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Angular distribution of 6He+p elastic scattering *
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Abstract: The angular distribution of 1H(6He,p)6He elastic scattering has been measured at Ec.m. = 4.3 MeV

by using a thick-target inverse kinematic method. The experimental differential cross sections are reproduced

by the distorted-wave Born approximation calculation utilizing the CH89 global optical potential parameter set.

The real part of CH89 is reduced comparing with other potentials, which may be attributed to the couplings

necessary for the weakly bound nuclei.
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1 Introduction

Nuclear reactions induced by radioactive ion

beams (RIB) play a key role in exploiting the struc-

ture and interaction of short-lived exotic nuclei [1, 2].

The exotic behaviors found in nuclei with excessive

neutrons include the neutron halo [3–5] and skin

structure [6], the island of inversion [7–9], and the en-

hancement of the total-reaction cross section at sub-

barrier energies [10–12]. These findings have largely

enriched our knowledge and provide a stringent chal-

lenge to the nuclear models in a wider isospin free-

dom. In nuclear astrophysics, the reactions of RIBs

with hydrogen or helium have to be emphasized, and

the relevant interaction potential parameters are cru-

cial ingredients in predicting the reaction rates [13].

A 6He nucleus has a two-neutron halo struc-

ture, with a two-neutron separation energy of only

0.973 MeV. This interesting feature has attracted

many investigations of the (6He,4He) two-neutron

transfer reaction for the di-neutron spectroscopic am-

plitude [14–17]. Special interest has been also shown

in the interaction of 6He with heavy elements, such

as 209Bi [18–20], 238U [21] and 208Pb [22, 23]. For the
6He+p entrance channel, Rogachev et al have stud-

ied the isobaric analog states of 7He in 7Li by the ob-

servation of the resonant yield of neutrons from the
6He(p,n) reaction in coincidence with γ rays [24]. Ra-

diative proton capture on 6He was also investigated at

E(6He)=40 MeV, direct capture to the ground state

and the first excited state of 7Li were observed [25].

At the CIAE, a proton-neutron halo structure was

found for the 3.563 MeV state in 6Li, by the angular

distribution measurement of the 1H(6He,6Li)n reac-

tion [26]. As regards the elastic and inelastic scatter-

ing of 6He+p, several measurements have been car-

ried out, mainly at the intermediate energy range [27–

29]. As far as we know, there has been no angular

distribution of the 6He+p elastic scattering reported

at low energy.

In the conventional thick-target inverse kinematic

(TTIK) method, the incident beam is slowed down

and stopped in the target while only the light reaction

products escape from the target and are detected.

The method is very useful and has been widely ap-

plied for the measurement of an excitation function
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in a large interval with a single RIB energy [30], ow-

ing to the precise reconstruction of the two-body re-

action kinematics according to each laboratory angle

[31]. This feature should also facilitate the simul-

taneous measurement of the angular distribution of

multiple-energy points, especially when a large solid-

angle detector array is used in the future. For this

purpose, we extend the TTIK method to the mea-

surement of the angular distribution of the 1H(6He,

p)6He elastic scattering at Ec.m. = 4.3 MeV.

2 Experiment

The experiment was carried out at the radioac-

tive secondary beam facility of HI-13 tandem accel-

erator laboratory [32]. The 6He ions were produced

via the 2H(7Li, 6He)3He reaction, with a 46 MeV 7Li

beam bombarding a deuterium gas cell of 1.5 atm

pressure. The front and rear windows of the gas cell

are Havar foils with the thickness of 1.9 mg/cm2. The

secondary beam was separated and focused by the

electro-magnetic dipole and quadrupole doublet on

the beam line. Before bombarding the target, the 6He

secondary beam was collimated by a φ9 mm–φ5 mm

collimator complex to limit the beam spot. During

the experiment, the intensity of the secondary beam

was approximately 1000 particles/s, and the purity of
6He was better than 85%.

