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A modern variation of the Rutherford experiment to probe the tunneling of exotic nuclear matter
from the measurement of the residues formed in the bombardment of °”Au by extremely neutron-
rich 8He nuclei is presented. Using a novel off-beam technique the most precise and accurate
measurements of fusion and neutron transfer involving re-accelerated unstable beams are reported.
The results show unusual behavior of the tunneling of ®He compared to that for lighter helium
isotopes, highlighting the role of the intrinsic structure of composite many-body quantum systems

and pairing correlations.

PACS numbers: 25.70.Jj, 25.60.-t, 24.50.4-g

The alpha particle, the most stable helium isotope,
played a pioneering role in the discovery of the atomic
nucleus and the first application of the theory of quantum
tunneling. In addition to nuclear physics [1, 2], studies
of the tunneling of composite objects [3-5] are of funda-
mental interest in molecular processes, transport in nan-
odevices and the physics of stellar evolution [6, 7]. The
fusion of complex nuclei, governed by a delicate balance
between the attractive nuclear and repulsive Coulomb in-
teractions, cannot be understood as simple barrier pene-
tration by a structureless object with a potential depend-
ing only on the distance between the centers of the inter-
acting systems. The tunneling probability is extremely
sensitive to the plasticity of the intrinsic structure that
can evolve during the process and to the interplay of
many open and virtual channels [1, 8], whose ampli-
tudes may be tuned by varying the beam energy and
different projectile-target combinations. Short-lived Ra-
dioactive Ton Beams (RIB) with weak binding, unusual
neutron/proton asymmetry and extended spatial distri-
butions (halos), provide access to uncharted territories
addressing fundamental questions of nuclear existence,
multidimensional tunneling, pairing and cluster correla-
tions [9, 10].

Measurements of fusion and transfer cross sections in-
volving short-lived RIB around the Coulomb barrier are
extremely restricted due to the required substantial in-
crease in sensitivity [11] compared to stable beams. The
helium isotopic chain, where the nucleon emission thresh-
old varies from 20.5 MeV to 0.9 MeV, provides unique
opportunities for studying the effect of the intrinsic struc-
ture on the tunneling process. Both ®He and ®He have
“Borromean” structures (removal of the alpha core or one
of the neutrons makes the remaining system unbound).

Contrary to the general trend, the charge radius of ®He
is smaller than that of “He due to the more isotropic
distribution of the four valence neutrons [12]. Strong
di-neutron correlations [13] and the possibility of a di-
neutron condensate state [14] in 8He have been suggested.
The increase of the neutron separation energy in the more
neutron-rich ®He compared to %He is different from the
known behaviour for all other nuclei. Both the experi-
mental and theoretical complexities associated with 8He
make the study of the tunneling of this nucleus with the
largest neutron/proton ratio a challenging problem. Here
we report the first such measurements with re-accelerated
beams of ®He around the Coulomb barrier.

The RIB of 8He (t1/2= 119.1 ms) were produced by
fragmentation of a 75 MeV /nucleon 3C beam on a thick
graphite target, then fully purified and re-accelerated by
the CIME cyclotron at the SPIRAL facility at GANIL.
The 3He beam, with an energy resolution better than
2x1073 and a beam spot size of ~ 5mm diameter and
an average intensity of 4x10° particles/s, bombarded a
stack of TAu targets. The schematic of the setup is
shown in Fig. 1. The target stacks consisted of two/three
Au targets (~6 mg/cm? thick) separated by Al foils
(~1 mg/cm? thick) to collect recoiling residues and Al
foils (from 2 to 10 mg/cm? thick) to degrade the beam
energy. The different target stacks were irradiated at en-
ergies of 2.34, 2.51 and 3.68 MeV /nucleon for 150h, 24h
and 32h, respectively. The intensity of the ®He beam
was measured using a microchannel plate and a plastic
scintillator (10 x 10 x 0.05 cm) placed respectively 10 cm
upstream and 5 cm downstream with respect to the tar-
get (Fig. 1la). Their time-stamped energy and time sig-
nals, correlated with the cyclotron frequency, were used
to measure the 8He beam intensity and its time varia-
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FIG. 1: (Color online) Experimental configuration: (a)
Schematic view of the in-beam experimental setup: A mi-
crochannel plate detector (MCP) and a plastic scintillator
placed before and after the target were used to measure the
number of incident beam particles. (b) Schematic view of the
off-beam experimental setup: Irradiated targets were placed
between two HPGe detectors in face-to-face geometry in a
Pb shielded enclosure to measure the radiation from decay-
ing residues. (c) Gamma-ray spectra : Inclusive (top) and in
coincidence (bottom) with characteristic Ko X rays of Hg (re-
sulting from the decay of T1), at Eia, = 16.7 MeV, illustrating
the sensitivity of the new experimental technique. (d) 2°°T1
activity (using the above coincidence) at Ejp, = 22.9 MeV.
The solid line shows the fitted activity using the known half-
life.

tion during the irradiation. The incident beam energy
on the successive target foils was determined based on
the energy loss for the Al and Au foils using SRIM [15].

