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We have measured the differential cross-sections for the elastic as well as inelastic scat-
tering populating the 2.43 MeV (5/27) excited state in °Be using ®He beams at energies
of 30, 40 and 47 MeV on a ?Be target. The experimental results for the elastic scattering
were analyzed within the framework of the optical model using the Woods—Saxon and
double-folding potentials. The theoretical calculations for the concerned excited states
were performed using the coupled-channel method. The optimal deformation parameters
for the excited states of 9Be nucleus were extracted.

Keywords: Elastic scattering; inelastic scattering; coupled-channel methods; deformation
parameters.

PACS Number(s): 21.60.Gx, 24.10 Ht, 25.55.Ci

1. Introduction

The study of elastic and inelastic processes of interaction of helium isotopes *He
with nuclei is one of the main sources of information on the properties of the ground
and low-lying excited states of atomic nuclei. These processes, which occur in the
collisions of helium isotopes **He with energies of several tens of MeV, make it
possible to obtain valuable information on the structure of specific nuclear states.
Of particular interest in this respect it is the structural feature of the Be nucleus.
The “Be nucleus is a unique example of a nuclear system that exhibits a cluster
structure while remaining a stable but weakly bound nucleus. For example, the “Be
nucleus can be considered as a core with the so-called Borromean structure: it can
be represented as a configuration of three particles o + a + n (the 1n separation
energy is —1.664MeV), for which the removal of any one of the three constituents
results in an unbound two-body subsystem.

In addition, it was suggested! that the state 1.68 MeV (1/2%) in 9Be has a neu-
tron halo. Until now, the neutron halo has been observed almost exclusively in the
ground states of some radioactive nuclei; detection of the neutron halo in stable light
nuclei (e.g., Be and 13C) significantly expanded the prevailing ideas about nuclear
exotics22 But, nevertheless, the Be nucleus is one of the least studied 1p-shell
nuclei. Several papers have reported investigations on elastic and inelastic scatter-
ing of deuterons and « particles on 9Be. For example, in the following papers ™5
the processes of interaction of deuterons? and « particles™ with 9Be nuclei were
analyzed using distorted-wave Born approximation (DWBA) and coupled-channel
(CC) models with phenomenological potentials. Later, certain excited states of Be
were analyzed in the framework of the CC method with both phenomenological
and folding-model potentials®

As it can be seen from the above-mentioned studies® most of the theoretical
analyses for the scattering of deuterons and a particles from °Be targets have
been performed using phenomenological potentials of the Woods—Saxon (WS) type.
Therefore, in this paper, we aim to investigate the validity of the microscopic double-
folding (DF) potential model to explain the elastic scattering of *He from “Be within
the framework of the optical model.
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This paper is part of our extensive study of the cluster structure of the Be
nucleus? and is devoted to analyze data on elastic and inelastic scattering of
3He from ?Be at energies E(*He) = 30 MeV, 40 MeV and 47 MeV within various
theoretical models.

The paper is organized as follows. In Sec.[2] the experimental procedure is given
and in Sec. Bl the method used for the theoretical analysis of the experimental data
is presented. Section M is devoted to the results of the experimental data, their
theoretical analysis and discussion. The summary is given in Sec.

2. Experimental Details

Experimental angular distributions of elastic and inelastic scattering of 3He from
9Be were measured using the extracted beams of isochronous cyclotron U-120 at the
Nuclear Physics Institute (Rez, Czech Republic) at E(*He) = 30, 47 MeV and K-130
cyclotron of the Jyviiskyld University (Jyviskyld, Finland) at E(*He) = 40 MeV.
The average beam current during the experiments was maintained at 10nA. The
thickness of the self-supporting Be target was 12 pym. Peaks due to carbon and
oxygen contaminations of the target were not observed in the energy spectra.

To measure (in)-elastically scattered ions, four Si-Si(Li) telescopes, each
consisting of two AEg, AE pin-diode detectors and silicon drift E, detector with
thicknesses of 10 pm, 100 gm and 3 mm, respectively, were used. To detect reac-
tion products within a narrow angular opening, the telescopes were mounted at a
distance of ~ 25cm from the target. Each telescope was shielded by a Cu—Pb col-
limator which has a total thickness of 5mm and a circular hole of 3 mm diameter.
Particle identification was based on the measurements of the energy-loss AE and

AE (channel)
o)
S
l

60
40 |,
20
d+"’B
0 T I R
80
E, (channel)

Fig. 1. Particle identification plot for the products of the 3He+9Be reaction measured at 47 MeV:
d, tritium (¢) and 4He. AE is the energy loss and E, is the residual energy.
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residual energy E, (the so-called AE-E method). The present detector system is

similar to the one which we used before.”

