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Abstract

Proton elastic scattering, and inelastic scattering to the first 2+ excited state

of 6He, has been studied using the inverse kinematics reaction p(6He,6He*)

and with a 40.9A MeV beam of 6He ions. The data have been analyzed

using a fully microscopic model of proton-nucleus scattering using 6He wave

functions from large space shell model calculations. The inelastic scattering
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data in particular show a remarkable sensitivity to the halo structure of 6He.
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In this letter we report measurements and analyses of elastic scattering of 40.9A MeV 6He

ions from a hydrogen target and of the inelastic scattering that puts 6He in its first excited

2+ state. A full folding microscopic model optical potential has been used to analyze the

elastic scattering cross section while the distorted wave approximation (DWA) has been used

to analyze the inelastic scattering data. The code DWBA98 [1] has been used to obtain all

the results.

The experiment was performed at the GANIL facility (Caen, France) with a 40.9^4 MeV

6He beam produced by fragmentation of a primary 7bA MeV 13C beam on a 8.45 mm thick C

target located between the two superconducting solenoids of the SISSI device. The secondary

beam was purified using a 0.9 mm Al degrader situated in the analyzing o-spectrometer.

The intensity of the resulting beam on target was 105 particles per second with a 2% total

contamination of 8Li and 9Be. As the beam spot on the target covered 1 cm2 with an

angular divergence of 1 deg, two tracking detectors, CATS [2], were used at 155 cm and

27 cm in front of the polypropylene (CH2)3 reaction target as illustrated in Fig. 1. Such an

arrangement provided the impact point (X, Y) and the incident angle on the target event

by event. With this set-up a FWHM resolution of 0.55 mm (X) and 0.7 mm (Y) and 0.1 deg

could be obtained.

To allow an unambiguous selection of elastic and inelastic scattering of 6He on hydrogen,

both the recoiling proton and the ejectile were detected in coincidence and identified. For

the ejectiles this was achieved by using a plastic wall made up of 6 bars 8 x 50 cm2, 3 cm

thick and situated at 75 cm behind the target. The large angular coverage of this ensemble

was necessary to accept the in flight decay of 6He (6He —> a + 2n) for excitation energy

higher than 0.9 MeV. Identification and counting of the beam particles were achieved in a

plastic scintillator ($ = 2.8 cm) centered at zero degrees.

The recoiling protons were detected in MUST [3], an array of 8 telescopes (6 cm x 6 cm

each) made of double-sided Si-strip, SiLi and Csl counters. The strips were placed at 15 cm

from the target and covered the angular range between 46 and 90 deg. At this distance, the

1 mm wide strips of the Si detectors yield an angular resolution of 0.4 deg in both directions.



From 0.5 MeV to 6 MeV the protons were stopped in the Si strip detectors and were identified

in mass by the measure of their energy versus their time of flight between CATS and the

Si strips detector. The overall time resolution of 1.2 ns allowed a good identification of the

protons. Beyond 6 MeV and up to 70 MeV the protons were stopped either in the second

(SiLi) or in the third (Csl) stage of the telescopes. The detected particles were identified

using the AJE1 — E method.

In this experiment both 1.48 mg/cm2 and 8.25 mg/cm2 thick polypropylene targets were

used. The thinner target was necessary to detect the low energy proton emitted at the

smallest center of mass angles (85 deg in the laboratory). The elastic (inelastic) yield was

extracted by putting windows on the protons'in MUST, on 6He (alpha) in the plastics, and

on the excitation energy spectrum that is shown in Fig. 2. The background under the 2+

peak varied between 10 and 25% depending on the angle. The overall angular resolution was

0.5 deg. The extracted angular distribution of the elastic scattering and the cross section

from the inelastic scattering to the 2+ state, are presented in Fig. 3, wherein the error bars

are purely statistical. The systematic error is estimated to be 10% due to the uncertainties

in the target thickness, of the number of incident particles, and in the determination of the

solid angle. Each facet contributes less than 5% to the systematic error.

