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Abstract In this study, a comprehensive investigation on

different cluster configurations of the 9Be nucleus is per-

formed with a simple cluster approach. With this goal, the

elastic scattering angular distributions of 9Be by 27Al, 28Si,
64Zn, 144Sm, 208Pb, and 209Bi target nuclei are reanalyzed

for aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He and n ? 8Be

cluster configurations of the 9Be projectile within the

framework of the optical model. The theoretical results are

compared with each other as well as the experimental data.

The results provide an opportunity for a test of different

cluster configurations in explaining the elastic scattering of
9Be nucleus.

Keywords Cluster structure � Optical model � Double
folding model � Elastic scattering

1 Introduction

Cluster structure is an important feature observed in both

stable and unstable nuclei. For example, 11Li, known as a

halo nucleus, is considered as a core (9Li) and two-valence

neutrons [1]. Or in stable nuclei, it is assumed that 12C and
16O nuclei have a a cluster structure. A large number of

experimental and theoretical studies have been carried out to

examine the cluster structures of nuclei [2–5]. Experimental

techniques have been applied to display cluster cases in

nuclei. For theoretical analysis, the Bloch-Brink a-cluster
model (ACM), the antisymmetrized molecular dynamics

(AMD), and the generator coordinate method (GCM) have

been improved [6]. Therefore, it can be said that the cluster

feature of a nucleus is an important parameter to examine the

structure of a nucleus, to study cluster decay, break-up

reactions, and stellar nucleosynthesis, to constitute different

configurations with elements, and to understand the pro-

cesses in nuclear astrophysics [7–9].

Recently, Aygun [10] applied a simple cluster method to

a 12Be nucleus. He investigated different cluster structures

of the 12Be nucleus within the optical model (OM). He

reported the theoretical results in explaining the experi-

mental data. We think that this simple method will be

interesting in applying different nuclei. With this goal, in

the present study, we focus on the theoretical analysis of

the existing cluster models of the 9Be nucleus over

literature.

In this work, we investigate aþ aþ n, dþ 7Li,
3Hþ 6Li, 3Heþ 6He, and n ? 8Be [11–13] structure

models of the 9Be nucleus in terms of a simple cluster

model. We obtain elastic scattering angular distributions of
9Be by 27Al, 28Si, 64Zn, 144Sm, 208Pb, and 209Bi target

nuclei by using the double folding (DF) model based on the

OM. We compare the theoretical results with the experi-

mental data. Thus, the similarities and differences between

cluster models applied in the calculations of 9Be nucleus

are determined.

In the next section, a brief description of theoretical

calculation is given. The results and discussion are defined

in Sect. 3. Section 4 is devoted to our summary and

conclusions.
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2 The calculation process

2.1 The optical model

The optical potential, which consists of real (V(r)) and

imaginary (W(r)) potentials, is parameterized by

VopticalðrÞ ¼ VðrÞ þ iWðrÞ: ð1Þ

To determine the real part of the optical potential, the

DF model is used. The DF potential is obtained by means

of the density distributions of projectiles and target toge-

ther with an effective nucleon–nucleon interaction poten-

tial ðmNNÞ. In this manner, the DF potential is shown by

VDFðrÞ ¼
Z

dr1

Z
dr2qPðr1ÞqTðr2ÞmNNðr12Þ; ð2Þ

where r12 ¼ r� r1 þ r2, mNNðr12Þ is the effective NN

interaction, and qPðr1Þ and qTðr2Þ, respectively, are the

density distributions of projectile and target.

In order to make a comparative study, we have used five

different density distributions for the 9Be nucleus. Each of

these densities is explained in the following. On the other

hand, for the densities of 27Al, 28Si, 208Pb, and 209Bi target

nuclei, two-parameter Fermi (2pF) density distribution has

been used, which is given by

qðrÞ ¼ q0

1þ exp r�c
z

� � : ð3Þ

q0, c, and z parameters are presented in Table 1.

The density distributions of 64Zn and 144Sm target nuclei

are taken from the Hartree-Fock-Bogolubov (HFB) method

based on the BSk2 Skyrme force [17].