Various reactions can take place: fusion, neutron trans-
fer, direct breakup and elastic scattering of the projectile.
The 997292T] nuclei, arising after the evaporation of neu-
trons from the compound nucleus 2°°T1, were character-
ized by their radioactive decay. These off-beam measure-
ments were made using two lead-shielded detector setups,
the first optimized for X-v coincidences (Fig. 1b) and the
second consisting of two clover detectors to maximize the
~-ray detection efficiency. Absolute photo-peak efficien-
cies of the above two setups were obtained using complete
GEANT4 [16] simulations which reproduced within 4%
the results of measurements made with five calibration
sources (including a 2°*T1 source) at various distances.
Unambiguous identification of the energy and time of
disintegration was obtained using a new sensitive and
accurate off-beam coincidence technique specialized for
the measurement of absolute evaporation residue cross
sections involving low intensity RIB. This method, ap-

plied earlier [17] to high intensity stable beams, involves
the simultaneous measurement of X and ~ rays emitted
in electron capture decays. Typical y-ray spectra, ob-
tained with and without an X-ray coincidence and the
measured activity, Fig. 1c - 1d, highlight the selectivity
and sensitivity of the method. The final gain in sensi-
tivity, compared to an inclusive experiment, was found
to be ~ 3 x 10%, yielding the first complete and most
accurate (having the same quality as for stable beams)
fusion cross sections ever measured with re-accelerated
RIB. The smallest cross sections measured here (Fig. 2)
using re-accelerated RIB, are comparable to the current
measurement limits in nuclear physics, when scaled by
the million times larger intensities available with stable
beams.

Shown in Fig. 2a are the measured individual fusion-
evaporation residue cross sections, oggr, as a function of
the excitation energy together with predictions of Bohr’s
model of the statistical decay of an equilibrated com-
pound nucleus [18]. The excellent agreement between
the measured ogr and the calculations confirms that the
residues arise from the complete fusion of #He and 197 Au.
The fusion cross section, op, obtained from the sum of
the ogg, is shown in Fig. 2b. The residues (isotopes of
gold) formed after transfer of neutron(s) from the pro-
jectile were identified and their activity obtained using
inclusive y-ray measurements. The total transfer cross
section, o, obtained from the sum of the cross sections
for 198:198m.199 Ay regidues is also shown.

Figure 2b also shows the calculated fusion cross sec-
tions for tunneling through a single barrier, depending
only on the inter-nuclear distance, calculated with a nu-
clear potential derived either from a global parameteri-
zation [19] (dotted) or from a microscopic double-folded
potential using realistic densities (dashed). The differ-
ence between the two calculations demonstrates the effect
of the extended neutron distribution of the ®He nucleus.
The dramatic decrease in the measured fusion cross sec-
tion for energies at and above the barrier, along with a
modest increase below the barrier (with respect to the
dashed line) can be observed from the figure. The dom-
inance of the transfer processes is seen from the magni-
tude of the measured o, that are much larger than op
even at energies well above the barrier. Coupled-channels
calculations [8, 20] using the code FRESCO [21] were per-
formed to understand the influence of the direct, one-step
transfer channels °7Au(8He,%"He)!9%1%8Au on the fu-
sion process. The 1n-transfer calculations were made ig-
noring the spin of the 7 Au core (to keep them tractable)
with appropriate single-particle states and spectroscopic
factors. For the 2n-transfer, based on semiclassical Q-
matching conditions[19], transitions to states above the
In-emission threshold but below that for 2n-emission for
199 Ay were included. A pure 2n+'27Au cluster structure
with cluster-core relative angular momentum ranging
from 0 to 5 h was considered. The distorting potentials in



a) 202

i TI (3n)
10% L ™ 20071 (4n)
- ° 200TI (5n)
, [ v i en)
o 10° ¢
£ E
1ot ¢
10°
10—1 \?H‘\H‘\H‘\H‘\
40 44 48 52 56
E* [MeV]
b)
10° -
i A
2
~10°F / , .
-g P Fusion —e-
S ¥ Neutron Transfer --&-
107
.-’; Vg
100? | | |
12 16 20 24 28

Ecm [MeV]

FIG. 2: (Color online) Cross sections for the ¥He4-'7 Au sys-
tem: (a) The cross sections (ogr) for evaporation residues
as a function of excitation energy of the compound nucleus.
The lines correspond to predictions based on the statistical
decay of an equilibrated compound nucleus [18]. (b) Fusion
(or) and neutron transfer (o,) excitation functions. Two
predictions for or based on tunneling through a single barrier
depending only on the radial separation are shown; dotted
line - using a nuclear potential derived from a global param-
eterization [19]; dashed line - using a microscopic potential
folding the nuclear densities of the target and the projectile.
The coupled-channels calculations for fusion and transfer re-
actions are shown by continuous and dash-dotted lines, re-
spectively. The nominal value of the Coulomb barrier (Vg) is
indicated.