The telescopes were mounted on rotating supports, which allowed to obtain data
from 6,1, = 20° to 107° in steps of 1-2°. A two-dimensional plot of the energy loss
AE versus the residual energy E, is shown in Fig. [0l The good energy resolutions
(full width half-maximum was about 150keV) of both AE and E, detectors allowed

unambiguous identification of A and Z of each product.

Counts

Counts

Counts

Fig. 2.
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Spectra of total deposited energy for the detected *He (a), He (b) and t (c) at 24° in
the laboratory system, for the reaction 3He + 9Be at 47 MeV. The values were calculated as sum
of the calibrated energy losses in two thin (10 and 100 um) AE and residual energy E,.. The most
populated excited states of 8Be, YBe and 9B, as well as populated ground states in the reaction
channels 9Be(3He, *He)®Be (a),”Be(®He, 3He)?Be (b) and *Be(*He, t)°B (c) were unambiguously
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This experimental technique allows us to identify the particles d, t, 3He and
4He, and to determine their total deposited energies. The spectra of total deposited
energy are shown in Fig. 2] All peaks, which can be observed in the histograms
in Fig. @ were identified and found to belong to the ground and excited states of
9Be, B and ®Be, as the complementary products to the detected particles *He, ¢
and “He, respectively. Thus, the used technique allowed us to identify the reaction
channel, to measure the energy of the products and to obtain differential angular
distributions for various reaction channels.

3. Theoretical Calculations

The theoretical optical-model calculations for the elastic scattering data of >He from
9Be target obtained from the literaturé?10 at energies 50 MeV and 60 MeV and for
our data at the energies 30, 40 and 47 MeV were performed with the FRESCO
code using two approaches: (a) phenomenological optical potential and (b) semi-
microscopic double-folding potential.

3.1. Optical-model (OM) calculations: Phenomenological analysis

The standard optical model with folding-model potentials or with similar phe-
nomenological potentials such as the WS has failed to describe certain aspects of
the experimental data, in particular the inelastic scattering data. Therefore, in the
present calculations, we use volume-type real and imaginary potentials P13 The
full potential consists of the nuclear (Viye1), spin-orbit (V,) and the Coulomb (Vi)
potentials.

U(r) = Vil (r) + Vao(r) (Is) + Ve (r), (1)

where the nuclear potential is assumed to have a WS shape:

Viwal(r) = Vo [1—|—exp (T_R“ﬂ_l +iW [1—|—exp (T_R“’)]_l. 2)

v w

the spin-orbit potential is:

V) =" (1) 45 1+ e (i)] )

In addition, a Coulomb potential of a uniformly charged sphere is used:

7,762 r2

Va(r) = ;)th <3—§>7 for r < Re
7 7Ze?

Vo(r) = prte , forr> Re

with radius
Ri=ri(A] + A7), i=V,W,50,C
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Here, Vp is the WS potential depth, R the potential radius and a the diffuseness
parameter, which determines the sharpness of the potential surface. Z,, and Z; are
the proton numbers of the projectile and target of system, respectively.

3.2. Optical-model calculations: Double-folding analysis

The microscopic nuclear potential that we have also used to analyze the experimen-
tal data for the He + Be system was based on the DF model 2 The DF potential
is calculated by using the nuclear-matter distributions of both projectile and target
nuclei together with an effective nucleon—nucleon interaction potential (vnN). Thus,
the DF potential is

VDPF(R) :/dr1/drzpp(h)pt(rz)VNN(ru), (4)

where p,(r1) and p¢(rz) are the nuclear matter density distributions of both the
projectile and target nuclei, respectively. Gaussian density distributions (GD) have
been used for both nuclef®18 defined as:

p(r) = poyexp(—pr?), (5)

where [ is adjusted to reproduce the experimental values for the root-mean-square
radii of *He (1.91fm) and °Be (2.51fm).'"p() values can be obtained from the
normalization condition

[ otorar = . )

where A is the mass number. In order to reproduce elastic scattering data, VP (R)
is usually multiplied by a free normalization factor, N,..

