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Precise measurement of near-barrier *He +2"*Pb elastic scattering: Comparison with *He
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Dramatic differences in the elastic scattering of the neutron rich nuclei *He and ®He are found when new high
quality data for the *He +2°*Pb system are compared with previously published *He +>Pb data at the same
laboratory frame incident energy. The new ®He data are of the same level of detail as for stable beams. When
comparing them with those previously obtained for *He +-2°®Pb at the same energy, it is possible to determine
from the data alone that *He has a much longer range absorption than ®He. However, both nuclei show significant
absorption beyond their strong absorption radii. While it has been known for a long time that elastic scattering at
energies around the barrier only determines the optical potential over a small distance in radial space, typically
40.5 fm or so, both the ®He and the *He imaginary potentials obtained from various optical model fits to these
data are the same over a much wider range of 1.5 fm.
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I. INTRODUCTION

Under the right conditions precise measurements of elastic
scattering angular distributions are sensitive to the details of
the internal structure and associated reactions of the interacting
nuclei; see, e.g., the review in Ref. [1]. It has been shown
in numerous stable beam cases that the internal structure
has greatest influence on the elastic scattering for heavy
targets at incident energies close to the Coulomb barrier. It is
now possible to measure the near-barrier elastic scattering of
selected radioactive beams with the precision required for such
studies, equal to the best measurements with stable beams. We
present precise data for the elastic scattering of SHe from a
208Pb target at a laboratory frame incident energy of 22 MeV,
made possible by the delivered high quality *He beam and a
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detector system that gave excellent mass and angle resolution
over a wide angular range. This is a particularly interesting
case since ®He is the most neutron-rich particle-stable nucleus
known, with N/Z = 3, and it may be compared with existing
®He +2%Pb elastic scattering data at the same laboratory
frame incident energy [2,3]. It is an important comparison
since the r.m.s. matter radii of ®He and ®He are identical [4],
eliminating any influences on the elastic scattering simply due
to differences in the size of the projectile.

There are significant differences in the properties of *He
and ®He that should influence the elastic scattering angular
distributions. Both the S,,, and S,, neutron emission thresholds
are lower in °He, 0.973 and 1.771 MeV, respectively, compared
to 2.140 and 2.574 MeV in %He. This implies a reduced
importance of breakup in systems involving *He; plus, since
8He is considered to have a neutron skin rather than the
neutron halo of ®He, the dipole coupling to the continuum
should also be weaker in ®He, further reducing the influence
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of breakup compared to *He. The neutron emission thresholds
also impact the neutron stripping Q values; Q values for 1n and
2n stripping are +2.07 and 48.15 MeV, respectively, for He
incident on a ®®Pb target and +1.35 and +6.98 MeV for ®He.
Both these reactions are therefore better Q-matched for 8He.
Spectroscopic factors for the (*He |’He +n) and (*He|"He +
n) overlaps are about 1.6 and 2.9 [5], respectively and those
for the (°He|*He +2n) and (3He|®He + 2n) overlaps are
both about 1.0 [S5]. Therefore, neutron stripping should be
more important for ®*He; significant coupling effects due to
1n stripping in particular should be apparent in the elastic
scattering at near-barrier energies. Preliminary accounts of
this work have been published elsewhere [6-9]. We present
here for the first time the final data.

II. EXPERIMENTAL PROCEDURE

The measurement was performed at the SPIRAL2 fa-
cility of the GANIL laboratory, Caen, France, where high
quality beams of ®He are produced by fragmentation of a
75 MeV /nucleon '3C primary beam on a thick graphite target,
specially designed for the production of helium isotopes. The
%He ions were then reaccelerated to 22 MeV by the CIME
cyclotron, and transported to the experimental hall with no
impurities to give 10° pps beam on target with a beam spot
diameter of ~3.5 mm

