34 1.875 3.005e+01 40.932 1.696e+03 4.689¢e+26
0.900 8.210e-01 19.648 4.633e+01 2.934e+34 1.900 3.037e+01 41.478 1.714e+03 3.446e+26
0.925 1.470e+00 20.193 8.294e+01 2.012e+34 1.925 3.068e+01 42.024 1.731e+03 2.547e+26
0.950 2.382e+00 20.739 1.344e+02 1.298e+34 1.950 3.097e+01 42.570 1.748e+03 1.893e+26
0.975 3.507e+00 21.285 1.979e+02 7.885e+33 1.975 3.125e+01 43.115 1.764e+03 1.415e+26
1.000 4.758e+00 21.831 2.685e+02 4.565e+33 2.000 3.152e+01 43.661 1.779e+03 1.063e+26
1.025 6.055e+00 22.376 3.417e+02 2.559%e+33 2.025 3.179e+01 44.207 1.794e+03 8.034e+25
1.050 7.346e+00 22.922 4.146e+02 1.409e+33 2.050 3.204e+01 44.753 1.808e+03 6.098e+25
1.075 8.604e+00 23.468 4.856e+02 7.702e+32 2.075 3.229e+01 45.298 1.822e+03 4.651e+25
1.100 9.814e+00 24.014 5.539e+02 4.210e+32 2.100 3.252e+01 45.844 1.835e+03 3.565e+25
1.125 1.097e+01 24.559 6.193e+02 2.312e+32 2.125 3.275e+01 46.390 1.848e+03 2.745e+25
1.150 1.208e+01 25.105 6.817e+02 1.280e+32 2.150 3.297e+01 46.936 1.861e+03 2.123e+25
1.175 1.314e+01 25.651 7.413e+02 7.160e+31 2.175 3.319e+01 47.482 1.873e+03 1.650e+25
1.200 1.414e+01 26.197 7.982e+02 4.049e+31 2.200 3.339e+01 48.027 1.885e+03 1.287e+25
1.225 1.511e+01 26.742 8.526e+02 2.318e+31 2.225 3.359¢e+01 48.573 1.896e+03 1.008e+25
1.250 1.603e+01 27.288 9.045e+02 1.343e+31 2.250 3.379e+01 49.119 1.907e+03 7.929¢e+24
1.275 1.691e+01 27.834 9.542e+02 7.879¢+30 2.275 3.398e+01 49.665 1.918e+03 6.261e+24
1.300 1.775e+01 28.380 1.002e+03 4.680e+30 2.300 3.417e+01 50.210 1.928e+03 4.964e+24
1.325 1.856e+01 28.926 1.047e+03 2.814e+30 2.325 3.435e+01 50.756 1.939¢+03 3.949e+24
1.350 1.933e+01 29.471 1.091e+03 1.712e+30 2.350 3.452e+01 51.302 1.948e+03 3.154e+24
1.375 2.007e+01 30.017 1.133e+03 1.054e+30 2.375 3.469e+01 51.848 1.958e+03 2.527e+24
1.400 2.078e+01 30.563 1.173e+03 6.567e+29 2.400 3.485e+01 52.393 1.967e+03 2.032e+24
1.425 2.147e+01 31.109 1.212e+03 4.135e+29 2.425 3.502e+01 52.939 1.976e+03 1.640e+24
1.450 2.212e+01 31.654 1.249e+03 2.632e+29 2.450 3.518e+01 53.485 1.985e+03 1.327e+24
1.475 2.275e+01 32.200 1.284e+03 1.693e+29 2.475 3.534e+01 54.031 1.995e+03 1.078e+24
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