The effective nucleon—nucleon interaction, vy, is integrated over both den-
sity distributions. Several nucleon—nucleon interaction expressions can be used
for the folding-model potentials. We have chosen the most common one, the
M3Y (Michigan-3-Yukawa) realistic nucleon-nucleon interaction. The M3Y has two
forms, one corresponds to M3Y-Reid™ interaction and another is based on the so-
called M3Y-Paris interaction™ In the present work, we use the former form with
the relevant exchange correction term due to the Pauli principle, given by

exp(—4r) exp(—2.57)

— 2134 ——=
4r 3 2.5r

where Jyoo(F) represents the exchange term, since nucleon exchange is possible

between the projectile and the target. Joo(E) has a linear energy dependence and
can be expressed as

vNN(r) = 7999 + Joo(E)o(r)MeV, (7)

Eya
Joo(E) = 276 [1 —0.005 f; b

; ] MeVfm?. (8)

In this case, while the real part of the optical-model potential has been obtained
by using the above-described DF model, we have adopted the following WS form
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for the imaginary potential

W(r) = Wo [l—i-exp (r_R”)]l. 9)

w

Therefore, for the nucleon—nucleon DF potential case, the nuclear potential con-
sists of a real part and an imaginary part:

UPY(r) = N, Vor(r) +iW (1), (10)

where N, is the normalization factor.

Theoretical calculations were carried out using the FRESCO code.

The phenomenological approach undoubtedly has simplicity, clarity, and conve-
nience of application. However, it is well known that optical-potential parameters,
which can describe experimental data in a wide energy range for various collid-
ing nuclei, are often not unique. It is a rather complex problem, which leads to
uncertainties in the choice of parameters of the interaction potential.

The volume integral J of the nuclear potential is a key value in the classifica-
tion of various sets of potential parameters. Volume integrals assist in choosing a
potential from a discrete set.

The optical WS and DF potentials can be conveniently characterized by real
(Jy) and imaginary (Jw ) volume integrals per nucleon

Tv A At/ rr dr, (11)
_ 2
Jw =~ At/ W (r)r2dr. (12)

3.3. Coupled-channel method

The CC method implemented in FRESCO code has been used in data analysis
for the excited states at different energies. The potential parameter set which can
best describe elastic scattering was used in the CC calculations for the excited
states. In CC calculations, we need to provide the code with some information
about the concerned state (such as spin, parity, excitation energy) and also defor-
mation parameter (3). In Sec. ] we present deformation parameters for Be states,
which were used in the calculations for inelastic scattering in the method of coupled
channels.

4. Results and Discussion

The comparison between the experimental data and the theoretical predictions for
9Be(®He, 3He)?Be at the aforementioned energies is shown in Fig. [l based on the
potential parameters, which are listed in Table [l The error bars shown in Figs.
and Bl are mainly attributed to the statistical uncertainties, which are about 2-3%.
In Fig.Bl the abbreviation WS corresponds to the calculations with a WS potential.
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Fig. 3. Comparison of the experimental data and the calculated differential cross-sections for

elastic scattering of 3He from 9Be at energies 30, 40, 47, 50 and 60 MeV using WS and DF
potentials.

DF corresponds to the calculations with a folding-model potential for the real part
and WS for the imaginary part.

One of the starting potentials was taken from Ref.[20), in which empirical expres-
sions were proposed for a central potential with purely surface absorption, of which
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Table 1. Potential parameters obtained for elastic scattering of 3He from 9Be at corresponding
beam energies.

E Model 1% Ty ay N, w rw o aw Vso T'so aso  X°/N

(MeV) (MeV)  (fm) (fm) (MeV)  (fm) (fm) (MeV) (fm) (fm)