the entrance and exit channels consisted of double-folded
real and short-ranged imaginary parts. The observed be-
havior of the fusion excitation function is reproduced by
these coupled-channels calculations (continuous line) in-
cluding coupling to the transfer channels (dash-dotted
line). The good agreement of the calculations including
only neutron transfer channels shows that the low parti-
cle threshold (2.1 MeV) does not imply a crucial influence
of breakup of the projectile on the tunneling process, as
is generally assumed for weakly bound nuclei [8] (see Ref.
[22] for a recent spectroscopic study of ¥He). The role of
pairing correlations which stabilize *He and result in an
enhancement [2] of the neutron-pair transfer over single
neutron transfer was also shown by the present calcula-
tions.

Interestingly, when juxtaposed to the calculations of

the tunneling probability as pure barrier penetration
(dotted line), the influence of the exotic intrinsic struc-
ture of ®He on the tunneling probability is found to be
relatively small compared to that observed in heavy-ion
fusion [1, 23, 24]. With stable beams, the coupling of
neutron transfer channels was shown to be related to an
order of magnitude increase in op below the Coulomb
barrier [23, 24]. In spite of large neutron transfer cross
sections, the exotic nucleus ®He unexpectedly displays a
relatively weak fusion enhancement. This dramatic dif-
ference between ®He and heavier systems could be at-
tributed to the amplification of the relative changes in
the barrier height by the exponential dependence of the
tunneling probability.

The helium isotopic chain is a showcase for character-
istic fingerprints of the features of tunneling of a com-
posite object [3-5]. The ratio of masses, p, of interact-
ing and non-interacting components (with respect to the
Coulomb field) in a composite object, has been shown to
affect the low-energy behaviour, increasing the tunnel-
ing probability [5] (as seen, for example, in deuteron-
deuteron reactions at keV energies [25]) and creating
cusps and resonances [26]. The oscillations in the trans-
mission coefficient have been shown to be damped with
increasing p; such a result can also be inferred from Ref.
[5]. In the neutron-rich helium isotopes the valence nu-
cleons outside the alpha core can be treated as the “non-
interacting” analog given the tight binding and point-like
behavior of the alpha particle. The helium chain offers a
unique progression of p varying from 1 (8He) and 2 (He)
to the infinite limit for “He. In such a picture the helium
isotopes are expected to behave differently with respect
to their barrier penetration.

Figure 3 shows the measured fusion cross sections for
helium isotopes with 7Au. The good agreement be-
tween the calculated and measured fusion cross section
for “*He reiterates its point-like behavior. At energies be-
low the barrier, o for 8He and ®He [28] are unusually
similar and as expected are larger than for “He [29]. A
loosely bound system with a subsystem that does not feel
the barrier can more easily restructure during the dynam-
ical process of fusion, emphasizing the role of a flexible
intrinsic wave function that can adiabatically readjust
in a slow process and increase penetration [3]. Similar
restructuring effects were predicted for the inverse pro-
cesses of cluster knock-out [30]. The observed similarity
of the low-energy results for 8He and °He may indicate
the role of higher order processes with neutron pair trans-
fer preceding fusion. At energies well above the barrier,
the fusion process is essentially “sudden” so the intrin-
sic configuration does not have time to change and op
is expected to be lower compared to an adiabatic ap-
proach. The most accurate and complete measurements
of 8He+197Au fusion and transfer seem to indicate that
the low-density neutron matter in the skin of 8He is sta-
bilized by pairing correlations. For a loosely bound but
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FIG. 3: (Color online) Measured fusion cross section as a
function of center-of-mass energy (Ecwm) for 468 e + 19TAqu
systems. The data for #%He + '°7Au systems are from Refs.
[28, 29]. The dotted line shows the one-dimensional barrier
penetration calculation for “He + '°7Au obtained using the
parameterization of Ref. [19] for the nuclear potential. The
inset shows suitably scaled cross sections (oscaled) and ener-
gies (Fscaled) as suggested in Ref. [27], accounting for trivial
differences in the height, radius and curvature of the barrier.

essentially isotropic system like 8He, it turns out to be
easier to transfer part of the neutron excess in a periph-
eral reaction than to readjust the outer skin of the system
and tunnel as a whole, a process which occurs only in a
narrow region of small impact parameters. Understand-
ing of the intriguing behavior of the helium isotopes will
influence future applications towards the production of
super-heavy elements [31] and the study of decoherence
effects in open quantum systems [32]. Currently, such
studies with RIB have been to a large extent limited to
light nuclei near the drip line. Apart from technological
challenges, the key to fulfilling the aspirations of synthe-
sizing new elements and finding a new island of stability
in the periodic table could lie in the use of higher-Z halo
nuclei with valence neutron(s) in £ = 0 orbitals so as
to maximize the spatial extent of the wave function and
hence lower the Coulomb barrier.
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