For mNN, we have used the most common one, the M3Y

nucleon–nucleon (Michigan 3 Yukawa) realistic interac-

tion, which is formulated as

mNNðrÞ ¼ 7999
expð�4rÞ

4r
� 2134

expð�2:5rÞ
2:5r

þ J00ðEÞdðrÞMeV;

ð4Þ

where J00ðEÞ is the exchange term given by

J00ðEÞ ¼ 276 ð1� 0:005 ELab=APÞMeVfm3; ð5Þ

where ELab and AP are the laboratory energy and mass

number of the projectile, respectively. Finally, the imagi-

nary part of the optical potential is assumed in Woods–

Saxon (WS) form

WðrÞ ¼W0f ðr;Rw; awÞ; ð6Þ

f ðr;Rw; awÞ ¼ ½1þ expðXÞ��1; X ¼ ðr � RwÞ=aw; ð7Þ

where Rw ¼ rw ðA1=3
P þ A

1=3
T Þ and AP and AT are the mass

numbers of the projectile and target nuclei, respectively.

The code FRESCO has been used in OM calculations [18].

2.2 Simple parametrization of structure models

of 9Be nucleus

Here, various cluster models of the 9Be are evaluated

within a different approach. With this goal, it is assumed

that 9Be nucleus consists of aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be systems. The density distributions

of 9Be for these models are obtained and applied to pro-

duce the real potential in the DF model calculations based

on the OM. However, the imaginary part of the optical

potential is taken as the WS potential. The theoretical

calculation of each system is conducted in the same form.

We should say that we have not obtained a new density

distribution. We have used the existing density distribu-

tions in the literature with only a simple approach.

2.2.1 aþ aþ n system

Firstly, we concentrate on the aþ aþ n cluster structure

of the 9Be nucleus. In this manner, we assume the density

distribution of 9Be in the following form

q9BeðrÞ ¼ qaðrÞ þ qaðrÞ þ qnðrÞ: ð8Þ

We use different density distributions for each a density.
These densities, respectively, are

qaðrÞ ¼ 0:4229 expð�0:7024r2Þ ð9Þ

and

qaðrÞ ¼ 4
3pb2

4

� ��3=2

exp � 4r2

3b2

� �
; ð10Þ

where b ¼ 1:28 fm [15, 19]. The density distribution of 1n-

halo is given by [20, 21]

qnðrÞ ¼
1

c
ffiffiffi
p

p
� �3

expð�r2=c2Þ; ð11Þ

where c is adjusted to reproduce the experimental value for

the rms radius of 9Be.

Table 1 The parameters of 2pF density distributions of 27Al, 28Si,
208Pb, and 209Bi nuclei

2pF

Nucleus c (fm) z (fm) q0 (fm)�3 References

27Al 2.84 0.569 0.2015 [14]

28Si 3.15 0.475 0.175 [15]

208Pb 6.62 0.551 0.1600 [14]

209Bi 6.75 0.468 0.154887 [16]
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2.2.2 d?7Li system

Secondly, the density distribution of 9Be projectile is

obtained as the sum of densities of d and 7Li nuclei shown

by

q9BeðrÞ ¼ qdðrÞ þ q7LiðrÞ: ð12Þ

In this way, the density of d is in the following form

qdðrÞ ¼ q0 expð�.r2Þ; ð13Þ

where q0 ¼ 0:0992 fm�3 and . ¼ 0:424 fm�2 [22]. 7Li

density is parameterized as [23]

q7LiðrÞ ¼ 0:1387ð1þ 0:1673r2Þ expð�0:3341r2Þ: ð14Þ

2.2.3 3Hþ 6Li system

The 9Be nucleus can be considered as a cluster form of
3H and 6Li nuclei. In this manner, 9Be density is taken as

q9BeðrÞ ¼ q3HðrÞ þ q6LiðrÞ: ð15Þ

3H density distribution is evaluated as the variational

Monte Carlo (VMC) density obtained by using the

Argonne v18 (AV18) two-nucleon and Urbana X three-

nucleon potentials (AV18?UX) [24]. However, 6Li density

is conducted as [25]

q6LiðrÞ ¼ 0:203expð�0:3306r2Þ

þ ð�0:0131þ 0:001378r2Þexpð�0:1584r2Þ:
ð16Þ

2.2.4 3Heþ 6He system

Another cluster structure of the 9Be nucleus is in the

form of 3He and 6He nuclei. Thus, 9Be density can be

written as

q9BeðrÞ ¼ q3HeðrÞ þ q6HeðrÞ: ð17Þ
3He density distribution is given by [26]