The experimental setup was described in Ref. [6]. It con-
sisted of a portable reaction chamber, where a silicon detector
array was mounted, and a dedicated set of collimators and
beam diagnostics systems. The scattered particles and reaction
fragments were detected by the GLORIA (Global Reaction
Array) detection system [10], consisting of six double-sided
silicon strip detector (DSSSD) particle telescopes whose
positions ensure the measurement with no gaps of a continuous
angular range between 15° and 165°, covering an overall
solid angle of 26% of 4m. Two telescopes were located in
the forward hemisphere, in the angular range between 15°
and 62° in the laboratory frame (lab.), two in the backward
hemisphere (117°-165° lab.), plus one above (82°-128° lab.)
and one below (52°-97° lab.) the horizontal plane passing
through the center of the detector array in the laboratory frame.
This configuration allows for an overlap of at least 10° between
contiguous telescopes. Each pixel subtended an angle of 3-4°
at the target. The target, a 1.1 mg/cm? thick self-supporting
208pp foil isotopically enriched to 98.43%, was rotated 60°
with respect to the beam axis to avoid shadowing the detectors
and allow the detection of particles around 90°.

The energy calibration of the detectors was performed using
a triple alpha source (***Pu, **' Am, and **Cm). Throughout
the experiment test signals from a low frequency (2 Hz) pulse
generator module were sent to the preamplifiers to estimate
the efficiency of the electronics chains and dead time.

Mass and charge identification of the reaction fragments
detected by the telescopes was achieved by plotting the energy
loss in the AE detector versus the total energy Ei = AE +
E, generating mass-identification spectra. Figure 1 shows a
typical calibrated AE-Ey spectrum for pixels in the lower
telescope. Good separation of the different helium isotopes is
achieved. However, the distinction between reaction fragments
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FIG. 1. Typical calibrated AE-Ey spectrum for the lower tele-
scope, for pixels with a laboratory scattering angle around 60° at
E, = 22 MeV. The solid ellipsoid encloses the elastically scattered
8He while the dot-dashed and dashed curves enclose the ®He and “He
reaction fragments, respectively.

becomes difficult if the counting statistics are low. For this
reason the analysis was carried out considering ‘“summed
spectra,” i.e., two-dimensional spectra corresponding to the
addition of single spectra from pixels with a similar scattering
angle. The choice of pixels is based on the following
observation: Nuclear scattering with nonpolarized ion beams
generates an angular distribution with azimuthal symmetry
so reaction fragments emitted with the same scattering angle
are located over conical surfaces. The intersection of these
surfaces with the detector plane produces a distribution of
the fragments on a conic section which encloses a set of
pixels with similar scattering angles, used for producing
summed spectra. In Fig. 1 events corresponding to elastically
scattered ®He are clearly observed and separated from ®He
and “He produced mainly by breakup or neutron-transfer
processes.

Elastic scattering data are very sensitive to a possible
misalignment of the beam at the target position. Consequently,
it is common practice to use stable pilot beams for the
normalization of the experimental data. However, no proper
pilot beam was available for this experiment and considerable
effort was made to assign the scattering and solid angles of each
pixel. These assignments are the result of a determination of
the effective relative position of the beam spot on target with
respect to the detector array (further explained in Ref. [11]).
The main tool used in the search for this position was the
NPTOOL package [12] for the simulation of the experimental
setup, with the aim of reproducing its performance during the
experiment. Once these effective positions were determined at
both energies, a simulation of the whole array provided the
scattering and solid angles, the angular range, and the number
of events registered by each pixel considering the scattering
to be pure Rutherford scattering (Ng). In this way the angular
distribution of the elastic scattering differential cross section
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FIG. 2. (a) Angular distributions of the $He (filled circles) and
He (open circles) [2,3] 4 2®Pb elastic scattering at 22 MeV plotted
on a linear cross section scale. (b) The data plotted as a function of
the classical distance of closest approach for a Coulomb trajectory,
Tmax- The solid and dashed curves denote the Woods-Saxon optical
model fits of Table I to the 3He and ®He data, respectively. The thin
solid and dashed vertical lines in (b) denote the distances at which
the 8He and ®He +2%Pb elastic scattering differential cross sections
first deviate from the Rutherford value by more than 2%; see text.

was obtained as follows:
oa®) _ NG
orun(0;)  Ngr()

where N (i) is the number of elastic events (corrected for the
efficiency of the electronics chain) detected by pixel i, Ng(i)
is the Rutherford yield obtained from the simulations and K is
a constant determined assuming that at small scattering angles
the ratio between the elastic cross section and the Rutherford
cross section is 1.0. The uncertainty in the absolute angle
calibration is +1.5°.