30 WS 75.43 1.255 0.821 23.03 1.57 091 6.76 1.07 0.66 3.99
DF 1.2 2303 157 091 6.76 1.07 0.66 9

40 WS 68.43 1.255 0.821 25.03 1.57 091 576 1.07 0.66 15.2
DF 0.9 2503 1.57 091 5.7 1.07 0.66 14.3

47 WS 63.43 1.265 0.821 19.03 1.57 091 5.06 1.07 0.66 7.58
DF 1.09 19.03 1.57 091 5.06 1.07 0.66 9.54

50 WS 60.43 1.265 0.821 23.03 157 091 5.06 1.07 0.86 13
DF 0.92 23.03 1.57 091 5.06 1.07 0.86 28

60 WS 58.43 1.265 0.821 26.03 1.57 091 3.66 1.07 0.66 49
DF 0.93 26.03 1.57 091 3.66 1.07 0.66 68

the values of the parameters depend on the >He energy and the mass of the target
nucleus. Such a potential well describes the scattering of He in the energy range
from 10 MeV to 220 MeV on various target nuclei from beryllium to lead. The
search for the optical-potential parameters was carried out by fitting the calculated
angular distributions to the experimental data using the computer code FRESCO.

In order to remove the discrete ambiguity in determining the optical potential,
the radii of the nuclear density distribution and diffuseness of the potential were
fixed. In this case, the radii of the real part are ry = 1.255 fm for 30 MeV, 40 MeV
and ry = 1.265 fm for 47 MeV, 50 MeV and 60 MeV; the radius of the imaginary part
is . = 1.57 fm for all energies and the radius of the spin-orbit part is ry, = 1.07 fm.
The parameters of diffuseness are a = 0.821 and 0.91 fm for the real and imaginary
parts of the volume potential and a = 0.66 for the spin-orbit part. Variations
of the remaining three parameters of the optical potential (V, W and Vi,) were
carried out by fitting the theoretical calculations to the experimental data with x?2
minimization. In the WS calculations, the Coulomb radius rc = 1.3 fm was taken.

In the DF calculations, the normalization coefficient (NN,.) for the real part of
the potential was selected in the range of 0.9-1.2.

As can be seen from Fig. [B] the parameters of both WS and DF optical potentials
well describe the obtained experimental data in spite of the fact that “Be is a cluster
nucleus. It should be noted that the data at 30, 40 and 47 MeV were measured up
to ~ 100°. Therefore, we do not see the contribution of cluster configurations to
the YBe scattering cross-section. For example, in the case of 50 MeV and 60 MeV,
it is clear that at the backward angles contribution of the cluster transfer to the
scattering cross-section should be taken into account. Within the framework of the
optical model, it is difficult to describe the increase of cross-section at the backward
angles.

On the other hand, the desire to determine the global optical parameters and
their energy dependence in the studied energy range has led to the WS and DF

1850089-9
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parameter sets that cannot adequately describe the experimental data at the rear
angles at 50 MeV and 60 MeV energies.

The x? criterion does not always allow us to make an unambiguous choice of
the set of potential parameters. As a rule, to obtain additional information from
the reaction and for a more adequate and optimal description of the experimental
data, various integral characteristics of the potential are introduced, such as volume
integrals.

As is seen from Table 2, the volume integrals of the real part (.Jy-) normalized
by the number of interacting pair of projectile and target nucleons are within 350—
500 MeV fm?®. It is well known that this integral is well determined by the data, as a
relatively small variation of one of the potential parameters can be compensated by
a small readjustment of the other parameters (continuous ambiguity), while keeping
the integral as a constant. Thus, the volume integral plays as the representative of a

Table 2. Volume integrals of the real part
(Jv) of the potential at different energies.

E Jy (WS) Jy (DF)
(MeV) (MeV fm?) (MeV fm?)

30 449 489

40 407 363

47 385 435

50 367 363

60 355 364

700 . . . . ; . : .
600 ] A °He +’Be (WS)
b A °He+’Be (DF) ||
1 o o+’Be (WS)
_ 500 A A *He+"“N (WS)
ME 1 A A 1
£ 400 - O A -
()] 1 A ]
= 300 i
= ] ]
200 - -
100 .
0 T T T T T T T T T
20 30 40 50 60 70
Ecy (MeV)

Fig. 4. (Color online) The energy dependence of volume integrals for the real Jy part of the
WS (black triangle) and DF (red triangle) potentials for 3He + 9Be scattering. For comparison,
volume integrals for the real Jy parts of potentials for a4+ ?Be (empty square)zgI and *He +14 N
(empty trianglejzl scattering are presented.
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given family of potentials. For interaction of *He and « particles with 1p-shell nuclei
at an incident beam energy of several tens of MeV, it is found that the reasonable
value of the volume integral is Jy ~ 400 MeV fm®. This follows from the predictions
of the microscopic theory (folding model) and phenomenological data analysis of
the elastic scattering in the energy range from 10MeV to 200 MeV 2223 yiolume
integrals for the real part of optical potential were calculated® for a+9Be system at
energies close to the energies considered in this paper. The volume integrals (Jy ) for
WS and DF potentials calculated in this work are within the same range. Figure @
shows the calculated volume integrals for He + ?Be, a + Bé? and He + “N24
systems, depending on the energy.