q3HeðrÞ ¼ 0:2201 expð�0:5505r2Þ: ð18Þ

Table 2 The NR values

obtained with the DF

calculations for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

structures of the 9Be nucleus in

the analysis of the 9Beþ 27Al,
28Si, 64Zn, 144Sm, 208Pb and
209Bi reactions

System Energy (MeV) NR

aþ aþ n dþ 7Li 3Hþ 6Li 3Heþ 6He nþ 8Be

9Beþ 27Al 22 0.66 0.96 0.67 0.56 0.40

25 0.63 0.80 0.68 0.50 0.41

32 1.00 1.00 1.00 0.84 0.82

35 1.00 1.03 1.00 0.75 0.83

13 0.82 1.09 1.00 0.66 0.55

9Beþ 28Si 17 0.67 1.06 0.865 0.53 0.46

23 0.81 1.064 1.00 0.67 0.63

26 0.95 1.07 1.03 0.86 0.74

30 0.978 1.07 1.00 0.88 0.80

9Beþ 64Zn 21 0.66 0.90 0.70 0.50 0.40

23 0.575 0.66 0.58 0.435 0.33

26 0.50 0.56 0.50 0.36 0.29

28 0.69 0.83 0.84 0.53 0.47

9Beþ 144Sm 39 0.716 0.85 0.73 0.53 0.40

41 0.745 0.93 0.78 0.55 0.43

44 0.733 0.92 0.79 0.54 0.443

48 0.78 1.00 0.90 0.60 0.48

9Beþ 208Pb 40 0.950 1.04 1.000 0.78 0.650

42 0.680 0.78 0.715 0.525 0.425

47.2 0.678 0.765 0.690 0.515 0.420

50 0.77 0.83 0.810 0.58 0.500

39 1.16 1.36 1.21 1.00 0.91

9Beþ 209Bi 40 1.17 1.15 1.30 0.98 0.88

42 0.94 1.00 1.00 0.69 0.63

44 0.645 0.80 0.62 0.51 0.51

A theoretical study on different cluster configurations of the 9Be nucleus by using a simple... Page 3 of 11 86

123



6He density is evaluated in the following form

q6HeðrÞ ¼ q0 exp ð�br2Þ; ð19Þ

where b is adjusted to reproduce the experimental value for

the rms radius of the 6He = 2.54 fm. q0 can be obtained

from the normalization condition

Z
qðrÞr2dr ¼ A

4p
; ð20Þ

where A is the mass number.

2.2.5 n ? 8Be system

Finally, the 9Be nucleus is thought as a n ? 8Be cluster

model. Thus, 9Be density is the sum of n and 8Be densities

parameterized as

q9BeðrÞ ¼ qnðrÞ þ q8BeðrÞ: ð21Þ

The density distribution of 1n-halo is the same as

Eq. (11). The VMC density distribution for the 8Be nucleus

is used [24].

3 Results and discussion

We have investigated aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster configurations known for
9Be by using the DF model based on the OM. In this

context, we have analyzed the elastic scattering data of six

different nuclear reactions which consist of 27Al, 28Si,
64Zn, 144Sm, 208Pb, and 209Bi nuclei, in order to make a

comparative study of the interactions with light, medium,

and heavy target nuclei of 9Be. For a more comprehensive

analysis, we have also investigated the elastic scattering

data for different incident energies that can be obtained

from the literature of the reactions analyzed with this work.

While the real potential is obtained via the DF model, the

Table 3 The W0 values of the

imaginary potential for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

configurations of the 9Be

nucleus in the analysis of the
9Beþ 27Al, 28Si, 64Zn, 144Sm,
208Pb, and 209Bi reactions

System Energy (MeV) W0 (MeV)

aþ aþ n dþ 7Li 3Hþ 6Li 3Heþ 6He nþ 8Be

9Beþ 27Al 22 18.70 15.00 15.70 17.6 19.00

25 18.90 15.30 15.80 20.6 20.00

32 19.00 15.50 16.00 21.6 30.00

35 23.40 18.50 20.75 22.6 30.70

9Beþ 28Si 13 7.00 12.90 9.90 9.00 7.70

17 16.90 14.00 15.90 16.90 16.90

23 17.00 14.10 16.20 17.60 19.10

26 20.00 14.20 16.30 25.50 24.00

30 22.00 14.30 16.80 26.80 27.10

9Beþ 64Zn 21 10.10 12.20 12.50 11.30 11.45

23 10.20 12.30 12.60 8.80 11.50

26 10.40 13.00 13.00 10.80 12.00

28 10.70 13.50 15.50 12.80 12.50

9Beþ 144Sm 39 10.00 13.00 12.80 11.30 13.00

41 10.94 15.40 14.00 12.00 14.00

44 10.96 16.00 14.50 12.50 15.00

48 12.00 16.10 15.00 13.00 16.00

9Beþ 208Pb 40 12.00 16.50 14.85 13.00 12.50

42 15.50 18.00 17.00 16.10 16.10

47.2 18.00 21.00 21.00 19.00 18.50

50 19.00 21.70 22.30 20.30 20.30

9Beþ 209Bi 39 10.00 16.00 13.90 10.40 8.90

40 10.20 18.10 14.00 10.80 9.00

42 12.20 18.30 15.40 14.20 11.90

44 16.50 19.90 20.10 16.90 13.90

In all the calculations, the Coulomb radius (Rc), rw, and aw values have been fixed as 1.25, 1.27, and 0.75,