The schematic layout of the experimental setup

is shown in Fig. 1. The 6He secondary beam was

identified and recorded with a 19.2 µm thin ORTEC

silicon detector in front of the 79.2 mg/cm2 (CH2)n

target. The energy of the 6He ions impinging on

the target was 36.4 MeV. A pure carbon target with

the thickness of 104.2 mg/cm2 was used to evaluate

the background events from the carbon atoms in the

(CH2)n target. In this thick-target setup, the inci-

dent 6He ions were fully stopped in the target. For

the detection of the light recoil particles, we use a

set of ∆E-E telescope which consists of a 67 µm

double-sided silicon strip detector(DSSSD), and two

multi-guard silicon quadrant (MSQ) detectors with

thickness of 1001 µm and 982 µm, respectively. The

DSSSD is comprised of 16 strips on the front side and

16 similar orthogonal strips on the back, thus pro-

viding two-dimension position information in a res-

olution of 3 mm×3mm. Both MSQ detectors are

2×2 arrays of independent active area, separated by

a 0.1 mm wide cross gap. ∆E-E detectors are all

50 mm×50 mm of active area. In this experiment, a

14×14 pixel array in the central part of DSSSD was

used which covers the laboratory angular range from

0◦ to 10◦.

The total number of incident 6He ions is approx-

imately 1.31×108 for the (CH2)n target runs, and

0.43×108 for the background measurement with the

carbon target. The experimental proton spectrum

was calibrated with proton beams scattering on Au

of 440 µg/cm2 at several energies, and with standard

α sources of 148Gd and 239Pu-241Am mixed. A cali-

brated ∆E-Et scatter plot is shown in Fig. 2, where

∆E is the energy loss of particles in the DSSSD, and

Et is the total energy that was detected.

Fig. 1. Schematic layout of the experimental setup.

Fig. 2. The scatter plot of ∆E-Et measured

with the DSSSD and MSQ detectors.

3 Data analysis and result

Because of the thick-target effect, the proton en-

ergy spectrum is continuous at any individual angle

corresponding to a certain range of experimental exci-

tation function. At the reaction point, the Ec.m. has

a simple relation with the proton energy Ep as the
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following:

Ec.m. = Ep×
mp +mA

4mAcos2 θlab

, (1)

where mp and mA are the masses of proton and 6He,

respectively; Ep =Et +∆Ep which means the sum of

detected proton energy plus the proton energy loss in

the remaining (CH2)n target after the reaction point.

As shown in our previous thick-target elastic res-

onance experiments [30, 31], one can reconstruct the

reaction kinematics according to each laboratory an-

gle, by taking into account the energy losses of 6He

and protons in the (CH2)n target. Such kinds of

kinematic reconstruction can be done with a Monte-

Carlo simulation combining the reaction kinematics

with the energy losses. As an example, the simulated

Ec.m. versus the detected proton total energy at θlab

=4.5◦ is shown in Fig. 3. In the simulation, both the
6He beam energy spread and angular divergence are

considered, and the overall Ec.m. resolution is about

30 keV, especially for Ec.m. > 1.5 MeV.

Fig. 3. The simulated Ec.m. versus the detected

proton total energy at θlab=4.5◦. The solid

line indicates a fitting of the simulated data

with a linear function. The behavior is close

to linear at most parts of the detected energy

region except for Ec.m. < 1.5 MeV where the

deviation is obvious due to huge energy loss of

the beam.

For most parts of the Ec.m. range, the proton spec-

trum might be contaminated by the inelastic scat-

tering to the first excited state of 6He at 1.8 MeV,

although it is unstable to the two-neutron emis-

sion immediately. Only the highest Ec.m. part is

free of inelastic scattering, therefore we chose an

Ec.m.=(4.30±0.16) MeV bin for analysis of the an-

gular distribution of elastic scattering. The obtained

angular distribution for 1H(6He, p)6He elastic scat-

tering is shown in Fig. 4. The corresponding effective

thickness of the (CH2)n target is (6.6±0.5) mg/cm2.

The errors of the differential cross section are mainly

from the statistics, and from the uncertainties caused

by the beam normalization (3%) and the simulation of

the effective target thickness (8%). The angular un-

certainties are also evaluated by including the beam

spot size (0.3◦), the angular divergence of the 6He

beam (0.2◦), angular straggling generated when 6He

particles pass through the ∆E detector (0.22◦) and

(CH2)n target (0.97◦).

Fig. 4. Angular distribution of the 1H(6He,p)
6He elastic scattering at Ec.m.= 4.3 MeV. De-

tails of the figure refer to section 4.