The resulting elastic scattering angular distribution is
plotted in Fig. 2(a), together with the 22 MeV ®He +2**Pb
elastic scattering angular distribution of Refs. [2,3]. We have

ey
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taken the weighted mean of adjacent points for the data of
Ref. [3] for the sake of clarity. It is immediately obvious that
there are important differences between the two data sets: the
®He +2°®Pb data exhibit a much less steep exponential fall-off
with angle and a more marked suppression of the Coulomb
rainbow peak than the *He +2%®Pb data. In Fig. 2(b) we plot the
two data sets as a function of the distance of closest approach
for a classical Coulomb trajectory, rmax, as in Ref. [2]. The
thin solid and dashed vertical lines denote the distances at
which the He and ®He +2%Pb elastic scattering differential
cross sections first deviate from the Rutherford value by more
than 2%. We may consider these as the distances at which
absorption begins, 16.2 fm for ®He and 19.5 fm for ®He,
the absorption for ®He having a considerably longer range
than for 8He. We thus see, independent of any analysis, that
the elastic scattering data are sensitive to the differences in
structure between °He and 8He, but, as Fig. 2(b) emphasizes,
precise data are required to show this.

III. OPTICAL MODEL ANALYSIS

To quantify the effect of these differences a series of optical
model fits was obtained, starting from six different initial
potentials: three where both real and imaginary potentials
were of Woods-Saxon form, viz., the 22 MeV ®He +2%*Pb
parameters of Ref. [2] and the °Li and "Li global parameters of
Ref. [13], and three where the real potentials were calculated
using the double-folding procedure [14] while the Woods-
Saxon form was retained for the imaginary potentials. Pa-
rameter searches were carried out with SFRESCO, the searching
version of the FRESCO code [15]. The double-folding potentials
were calculated using the code DFPOT [16], with the M3Y
effective nucleon-nucleon interaction [ 17] and the 2° Pb matter
density of Ref. [18]. The three 8He densities were taken from
Refs. [19-21].

All six searches yield identical fits to the data, x 2/N varying
from 3.76 to 3.95 and the total reaction cross section (oR)
from 1513 to 1530 mb, with a mean value of 1522 mb. The
real potentials cross in a radial region defined by r = 12.75 &+
0.55 fm and are split into two families, one much more diffuse
than the other. Therefore, as is usual for heavy ion elastic
scattering, the real potential is only defined by the data in
a relatively narrow radial range in the surface region, of the
order of 0.5 fm; see, e.g., Satchler [22]. By contrast, the
imaginary potentials coincide very closely over a wide radial
range, conservatively defined by r = 15.5 & 1.5 fm. Thus not
only is the imaginary potential defined by the data at a larger
radius than the real potential—a feature often found in stable
heavy ion elastic scattering—it is also well defined over a
considerable radial range, which is not usual. In Table I we give

TABLE L. Optical model parameters fitting the 22 MeV ®He and
®He +2*Pb elastic scattering data. Radii follow the convention R; =
1/3
r; Xx A" fmand rc = 1.3 fm.

Projectile V. ry ay W ry ay or(mb) x*/N

*He 157.1 1.651 0.557 10.5 1.733 1.137 1520 3.76
“He 1142 1.286 0.632 9.44 1.247 1.865 1459 091
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FIG. 3. Solid and dashed curves: imaginary parts of two of the
best fit 22 MeV 3He +>®Pb optical model potentials. Dotted and
dot-dashed curves: imaginary parts of two of the best fit 22 MeV
He +2%Pb optical model potentials. The other best fit potentials are
omitted for the sake of clarity but coincide equally closely over this
radial range.

the parameters of the optical model fit to the $He +>°*Pb data
obtained with the global "Li parameters of Ref. [13] as starting
point. The fit to the data with these parameters is plotted in
Fig. 2(a) as the solid curve (the fits with the other potentials
are indistinguishable). In Fig. 3 we plot the imaginary parts of
two of the best fit potentials as a function of radius over the
range 14 < r < 17 fm as the solid and dashed lines.