Inelastic scattering off light nuclei is of interest from two points of view. Firstly,
the structure of the low-lying states is sufficiently well known which is important
for the analysis, and secondly, the level density is not high, thus permitting the
measurement of differential cross-sections even with a modest energy resolution.

10° . . 10° . T

3 9 — ccws) . ——CC (WS)
He + °Be, E=30 MeV CC (DF) He +°Be, E=40 MeV cc (DF)
A 243 MeV 5/2° A 243 MeV, 5/2°

a
°a
L

do/dQ [mb/sr]
3

do/dQ [mb/sr]
3

-
o,
!

T T
0 50 100 150 0 50 100 150

Oy [deg] Oy [deg]
10° T :
——CC (WS)
3He + °Be, E=47 MeV CC (DF)
10% A 2.43 MeV 5/2
T 1
< 104 ]
=
E
% 10"y 4
()
=
10" E
107 E
0 50 100 150

Oy 1deg]
Fig. 5. Comparison between the experimental data and the calculated differential cross-sections

for inelastic scattering of 3He from °Be (2.43 MeV (5/27)) at different energies using different
potentials in CC method: WS and double folding.
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Table 3. Deformation parameters of the excited
2.43MeV (5/27) state of 9Be.

E (MeV) Potential in CC method 3 (5/27)

30 WS 0.80
DF 0.80
40 WS 0.78
DF 0.78
47 WS 0.80
DF 0.80

The resulting optical potentials were used to calculate the differential cross-
sections for inelastic scattering in the context of the CC method. The cross-sections
for the excitation of the low-lying state at 2.43MeV (5/27) belonging to the rota-
tional band in the ?Be nucleus were calculated. In the calculations, we used the WS
potential (CC (WS)) and DF potential (CC (DF)) from Table [

The comparison between the experimental data and theoretical predictions for
the state at 2.43MeV (5/27) at energies E(*He) = 30 MeV, 40 MeV and 47 MeV is
shown in Fig. Bl The best description is obtained by using CC (DF) potential.

Analysis of inelastic scattering data within the CC approach allows one to
extract the information on the deformation of an excited nucleus treating these
states as collective rotational excitations. As mentioned above, in CC calculations
we should provide parameters with information about the concerned state, such
as spin, parity and excitation energy. “Be is a deformed nucleus. In our calcula-
tions of the inelastic scattering of *He from Be at energies 30 MeV, 40 MeV and
47MeV deformation parameters were used, which are in the range of 0.78-0.80.
Deformation parameters of the excited state 2.43MeV (5/27) of °Be nuclei at the

indicated energies are shown in Table Bl They agree well with the data from other
sources Br25126

5. Summary

We obtained new experimental data for elastic scattering and inelastic scattering
populating the 2.43 MeV (5/27) excited state in “Be using *He beams at energies
of 30, 40 and 47 MeV incident on a “Be target. The data on elastic scattering were
analyzed using two approaches: usual optical-model potential (phenomenological)
and double-folding potential (semi-microscopic). Additionally, we apply our data
analysis to the previous measurements at higher energies. The volume integrals
of the deduced real potentials are within the 350-500 MeV fm?® interval, which is
consistent with the predictions of the microscopic theory and with the results of the
global analysis of the elastic scattering of a particles and *He in the 10-200 MeV
energy range. The data for the excited state were analyzed within the framework of
the coupled-channel method with two different potentials: WS and double-folding
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potentials. The obtained deformation parameters for the “Be nucleus at 30 MeV,
40MeV and 47 MeV are close to the results obtained in Refs. Rl 25 and [26.

We plan to analyze the experimental data for transfer reactions induced by the
3He + “Be system, with exit channels such as o 4 ®Be, t +° B and °He + "Be, using
the present optical-potential parameters in future.
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