4 DWBA calculation and discussion

The experimental angular distribution was ana-

lyzed utilizing a distorted-wave Born approximation

(DWBA) code, Ptolemy. A Woods-Saxon potential

was used in the calculation, which can be expressed

as

U(r) =−V f(r,rV,aV)− iWVf(r,rW,aW)

− iWS

d

dr
f(r,rS,aS)+VSOf(r,rSO,aSO)+VC,

(2)

where V and WV are the depths of the real and imag-

inary parts, respectively; WS is the depth of the sur-

face term of the imaginary potential, and VSO is the

depth of the real part of the spin-orbit potential. The

coulomb potential VC and the form factor f(r,ri,ai)

take the following formula, respectively.

VC =
ZPZTe2

2RC

(

3−
r2

R2
C

)

, r 6 RC,

=
ZPZTe2

r
, r > RC,

(3)
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f(r,ri,ai) =

[

1+exp

(

r−Ri

ai

)]

−1

, (4)

Ri = ri(A
1/3
P +A

1/3
T ), i = V,W,S,SO, (5)

where ZP, ZT, and AP, AT are the charge numbers

and masses of the projectile and target, respectively.

Three sets of global potential parameters are ap-

plied in the DWBA calculation, as listed in Table 1.

It is clear that only P1 reproduces the experimental

differential cross sections, while P2 and P3 fail with

much higher values as shown in Fig. 4. The P1 pa-

rameter set was developed by Varner et al. [33], and

is usually called Chapel-Hill 89 (CH89). It is based

on the understanding of the basis of the optical po-

tential, such as the folding model and nuclear matter

approaches instead of the determination of optical-

model potentials phenomenologically. The potential

parameters were obtained by fitting a large amount

of differential cross sections for proton and neutron

elastic scattering on nuclei in the energy domain of

10–65 MeV. Previously, the CH89 was proved to give

a better fitting to the experimental data, and has

been widely used with success in analyzing the pro-

ton elastic scattering on light nuclei [36].

Table 1. Optical potential parameters used in

the DWBA calculation. The potentials have a

standard Wood-Saxon form, V and W are in

MeV, r and a are in fm.

set No. P1 P2 P3

V 56.01 60 86.88

rV 1.126 1.25 1.08

aV 0.69 0.65 0.68

WV 0.993 0.46

rW 1.099 1.08

aW 0.69 0.68

VS 15.46 13.5 9.14

rS 1.099 1.25 1.31

aS 0.69 0.47 0.52

VSO 5.9 7.5 5.63

rSO 0.68 1.25 0.59

aSO 0.63 0.47 0.83

rC 1.30 1.25 1.25

Ref. [33] [34] [35]

In the intermediate energy elastic scattering of
6He+p, it was found that the CH89 potential gives

also very good results compared with the microscopic

optical model approach [27–29]. Although CH89 does

not implicitly include any density distribution, the

potentials can well reproduce the intermediate energy

experimental data provided that the real part was

reduced or the imaginary part enhanced. This was

attributed to the couplings necessary for the weakly

bound nuclei, which could be related to a dynamic

polarization potential generated in the break-up pro-

cess. The potential is significant especially when the

momentum transfer is larger than the typical internal

momentum of the halo neutrons. Such a potential is

usually presented as a positive real part resulting in a

decrease of the total real potential [37], or a negative

imaginary part which increases the total imaginary

potential [38]. When comparing P1 with P2 and P3

used here, the real part of P1 is indeed the small-

est, which might indicate that the couplings with the

break-up process is not negligible even at the low en-

ergy domain.

5 Summary

The angular distribution of the 6He+p elastic

scattering is measured at Ec.m. = 4.3 MeV with

a TTIK method. The experimental angular distri-

bution is analyzed by DWBA calculations utilizing

several sets of the global optical potentials, where

only the CH89 potential reproduces the experimen-

tal differential cross sections. Since the experiment

was initially motivated for the measurement of the

excitation function of 6He+p, only five data points

at forward angles are obtained. However, one can

see that the experimental differential cross sections

impose important regulations on the depths of the

optical potentials. This experiment also shows that

the angular distribution of the proton elastic scat-

tering induced by RIBs can be obtained via a TTIK

method. By using a large solid-angle detector array

in the future, the TTIK method can be a powerful

multi-purpose tool with its analyzing power of the

excitation function and angular distributions simul-

taneously.
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