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6Li structure information from 2H(α ,α)2H scattering
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In this study, we investigate low-energy elastic scattering of 4He+2H using an effective two-

body clusterisation model. We solve the Lippmann-Schwinger equations assuming that coupling

effects between channels involving the2H bound3S1 state and those of the virtual1S0 state are

negligible. Two calculations have been performed; one using a potential that best recreates the
6Li spectrum, and the other to best recreate the low-energy elastic cross section, for which there

is a large amount of experimental data. The potential so prescribed in each case is used for both

the3S1 and1S0 channel sets. These calculations show that an effective two-body model suffices

to explain many features of the data.
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1. Introduction

Many experiments have measured the cross section for low-energy elasticscattering of2H and
4He, dating back to the 1930s [1]. The data show three states of the compoundnucleus,6Li, which
appear as resonances: a 3+;0 at 0.7117 MeV above the scattering threshold in the centre-of-mass
frame, a 2+;0 at 2.8357 MeV above threshold, and a less-pronounced 1+;0 at 4.1757 MeV above
threshold. Early theoretical methods used to recreate this data involved parameter fitting with no
nuclear model input. Recently, more sophisticated approaches have beenused, included solving
the Alt-Grassman-Sandhas (AGS) three-body equations [2], and anab-initio microscopic model
using two- and three-nucleon forces to take into account the motion of all sixnucleons of the two
bodies [3, 4, 5, 6].

However, it is instructive to see which features of the data may be explainedat a two-body
level. Such an approach was recently used to calculate phase shifts for this system, and theS-factor
for capture [7], but not the compound spectrum or elastic scattering cross section.

As we are concerned with the first few MeV above threshold, and the first excited state of4He
has an energy of 20 MeV, we treat it as a spin-zero structureless boson. We construct channels with
its ground state and the2H 3S1, T = 0 (ground) state and1S0 T = 1 (excited) state. The latter is
usually expected to be a resonance above thep− n break-up threshold, with an energy that is not
firmly known. However, a bound state description of it at−67 keV has been contemplated [8], and
we use this energy herein. We assume the coupling between the two states of different isospin to
be negligible, and so the channels formed with the1S0 state are not coupled to those formed with
the3S1 state. As there is no mixing of channels involving different2H states, all compound-system
states found are orthogonal. Thus, spurious states, if found, may be simply discarded.

2. Formalism

We performed scattering calculations by solving momentum-space Lippmann-Schwinger equa-
tions

T Jπ

cc′ (p,q;E) = V Jπ

cc′ (p,q)+µ ∑
c′′

∫ ∞

0
V Jπ

cc′′(p,x)
x2

k2
c′′ − x2+ iε

T Jπ

c′′c′(x,q;E)dx , (2.1)

whereE is projectile energy,p andq are momentum variables,k =
√

µE is the wave number, andµ
is reduced mass. Assuming that the potentials,V Jπ

cc′ , are separable (andJπ henceforth understood),

Vcc′ =−∑
p
| χcp〉

1
ηp

〈

χc′p
∣

∣ , (2.2)

theT -matrices also take a separable form,

Tcc′ =−∑
p
| χcp〉

1
[1−ηp]ηp

〈

χc′p
∣

∣ , (2.3)

where the optimal expansion is in terms of Sturmian form factors,χ, and their eigenvaluesη [9].
The potentials used have the form

Vcc′ =V coul
cc′ (r)+ f (r) [V0 δcc′ +Vℓℓ [ℓ · ℓ]cc′ +VI I [I · I]cc′ ]+

Vℓ I

r
d f (r)

dr
[ℓ · I]cc′ , (2.4)
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with central potentialV0, orbital angular momentum potentialVℓℓ, spin-orbit potentialVℓ I, and
spin-spin potentialVI I, for channelsc. The potential shapes are Woods-Saxon functions,

f (r) = [1+ e(
r−R

a )]−1 , (2.5)

wherea andR are constants of diffuseness and radius at half-maximum. As only positiveparity
states have been observed in6Li, the interaction potentials used contain only positive parity com-
ponents. The Coulomb potentials,V coul

cc′ (r), are determined by using a three-parameter Fermi (3pF)
distribution for each cluster, and these are folded together [10]. The 3pF distributions are defined
by the experimentally known root-mean-squared charge radii [11].

