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Systematics of reactions with °He: Static and dynamic halo effects and evidence
for core-halo decoupling
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Experimental reaction cross sections for °He and “He projectiles are reduced and are shown to follow well-
defined trajectories that can be characterized by respective Wong-type curves. The strong enhancement observed
for the ®He data is interpreted as caused by two separate halo effects: a size effect, which affects the whole energy

region, and a dynamic effect, important only near and below the barrier. Evidence for a core-halo decoupling is
presented for the *He + ®Zn system, which further supports the hypothesis that the decoupling is a characteristic

feature of true halo systems.
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Recently, it was shown that total reaction cross sections
for ®He (neutron halo) and ®B (proton halo) with different
targets, lie on the same trajectory when plotted in reduced
form [1,2]. The scaling functions n = (Alp/3 + A,1/3)2 and
&= ZI,Z,/(A},/3 + A,l/s) were used to reduce o and E.,,
respectively. A similar behavior is apparent for reactions with
weakly bound but otherwise normal projectiles and also for
strongly bound nuclei, but the two respective trajectories lie
progressively lower in the plot with increasing binding energy
of the projectile. The halo systems analyzed covered the energy
range 0.6 < Egeq < 2, but it was noticed that, to ensure
the accuracy of the obtained parametrization, it would be
necessary to extend the analysis to other targets and energies,
especially energies further above the barrier.

In a related work, it was shown that the experimental
reaction cross sections for both 8B + 3¥Ni [1] and ®He + 2%Bi
[3] could be entirely accounted for by interactions of the halo
state plus reactions that occur with the respective core. This led
to the conclusion that a core-halo decoupling is present in both
proton-halo and neutron-halo systems. In addition, the fact that
the core and the valence neutron in the nonhalo nucleus "0
behave differently [3], further supports the hypothesis that
such a decoupling is actually a characteristic feature of true
halo systems. Under this assumption, one may expect that the
decoupling should show up in interactions of one single halo
nucleus with different targets.

Within this context, the purpose of this Rapid Communica-
tion is to focus on reactions with ®He, which is probably the
best-studied neutron-halo nucleus. In an attempt to elucidate
the specific effects of the halo, a comparison with reactions of
the respective core, 4He, will be performed.

As the first step, the systematics of interaction barriers of
Ref. [2] will be extended. The idea is to include data for
additional systems with energies that may cover an enlarged
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reduced-energy range. In addition to 2*Bi [4-6], reactions
of ®He with targets of 2%®Pb [7], '"7Au [8], '*°Sn [9],
%Cu [10], %Zn [11,12], 38Ni [13], A1 [14], and '>C [15-17]
have been measured. Figure 1 includes reported results for
these reactions, which adds quite a few experimental points to
the ones presented for %He in Ref. [2]. Most of the additional
points fall in the reduced-energy range previously analyzed,
but the upper limit is actually extended up to Ereq ~ 4.

For parametrization purposes, it is convenient to write
Wong’s formula [18] in terms of reduced quantities,

eord 27
ORed = 22}:; ln{l +exp [E(Em - vRed)} } (1)
where Ereq = Ecm./€ is the reduced energy, €g = hwy/& is
the reduced barrier-curvature parameter, ro, = Ry/n‘!/? is the
reduced radius, Vreqg = Viy/€ is the reduced barrier height, and
opeg = 0" /1 is the reduced cross section corresponding to
Wong’s formula. The parameter r, originally used in Ref. [18],
used later in Ref. [2], and the ratio iwg / V) used in the latter ref-
erence, can easily be related to the parameters in Eq. (1): r, =
1.44/ VRea, hwo/ Vo = €9/ Vrea- All parameter values given in
this Rapid Communication correspond to using units of MeV
and femtometers for energies and distances, respectively.

Notice that a given set of values for rgp, Vred, and € actually
does determine a family of systems [i.e., those systems whose
reaction cross sections fall on the corresponding curve of
Eq. (1) when plotted in terms of reduced variables]. The actual
barrier parameters for different members of a family are related
to each other through the definition of the corresponding
reduced parameters. The findings of Refs. [1,2] can then be
rephrased by saying that, as far as total reaction cross sections
are concerned, nuclear systems seem to group in different
families, depending on the nature of the projectile: strongly
bound, normal weakly bound, or halo projectiles.

The solid curve in Fig. 1 is the Wong-model fit obtained
previously [2] for halo nuclei (rop = 1.79, r, = 1.83, and
hwo/Vy = 0.62). This corresponds to reduced parameter
values Vreq = 0.79 and ¢y = 0.49. Only the experimental
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FIG. 1. (Color online) Reduced total reaction cross sections for
different systems with ®*He and “He projectiles. References are given

as right-hand-side superscripts of target symbols.

points for °He on targets of 2’Al, ®Zn, and 2“Bi were
considered in that fit. It is interesting to see that the data for all
the additional systems with the ®He projectile still follow the
same trajectory, especially considering that the reduced-energy
range has essentially been doubled. This further confirms that
the family of systems with halo projectiles is well defined for
the case of ®He. We emphasize that this is true independently
of the goodness of the model fit (i.e., the data clearly follow a
well-defined trend, regardless of the model curve).