respectively
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imaginary potential has been assumed as WS potential. To

acquire good agreement results with the experimental data,

we have researched the normalization constant (NR) for the

real part and W0, rw, aw potential parameters for the

imaginary part. In this context, the values of NR andW0, rw,

aw parameters are listed in Tables 2 and 3, respectively.

Elastic scattering of the 9Beþ 27Al reaction has been

investigated for aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He,
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Fig. 1 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

configurations of 9Be in the

analysis of the 9Beþ 27Al

system in comparison with the

experimental data at 22, 25, 32,

and 35 MeV. The experimental

data are from Refs. [27–29]
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Fig. 2 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

cases of 9Be in the analysis of

the 9Beþ 28Si system in

comparison with the

experimental data at 13, 17, 23,

26, and 30 MeV. The

experimental data are from

Refs. [29–31]
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and n ? 8Be cluster systems at 22, 25, 32, and 35 MeV.

The results shown in Fig. 1 have been compared with each

other as well as the experimental data. It has been seen that

all the theoretical results are in very good agreement with

the data.

Angular distributions of elastic scattering of 9Be on 28Si

have been studied for five different cluster configurations at

incident energies of 13, 17, 23, 26, and 30 MeV. The

theoretical results are plotted comparatively in Fig. 2. It

has been observed that the results have displayed an

agreement behavior with the data.

Elastic scattering of the 9Beþ 64Zn reaction has been

analyzed for aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He, and

n ? 8Be cluster cases at 21, 23, 26, and 28 MeV. In this
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Fig. 3 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

structures of 9Be in the analysis

of the 9Beþ 64Zn system in

comparison with the

experimental data at 21, 23, 26,

and 28 MeV. The experimental

data are from Refs. [29, 32]
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Fig. 4 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

models of 9Be in the analysis of

the 9Beþ 144Sm system in

comparison with the

experimental data at 39, 41, 44,

and 48 MeV. The experimental

data are from Refs. [29, 33, 34]

86 Page 6 of 11 M. Aygun, Z. Aygun

123



context, the results are shown in Fig. 3. Agreement

between theoretical results and experimental data is very

good. Also, our results display very similar behavior to

each other.
9Be elastic scattering by 144Sm has been examined by

using the DF model at 39, 41, 44, and 48 MeV. As seen

from Fig. 4, agreement of the theoretical results with the

data is almost excellent.

As heavy target nuclei, elastic scattering angular distri-

butions of 9Beþ 208Pb (at 40, 42, 47.2, and 50 MeV) and
9Beþ 209Bi (at 39, 40, 42, and 44 MeV) reactions have

been investigated for aþ aþ n, dþ 7Li, 3Hþ 6Li,
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Fig. 5 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

cases of 9Be in the analysis of

the 9Beþ 208Pb system in

comparison with the

experimental data at 40, 42,

47.2, and 50 MeV. The

experimental data are from Ref.

[35]
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Fig. 6 (Color online) The

elastic scattering angular

distributions for

aþ aþ n, dþ 7Li, 3Hþ 6Li,
3Heþ 6He, and n ? 8Be cluster

configurations of 9Be in the

analysis of the 9Beþ 209Bi

system in comparison with the

experimental data at 39, 40, 42,

and 44 MeV. The experimental

data are from Refs. [29, 35]
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Fig. 7 (Color online) The NR changes as a function of incident energy for aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He, and n ? 8Be cluster cases of

each system examined with this work. The solid line shown with NR ¼ 1 is to guide the eye
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3Heþ 6He, and n ? 8Be cluster configurations of 9Be by

using the DF model. The theoretical results are plotted in

Fig. 5 for 9Beþ 208Pb and in Fig. 6 for 9Beþ 209Bi. The

results for both 9Beþ 208Pb and 9Beþ 209Bi systems are in

good agreement with the data.

It is well known that NR, when applied to obtain good

agreement results with the data, shows the success of the

DF model [36]. With this goal, to evaluate the results of

aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He, and nþ 8Be

cluster configurations from another angle, we have shown

the NR values for all the systems investigated in Table 2.