These potentials may be compared with fits to the existing
22 MeV °He +°®Pb data. Additional data [3] have become
available since the original work [2] and therefore we have
combined these two data sets to yield the angular distribution
shown in Fig. 2(a). To fit the combined data we adopted a sim-
ilar procedure to that used for the ®He data, taking the global
%Li and "Li parameters of Ref. [13] and double folded real
(calculated using %He matter densities from Refs. [20,21,23])
plus Woods-Saxon imaginary potentials as starting points. All
five searches give identical fits to the combined data, with
x2/N values ranging from 0.89 to 0.91 and oy from 1456 to
1463 mb, with a mean value of 1459 mb. The real potentials
cross in a radial region defined by r = 10.2 £ 0.4 fm while
the imaginary potentials coincide over a similar radial range
to those for *He. In Table I we also give the parameters of
the optical model fit to the *He +2%®Pb data obtained with the
global "Li parameters of Ref. [13] as starting point. The fit
to the data is plotted in Fig. 2(a) as the dashed curve (the fits
with the other potentials are indistinguishable) and in Fig. 3
we plot the imaginary parts of two of the best fit potentials as
the dotted and dot-dashed lines.

IV. CONCLUSIONS

Since the data are sensitive to the real potentials at different
radii for the two systems, we concentrate on the imaginary
potentials where a meaningful point-by-point comparison can
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be made. However, we note that neither data set requires a large
real diffuseness, good fits being possible with values similar
to those obtained for stable heavy ion projectiles (see Table I),
indicating that the elastic scattering angular distributions are
not sensitive to the presence or absence of any long-range
real DPP due, for example, to breakup processes, that may be
theoretically predicted.

Figure 3 shows that the ®He imaginary potential is more
diffuse than the 3He one, although the latter is more absorptive
overall, consistent with the larger total reaction cross section
for $He. The less diffuse nature of the *He imaginary potential
points to a reduced importance of breakup compared to °He,
since it has been shown explicitly that Coulomb dipole cou-
pling to the continuum generates a long tail in the imaginary
as well as the real potential for the He +°%Pb system;
see, e.g.. Ref. [24]. The greater total absorption observed
here in the ¥He +-°%°Pb system compared to °He +°%Pb is
perfectly consistent with this, since it has been demonstrated
by coincidence measurements that the majority of the inclusive
a-particle yield (and at near-barrier energies this dominates
the total reaction cross section) for ®He interacting with heavy
targets is produced by 1n- and 2n-stripping reactions (see,
e.g., [25-27]), and neutron transfers have also been shown
to dominate the absorption in the interaction of *He with a
heavy target [28], while the near-barrier fusion cross sections
for ®*He and 8He are essentially identical [28]. The optical
model potentials therefore point to an increased importance
of neutron-stripping transfer reactions for SHe which more
than compensates for a reduced breakup cross section. It
is important to underline that Fig. 3 shows that there is
significant absorption for both isotopes at radii well beyond
the conventional strong absorption radius (rg,); the rg,, defined
as the radius at which |S;|=0.5, are 134 and 12.2 fm
for ®He and ®He, respectively. Figure 2(b) reinforces these
conclusions, demonstrating as it does that the absorption in the
®He +-2%8Pb system has a considerably longer range than for
$He +%*Pb.

In summary, we have presented the first complete angular
distribution for the elastic scattering of SHe from a heavy
target. Due to the quality of the SPIRAL beam and the
resolution of the GLORIA detector array, the data are of
comparable precision to the best stable beam data. Important
differences were observed between these data and those for
elastic scattering of *He from the same target at the same beam
energy. These differences were quantified through comparison
of optical model potentials fitting the respective data sets
and may be explained by the differing properties of the
two isotopes. Further work will investigate explicitly the
differing influences of neutron-stripping couplings on °He and
8He elastic scattering from heavy targets, these two isotopes
providing an excellent test case for probing these effects.
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