However, it is also interesting to try to interpret the data in
terms of Wong’s model because the involved parameters have
a well-defined physical meaning. The fit of Eq. (1) to the whole
®He data set gives the parameter values shown in the first line
of Table I. It is worth mentioning that three experimental points
account for ~50% of the x? /N value, so the corresponding
error bars may be underestimated. With this in mind, by
considering the large number of independent experiments
involved in producing the data, and by taking the simplicity
of Wong’s model into account, the obtained value of X2 /N
seems quite reasonable. The corresponding curve, shown with
a dotted line in Fig. 1, is practically indistinguishable from the
solid curve, except maybe at the very lowest energies.

In a fit such as this, where many different systems are
involved, which span a wide energy range, one may expect
that the extracted values for the barrier parameters should
have a rather global character. These parameter values could,
in principle, be extracted from measurements for one single
system in the family, but a very large energy interval needs to
be measured to get reliable results. This clearly has not been
performed for ®He projectiles. The global fit obtained here,

TABLE I. Reduced Wong-model parameters for each projectile
and respective values of x? per degree of freedom. Variation of one
parameter by the reported error will produce an approximately one
unit increase in x2/N. N is the number of points.

Projectile VRed Fop €0 Npls XZ/N
°He 0.780 £ 0.014 1.794+0.04 0.43+£0.06 28 43
“He 0.913+£0.005 1.394+0.05 0.175£0.006 43 34
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by using reduced variables, should help minimize possible
ambiguities in the reduced parameters, thus making the results
quite reliable. This fit also has the additional bonus that data
from many independent works, which use varied experimental
techniques, are being utilized. As mentioned earlier, the
particular parameter values for each system can then be
calculated easily from the reduced ones.

Figure 1 additionally includes reduced reaction cross
sections for *He projectiles on a number of targets, essentially
covering the same wide range of reduced energies as for °He,
0.7 < EReq < 4.6. The data were taken from Refs. [19-23], as
indicated in the figure. The corresponding points also belong
to one single family, which, in this case, can be characterized
by a reduced Wong curve (dashed line) with parameter values
given in the second line of Table I. In this case, 3 out of the 43
experimental points account for more than 50% of the x2/N
value. With respect to this curve, a striking enhancement of
the halo systems can be observed. This kind of enhancement
was first noticed in Ref. [1]. From Table I, one can see
that Vieq X rop ~ 1.4 for °He and ~ 1.3 for “He. By using
the definition of the reduced parameters, it can be seen that
these relations are similar to the well-known formula for the
Coulomb potential Ve (MeV) of two point charges Z e, Z;e
(e stands for the elementary charge), separated by Ry (fm),
Ve =1.44Z,Z;/Ry.

So, although the radius parameter is 30% larger for the halo
projectile, the combined variation of the fitting parameters
rop and Vreq from one curve to the other nearly follows the
expected behavior for Coulomb barriers. However, since an
A'73 scaling of the respective nuclear radii is already included
in the reduced variables, it is clear that the barrier associated
with SHe reactions corresponds to a distance considerably
larger than expected from the simple A!/3 dependence. Then,
this can be interpreted as a static halo effect directly related to
the extended size of the halo nucleus. A similar size effect of
the ®He isotope on some measured reaction cross sections
was discovered in the pioneering experiments of Tanihata
etal. [24,25], which were performed in an energy regime much
higher than the one analyzed in this Rapid Communication.
Then, it seems that this size effect is somehow carried down
to the lower-energy region involved in the data of Fig. 1.
According to the rgb factor in Wong’s formula, Eq. (1), this
effect should be present for all energies.

The large difference in the €y values for the two projectiles
(see Table I) can be interpreted as an additional halo effect
influencing the ®He data. It implies an exceptionally large
barrier curvature (exceptionally narrow barrier) for the halo
systems. In Ref. [2], it was noticed that this corresponds
to an increased diffuseness of the absorption in ¢ space,
most probably caused by the enhanced transfer/breakup cross
sections observed for these projectiles. Consistent with these
observations, this apparently dynamic effect is important
mainly in the enery region near and below the barrier. For
larger energies, the influence of the two appearances of €, in
Eq. (1) tend to cancel each other; as a matter of fact, in the
case of relatively large energies, the equation reduces to a]{‘éd =
nrgh(l — VRed/ ERed), Which gives a well-known formula when
the reduced variables are converted back to normal quantities.
Around the barrier, the s-wave contribution to the cross section
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FIG. 2. (Color online) Total reaction and transfer/breakup (halo)
cross sections for °He + 2%Bi (taken from Ref. [3]).

dominates, and the approximation hw, ~ hwy should work
well, no matter how large hwy might be. This is needed to
assess the validity of Wong’s formula [18].