Also, changes of NR values for the systems are plotted

comparatively in Fig. 7. We have observed that NR values

of d?7Li and 3Hþ 6Li cases are close to each other and are

better than the NR values of the other systems. However,

the worst NR values have been found for the n ? 8Be

cluster case. As a result of this, we can say that

aþ aþ n, dþ 7Li, and 3Hþ 6Li cluster cases are more

suitable within different cluster configurations of the 9Be

nucleus.

In the present research, we have given the reaction cross

sections (r) of the systems analyzed in Table 4. When we

have examined the results, we have observed that d?7Li

and 3Hþ 6Li cluster cases have given very close values to

each other. Also, we have noticed that d?7Li and 3Hþ 6Li

cluster structures have a larger cross section than the other

systems.

As another comparison parameter of aþ aþ n, dþ 7Li,
3Hþ 6Li, 3Heþ 6He, and n ? 8Be cluster cases, we have

investigated v2=N values. With this goal, we have calcu-

lated v2=N values for each system according to the

experimental error of around 10% and have listed the

results in Table 5. We have observed that the v2=N values

are rather small in a general sense.

4 Summary and conclusions

We have reported the study of different cluster config-

urations of 9Be investigated by terms of a simple cluster

method. With this goal, we have performed a different and

new study to determine which cluster configurations of 9Be

are more valid. The theoretical analysis has been carried

Table 4 The r values obtained

for aþ aþ n, dþ 7Li,
3Hþ 6Li, 3Heþ 6He, and nþ
8Be cluster cases in the analysis

of the 9Beþ 27Al, 28Si, 64Zn,
144Sm, 208Pb, and 209Bi

reactions

System Energy (MeV) r (mb)

aþ aþ n dþ 7Li 3Hþ 6Li 3Heþ 6He nþ 8Be

9Beþ 27Al 22 1413.3 1377.9 1361.8 1400.5 1412.9

25 1536.4 1488.3 1487.2 1561.2 1554.3

32 1758.7 1694.7 1706.4 1802.2 1921.8

35 1876.2 1798.6 1834.0 1859.5 1984.6

9Beþ 28Si 13 366.4 437.2 412.4 399.1 384.0

17 965.8 934.2 956.9 963.5 968.8

23 1377.9 1334.8 1372.6 1390.6 1425.9

26 1558.9 1458.7 1498.7 1639.8 1626.7

30 1709.7 1579.0 1623.1 1780.0 1792.1

9Beþ 64Zn 21 384.3 414.5 412.7 398.2 400.6

23 593.4 623.9 628.9 558.1 610.7

26 860.8 910.9 910.1 863.1 891.4

28 1046.9 1102.4 1146.8 1088.9 1094.1

9Beþ 144Sm 39 762.0 818.1 812.8 784.7 816.7

41 944.3 1028.7 1000.9 960.7 1001.6

44 1147.6 1251.8 1222.6 1177.5 1234.0

48 1411.0 1500.0 1480.6 1432.0 1497.5

9Beþ 208Pb 40 297.3 335.3 322.3 308.5 304.8

42 511.7 533.3 522.6 514.2 515.1

47.2 1021.8 1053.4 1055.9 1030.6 1024.0

50 1264.2 1286.8 1303.2 1276.3 1282.4

9Beþ 209Bi 39 164.0 207.6 192.4 167.2 155.6

40 239.3 304.7 274.3 245.7 228.1

42 428.4 488.6 461.2 449.7 421.1

44 659.5 694.5 696.9 661.3 624.7
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out for aþ aþ n, dþ 7Li, 3Hþ 6Li, 3Heþ 6He, and n ?
8Be cluster cases by using the DF model within the scope

of the OM. The elastic scattering results for each system

have been plotted in figures. Also, NR values, the optical

potential parameters, cross sections, and v2=N values have

been listed in tables. It has been seen that our results are in

very good harmony with the experimental data in general

sense. However, the aþ aþ n, dþ 7Li, and 3Hþ 6Li

results are close to each other and are better than the results

of the other cluster cases. Additionally, we have noticed

that the aþ aþ n, dþ 7Li, and 3Hþ 6Li results are more

compatible with the experimental data. However, we

should say that the 3Hþ 6Li results are in more harmony

with the data according to v2=N values.

Consequently, we have applied a different and simple

approach to the analysis of the internal structure of the 9Be

nucleus within the framework of the DF model. We should

say that we do not claim very precise results. We have

observed that this method has given important results. We

consider that this method would be useful and interesting in

applying to cluster configurations of both different nuclei

and 9Be.
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