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The polarization observables for the elastic p–9Be scattering at 1000MeV are calculated on
the basis of the Glauber–Sitenko multiple diffraction scattering theory and α-cluster model with
dispersion. The 9Be nucleus is considered as composed of the core (8Be nucleus) and the additional
cluster (neutron) arranged with most probability in the center of mass of the core. The results
obtained are in agreement with the existing experimental data.
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I. INTRODUCTION

The investigation of the polarization phenomena in
the elastic scattering of intermediate energy particles on
light nuclei is an important test for studying scattering
dynamics, nuclear structure and nucleon–nucleon (NN)
interaction. Polarization observables can give more infor-
mation about the structure of target nuclei and the mech-
anisms of nuclear reactions as compared with total, reac-
tion, differential, cross-sections. For example, analyzing
power (polarization) can be used to determine the imag-
inary part of spin-orbital nucleon–nucleus amplitude [1],
and other observables are very sensitive to the choice of
“elementary” amplitudes and target model.

In recent years the polarization phenomena in the elas-
tic scattering of intermediate energy protons on even nu-
clei (12C, 16O, 20Ne) are intensively investigated [2–5].
To describe the polarization observables in these pro-
cesses the α-cluster model with dispersion [2] has been
proposed. According to this model the carbon and oxy-
gen nuclei are considered as made up of three and four
α-clusters arranged at the vertices of equilateral trian-
gle and tetrahedron, respectively. These α-clusters can
be displaced from their most probable equilibrium posi-
tions.

In [4,5] the 20Ne nucleus was considered as composed
of the deformed core (16O nucleus) and the additional
α-cluster situated with the most probability inside [4]
and outside of the core [5]. The observables calculated
by means of the model in which we suppose that the ad-
ditional α-cluster is situated with the most probability
inside the core are in a better agreement with the exper-
imental data as compared with those calculated in the
model in which additional α-cluster is situated outside
the core.

By means of the α-cluster model with dispersion and
Glauber–Sitenko multiple diffraction scattering theory
(MDST) [6,7] we have described the observables in the
elastic p–12C, p–16O and p–20Ne scattering at intermedi-

ate energies. The results of the calculations were in agree-
ment with the experimental data. Moreover, we have
shown that spin-rotation functions for the elastic scatter-
ing of protons on 12C and 16O nuclei differ qualitatively
as compared with those calculated in the free-nucleon
model [3].

Notice that for full description of the elastic scattering
of 1

2 -spin protons on zero-spin nuclei it is necessary to
measure three independent observables [1]. In the case
of proton scattering on odd nuclei (9Be, 13C, 13N, etc.)
the polarization phenomena are more various and intri-
cate. So, for example, to describe the elastic scattering
of two 1

2 -spin particles it is necessary to measure eleven
independent observables [8].

Therefore, it would be interesting to investigate the
scattering processes of protons on odd light nuclei. One
of the most investigated odd nucleus is a 9Be nucleus.
In this paper we suppose the 2αn configuration for 9Be
nucleus. In other words we consider 9Be nucleus as made-
up of the core (8Be nucleus) and the additional neutron
situated with the most probability inside the core.

Notice that the three-particle wave functions of the
9Be nucleus in the 2αn model with different pair poten-
tials were calculated, for example, in [9]. Number of ap-
proaches to investigate the elastic scattering of protons
by 9Be nucleus at intermediate energies were used by
many authors (see, for example, [10–15] and references
therein). To describe the observables in the elastic p–9Be
scattering the optical model [11–13], macroscopic DWIA
[10, 12, 13] and the coupled channel approximation [12]
were used. The 2αn model and MDST were used in [14,
15] to describe the polarization observables in the elas-
tic p–9Be scattering at 220 and 1000 MeV. The results
obtained in [14, 15] are in agreement with experimental
data.

In this paper the model analogous to proposed in [4]
is developed for the case of 9Be nuclei. In Section II the
brief theoretical formalism is described, and in Section
III the results obtained are discussed.
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II. THEORETICAL FORMALISM

The 9Be nucleus can be considered as made-up of the
core (8Be nucleus) and the additional neutron situated
with the most probability inside the core. In this case we
can choose the manyparticle density of 9Be nucleus in
the form

ρ(Be)(ξ, η ) = ρ∆(ξ )ρ(N)(η) (1)

where ρ∆(ξ ) is the density of the core (8Be nucleus);
ρ(N)(η) is the density of the additional cluster (neutron);
ξ is the 9Be nucleus Jacobi coordinate of the α-clusters;
η is the coordinate of the additional neutron.