Under the assumption of core-halo decoupling for the halo
nucleus °He, the difference between the solid and the dashed
curves in Fig. 1 should be caused by the reactions with the
two-neutron halo. The reactions of ®He with a 2*°Bi target at
energies close to the Coulomb barrier [4—6] were analyzed
within this context in Ref. [3]. The transfer/breakup processes
represent the possible reactions with the 2# halo, indicated by
the op,l curve in Fig. 2. The sum of fusion and transfer/breakup
cross sections, which represents the total reaction cross section,
is displayed with solid circles in the figure. As for the
reactions with the « core, the corresponding cross sections
[19,20] were multiplied times n(°He + 2®Bi)/n(*He + 2°Bi)
and the respective energies were multiplied times £(°He +
209B4) /& (*He + 2Bi) to obtain the oo curve in Fig. 2. This
figure shows that the ocore + Ohalo curve reproduces the total
reaction data quite well, consistent with a decoupling core halo.
Here, our purpose is to investigate whether such a decoupling is
also present in reactions of ®He with other targets. There is only
one more system where, in addition to the total reaction cross
sections, all relevant reactions associated with the neutron halo
have also been measured. This is the °He + %*Zn system, which
we analyze now.

For the ®He + %4Zn system, angular distributions for elastic
scattering and transfer/breakup processes were measured, at
two near-Coulomb barrier energies, by Di Pietro et al. [11].
An optical model analysis of the elastic scattering data gave
total reaction cross sections of 380 & 60 and 1450 % 130 mb at
E.m. = 9.1 and 12.4 MeV, respectively. The points indicated
aS Oreaction 1N Fig. 3 represent these values. The integrated
transfer/breakup cross sections for the same energies were
reported as 300 &+ 100 and 1200 4 150 mb, respectively.
These values account for the reactions with the halo and, thus,
are indicated as oy in the figure.

Fusion excitation functions for *®He + %*Zn were also
measured in Ref. [11] and later extended to higher energies
by the same group [12]. For the ®He projectile, the whole
measured excitation function is represented by the oy, points

FIG. 3. (Color online) Total reaction, transfer/breakup (halo), and
fusion cross sections for °He + %Zn (data from Refs. [11,12]).

in Fig. 3. The sum of opg with the transfer/breakup cross
section (0pa10) 1S Seen to be consistent with Opeaciion at the two
energies where data exist for the last two quantities (a simple
interpolation was performed to estimate ops at 12.4 MeV). The
fact that fusion plus transfer/breakup processes do actually
saturate the total reaction cross section at near-Coulomb
barrier energies was also observed in the previous data for
the °He + 29Bi system [3,6].

For the present system, the reactions with the core can
be deduced from the fusion data for *He 4 ®*Zn, just by
performing an appropriate scaling [3]. The results of such
a scaling are shown as ocy. in Fig. 3. The dashed curve
represents a Wong-model fit [18] to the corresponding points
(x> /N = 0.3). Because ops and 0.y are consistent with
each other within error bars, from the observations of the
last paragraph, it is clear that ocore + Ohalo should, in turn, be
consistent with Oreaction- The star points in Fig. 3 corroborate
this fact. The values of o, at the two energies where o1, Was
measured were estimated from the dashed curve in the figure
by keeping the error bar of the closest measured point. Then,
we conclude that the data for #%He + %*Zn are consistent with
a core-halo decoupling for *He.

To summarize, a systematic study of total reaction cross
sections for ®He and “He projectiles has been performed.
A comparison between these two projectiles is interesting
because “He is the core of the halo nucleus ®He. An appropriate
reduction of energies and cross sections plays a key role
in allowing a comparison of data for different systems. All
reduced cross sections for ®He projectiles fall on the same
trajectory when plotted versus the respective reduced energy.
A variation of Wong’s formula, where absolute quantities are
replaced by reduced ones, allows one to nicely characterize
the trajectory in terms of reduced barrier parameters. The large
number of systems fitted, which covers a wide energy range,
should make the extracted parameters quite reliable.

The points corresponding to “He projectiles also follow a
well-defined trajectory that, as expected, lies below the one for
®He and can be characterized by a different Wong-type curve.
The difference between the two trajectories can be ascribed
to the halo character of ®He, which, in this interpretation,
produces two separate effects. One is a geometric effect,
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related to the extended size of the halo nucleus, which affects
the cross sections in the whole energy region. The other effect
is important mainly in the energy region near or below the
barrier. It seems to have a dynamic origin, and it is probably
related to the enhanced transfer/breakup processes that have
been observed for ®He. This effect is accounted for in the Wong
model by an unusually narrow barrier.

Static effects of the halo are equivalent for all targets
studied, no matter how light or heavy they are. The kinematic
regime below Vreq = 0.78, where dynamic effects may be
important, needs to be studied for more systems with the He
projectile to elucidate possible nuclear structure effects.

Evidence was also presented, which indicates that a core-
halo decoupling is present for the neutron-halo nucleus ®°He
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in reactions with *Zn. As shown in a previous work, this is
also true for reactions with 2Bi, so the decoupling seems
to be independent of the target. The previous conclusions
are based upon comparison of purely experimental data for
both the nucleus and its core. The present results give further
support to the hypothesis that such a decoupling is actually a
characteristic feature of true halo systems.
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