The analysis of the elastic and inelastic cross-section data follows the predictive methods

used previously in successful analyses of cross-section and spin-dependent data from 65 and

200 MeV proton scattering from stable nuclei [4-7]. Elastic, and in the DWA, inelastic, scat-

tering data from many nuclei ranging in mass from 3He to 238U have been analyzed therewith

using coordinate space optical potentials formed by folding effective nucleon-nucleon (NN)

interactions with one body density matrices (OBDME) and single particle (SP) bound state

wave functions of the targets. The effective interactions and structure details all are preset

and no a posteriori adjustment or simplifying approximation made to the complex non-local

optical potentials that result. Those interactions are a mix of central, two-body spin-orbit

and tensor attributes each having a form factor that is a sum of Yukawa functions [8]. The

complex, energy and density dependent strengths of the Yukawa functions were obtained



by accurately mapping the (NN) g matrices of the Paris NN interaction [9], although the

Bonn-B potentials [10] have also been used. Those g matrices, solutions of the Brueckner-

Bethe-Goldstone equations [8], were generated for diverse nuclear matter densities as linked

to the Fermi momenta of infinite nuclear matter. Note that the energy and density depen-

dences of those complex effective NN interactions so formed have been crucial in forming g

folding optical potentials that give predictions in very good agreement with 65 to 200 MeV

elastic scattering data [4-7]. For more details of the process which we define as g folding,

see Refs. [4,5].

Such calculations have been made and are discussed herein to indicate attributes of the

structure of 6He. To do so we first need to establish the propriety of the 40 MeV effective

interaction. That we observe from its use in analyses of scattering of 40 MeV protons from

stable nuclei. We present results of the elastic scattering from 12C and 208Pb. In Fig. 4,

40 MeV p—12C and p—208Pb elastic scattering data are compared with the results of g

folding calculations made with the same structure details used previously [11] to analyze

65 MeV scattering data from those nuclei. The solid and dashed curves in each segment

of Fig. 4 identify the ^-folding results obtained by using the effective interactions that map

the Bonn-B and Paris NN g matrices respectively. The differences in these calculated cross

sections and analyzing powers are slight. That is the case with all realistic NN potentials.

By definition such are NN scattering phase shift equivalent at the relevant energy. Further,

they have similar NN g matrices both on- and off-shell. They also give essentially the same

effective NN interaction [8]. As the 40 MeV g folding calculations give results in quite good

agreement with scattering data, we consider that effective interaction to be a sensible one

for use in analysis of the present 6He scattering data.

With the effective interaction set, only the structure needs to be defined to calculate

the elastic and inelastic scattering cross sections for 6He from hydrogen. For the helium

isotopes, Navratil and Barrett [12] have made large space shell model calculations allowing

all nucleons to be active. Their shell model interaction was specified as NN G matrix

elements [13] generated from a realistic NN interaction; the Nijmegen III interaction in



particular. They have made studies using different complete shell model bases. Of those,

we have used their complete 8hu> wave functions for 6He to obtain the relevant ground state

and transition OBDME. The low excitation spectra, binding energies, ground state static

moments, and r.m.s. radii of the helium isotopes are all well predicted with the complete

Shcu model space calculation. However, the calculated neutron r.m.s. radius of 6He is small

in comparison to the expected value and this seems consistent with a halo-like distribution

of the valence neutrons. Even the 8hu> shell model space is not large enough to reflect a

particularly noticeable halo characteristic for this nucleus. As was found for u Li [14], to

accommodate a distinctive halo characteristic within a large basis shell model prescription,

the single particle wave functions must be adjusted.

To estimate the effects of any halo attribute in the nucleus requires variation of the SP

wave functions from the harmonic oscillator (HO) set defined by the shell model calculations.