We also allowed the potential to have quadrupole deformation. To do this, the Woods-Saxon
potentials are deformed such that the radius has an angular dependence, i.e. R(θ ,φ) = R0[1+ ε ],
where

ε = ∑
L≥2

βL

√

4π
2L+1

[YL(Ω) ·YL(ϒ̂)] . (2.6)

ϒ are the Euler angles for the transformation from the body-fixed frame andΩ are the angles
defining the surface in the space-fixed frame. Full details of the expansion are in Ref. [12].

3. Results and Discussion

We have found two parameter sets, one optimised to recreate the6Li spectrum and another
optimised to recreate cross sections of the2H(α ,α)2H reaction. These are denoted as calculation 1
and calculation 2, respectively. Fig. 1 shows the experimental spectrum of 6Li compared with the
results of these calculations.

In calculation 1 (2), the central potential,V0, had a depth of -59.63 (-64.775) MeV. The orbital
angular momentum term,Vℓℓ, had a depth of 0.12303 (0.93) MeV. The term dependent on the2H
states’ angular momentum,VI I, had a depth of -26.525 (-2.0) MeV. Finally, the spin-orbit term,Vℓ I ,
had a depth of 2.08 (1.97). In both of these calculations,β2 = 0.22 for both2H states.

In calculation 1, all state centroids are within∼100 keV of their measured counterparts except
for the 2+;0 state, which has a calculated energy that is 800 keV too large. In calculation 2, the
the 0+;1 and 1+2 ;0 states are each∼1 MeV too low in energy, whereas the 2+;0 has the correct
energy. The fact that such a largeVI I term was required in calculation 1 to correctly place the 0+;1
and 1+2 ;0 states, and that such a value worsens agreement of the 2+;0 state, suggests that some
elaboration on the potential is required. To improve theT = 1 states, it is reasonable to assume that
the potential of the2H singlet state should differ from that of the triplet, but here we have usedthe
same potential for both to reduce the number of free parameters. That the 1+ state is recreated well
by the six-body calculation of Ref. [5] but not here suggests a limitation of the two-body approach.

Seeing that the 3+;0 and 2+;0 states are the most pronounced resonances in the experimental
cross sections for2H−4He scattering, these two states and the ground state were focused upon
when adjusting the potential parameters of calculation 2, to achieve cross sections better matching
data. Figs. 2 and 3 show the resulting cross sections from calculations 1 and 2 for one selected
fixed angle and several fixed energies, respectively.
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Figure 1: Experimental and calculated spectra of6Li. Data from Ref. [13].
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Figure 2: Fixed-angle cross sections at 50◦ determined by calculation 1 (dashed line) and calculation 2
(solid line) compared with the experimental cross sectionsfrom Refs. [14, 15, 16, 17].
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Figure 3: Fixed energy cross sections at 1.96, 2.48, 3.51, 4.6 and 6.3 MeV by calculation 1 (dashed line)
and calculation 2 (solid line) compared with the experimental cross sections from Refs. [14, 18, 19, 20].
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Both spectra and cross sections determined by calculations 1 and 2 show good agreement with
the experimental data. The 3+ resonance is well reproduced in both calculations. The cross sections
determined by calculation 2 better match the experimental data, as the energy ofthe 2+;0 state is
better reproduced. The underestimation of the cross section around 6 MeV in both calculations
is due to the absence of the 1+;0 resonance, which is found in the calculated spectrum but not
in the calculated cross section. This resonance is well reproduced in Ref. [5], suggesting another
limitation of the two-body approach.

4. Conclusions and Future Considerations

We have investigated elastic scattering of4He with 2H using a two-body clusterisation model.
Two different potentials were used, one to best recreate the lowest six states of the6Li spectrum, and
the other is optimised to reproduce experimental cross section data. The results of both calculations
show good agreement with the experimental data, and indicate that an effective two-body model
can explain most, but not all, observed features of the system. These calculations will be used in
future studies to determine capture cross sections in2H-4He collisions, using the method outlined
in Ref. [21].
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