One choice is to use Woods-Saxon (WS) functions instead, with the WS potential parameters

first chosen to give wave functions from which good fits to electron scattering form factors

of stable isobars are found. In particular, those for 6Li [5] have been chosen to deal with

6He. The g folding with these WS functions then gave a p - 6He optical potential from

which an elastic scattering cross section results that is almost identical to one obtained

with shell model prescribed HO functions. To extend the neutron density consistent with

a halo description of 6He, the bound state WS potential was adjusted so that certain shell

model orbits are weakly bound. A halo structure is given to 6He by setting the Op-shell

binding at 2 MeV (consistent with the single neutron separation energy of 1.87 MeV [15])

and the higher orbits at 0.5 MeV, while using the OBDME as given by the shell model.

The folding procedure then leads to an optical potential from which we found the results

hereafter designated as halo. On the other hand, the use of the OBDME and nucleon bound

state wave functions as specified by the normal shell model lead to results which we designate

as no halo.

The data for the elastic and inelastic scattering of 6He from hydrogen at 40.9/1 MeV are

compared in Fig. 3 with the results of the g folding with the 8hui structure. The results



for both elastic and inelastic scattering obtained by using Ahui model space wave functions

are very similar, indicating an insensitivity to the size of the space above Ahu. The elastic

scattering data and results are given in the top part of this figure, wherein the few data

beyond 60° indicate a preference for the halo description. However more data at larger

momentum transfers are required to be more conclusive. This is also the case with 6He

elastic scattering data taken at 70.bA MeV by Korsheninnikov et al. [16] for which a similar

analysis [17] could not discriminate between the halo and no halo results.

The differential cross section for the inelastic scattering of 6He from hydrogen leading to

the 2+; 1 (1.8 MeV) state in 6He is displayed in the lower half of Fig. 3. Therein, the data

are compared to the results of two DWA calculations obtained using the 40 MeV effective

interaction built from the relevant NN g matrices of the Bonn-B interaction. The same

results are found with the Paris potential. The transition OBDME were obtained from

the 8hu shell model calculation. Again, the same results are obtained when the OBDME

obtained from the 4hu model space calculation are used. The solid curve portrays the result

obtained using the halo specification for 6He while the dashed line is the result found with

the no halo condition. WS functions as specified above have been used. The difference

between these results is marked with the halo structure clearly favored by the comparisons

with the data. This reflects sensitivity to the surface properties of the nucleus given that the

radial transition form factor for E2 excitations is surface-peaked in contrast to the elastic

scattering cross-section analyses which are sensitive to the depletion of neutron strength

within the body of the nucleus.

In summary, we have presented new data for the elastic and inelastic scattering of 6He

from hydrogen at 40.9A MeV. The elastic scattering data have been analyzed using a fully

microscopic, complex, non-local optical potential with an effective interaction specified by

folding realistic NN g matrices with large space shell model wave functions. The scattering

wave functions found with such optical potentials were taken as the distorted waves in a

DWA analysis of the inelastic scattering. Comparison of the results of calculations with

the data indicates sensitivity to the density of the 6He projectile with a description of 6He



incorporating the halo favored. The success of the analyses of both the elastic and inelastic

scattering data using these coordinate space scattering theories encourages futher use of

scattering data involving exotic systems to determine the microscopic structures of those

systems.
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FIG. 1. The experimental set up.
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FIG. 2. 6He excitation spectrum from the p(6He,6He*)p' reaction. It retains some contamina-

tion from elastic scattering.
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FIG. 3. The differential cross section for the scattering of 6He from hydrogen at 40.9̂ 4 MeV.

The present data (circles) are compared to the results of the calculations assuming no halo (solid

line) and halo (dashed line) conditions. The elastic scattering is displayed in the top while the

inelastic scattering is displayed in the bottom sections of this figure.
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FIG. 4. The 40 MeV elastic proton scattering cross-section and analyzing power data [18] from

12C and 208Pb compared with g folding optical potential results.
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