The density of the core can be presented in the form

ρ∆(ξ ) =
∫

d3ξ′ρ0(ξ′ )Φ∆(ξ − ξ′ ), (2)

ρ0(ξ ) =
1

4πd2
δ(ξ − d), (3)

Φ∆(ξ) =
1

(2π∆2)
3
2

exp
(
− ξ2

2∆2

)
. (4)

The density ρ0(ξ) is normalized to unity and corre-
spond to rigid dumb-bell composed of two α-particles
(8Be nucleus). Smearing function Φ∆(ξ ) is normalized
to unity and if ∆ → 0

lim
∆→0

Φ∆(ξ − ξ′ ) = δ(ξ − ξ′ ). (5)

In (2)–(4) parameters d and ∆ characterize the dis-
tance between the α-clusters and the probability of the
α-clusters displacement from its most probable position
at the vertex of the dumb-bell, respectively.

Integrating (2) we have

ρ∆(ξ ) =
1

(2π∆2)
3
2

exp
(
− ξ2

2∆2
− d2

2∆2

)
sinh(x)

x
, (6)

where sinh(x) is the hyperbolical sine, x = ξd
∆2 .

The density of the additional neutron we choose in the
form

ρ(N)(η ) =
1

(λ
√

π)3
exp

(
−η2

λ2

)
, (7)

where parameter λ characterizes the distance between
the additional neutron and the center of mass of the core.

The density parameters d and ∆ can be determined
from the comparison of the calculated and measured elas-
tic scattering charge formfactors of 9Be nucleus. Taking
into account that charge formfactor of neutron is equal
to zero we can present the elastic scattering formfactor
of 9Be nucleus in the form

F (Be)(q) = exp
(
−1

6
q2〈r2〉α −

1
8
q2∆2

)
j0

(
qd

2

)
, (8)

where j0(x) is the Bessel spherical function, 〈r2〉1/2
α =

1.61 Fm is the root mean square radius of the α-cluster,
q is the transferred momentum.

Fig. 1 shows the calculated 9Be elastic scattering
charge form factor with the experimental data taken
from [16,17]. As can be seen from Fig. 1 the calculated
and measured form factors are in agreement up to the
values of transferred momentum q ≤2 Fm−1.
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Fig. 1. The 9Be charge form factor as a function of the mo-

mentum transferred. The experimental data are from [16,17].

From the comparison of the calculated and measured
form factors we have obtained the following values of the
9Be density parameters: d = 2.081 Fm, ∆ = 1.850 Fm.

In this approach the root mean square radius of 9Be
nucleus is determined by

〈r2〉Be = 〈r2〉α +
1
4
d2 +

3
4
∆2. (9)

The obtained values of density parameters for 9Be
nucleus yield the root mean square radius 〈r2〉1/2

theor
=2.498Fm which is close to the experimentally measured
value [18] 〈r2〉1/2

exp = 2.519 Fm.
Notice that in the above approach the value of the pa-

rameter λ can not be determined from the comparison of
the measured and calculated charge form factors of 9Be
nuclei. To calculate the observables in the elastic scatter-
ing of protons on 9Be nucleus we used the value of the
parameter λ = 1.23Fm, which is aproximately average
value of the same parameter obtained in [4, 5] for 20Ne
nuclei.
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As it can be seen from the above approach the pro-
posed for 9Be nucleus model is sufficiently simple. In
this α-cluster model with dispersion we have neglected
of the exchange of nucleons between α-clusters during
the interactions of incident protons with 9Be nucleus.
However, the results obtained in [2,3] show that at the
region of considered energy due to the smallness of inter-
action time of incident particle with nucleus as compared
with the internal nucleon motion, the exchange of nucle-
ons between α-clusters can be neglected. In other words,
incident proton have no time to “see” the exchange of
nucleons between α-clusters because this processes takes
place sufficently seldom and slowly. Moreover, the ener-
gy of the incident particle is much higher than the Fermi
energy, so at the elastic scattering of intermediate energy
particle by light nucleus the correlation effects between
the target nucleons due to the Pauli principle cannot take
significant role.

Consider elastic scattering of protons on 9Be nucleus.
According to MDST the p−9Be elastic scaterring am-
plitude is determined through the elementary proton–
α and proton–neutron amplitudes. In the most general
form nucleon–nucleon amplitude fN(q) has the form

fNN(q) = f1(q) + qf2(q)(σ0n + σ1n) + f3(q)(σ0σ1)

+f4(q)(σ0q)(σ1q) + f5(q)(σ0p)(σ1p), (10)

where σ0 and σ1 are the spin operators of the inci-
dent proton and additional neutron of the target nucleus,
n = [k,k′]/|[k,k′]|, q = k− k′, p = (k + k′)/(|k + k′|),
k and k′ are the wave-vectors of the incident and scat-
tered protons. The vectors n, p and −q/|q| form the
right-hand orthogonal coordinate system. Neglecting the
isospin part of the NN interaction we choose the ampli-
tudes fi(q) in the form

fi(q) = kHi exp(−γiq
2), 1 ≤ i ≤ 5. (11)

The numerical values of parameters Hi, γi obtained
from the phase-shift solutions are presented in [8].

Elementary proton–α amplitude can be chosen in the
form [3]

fpα(q) = k
2∑

i=1

(
Gci exp(−βciq

2)

+ qGsi exp(−βsiq
2)(σ0n)

)
. (12)

The parameters Gc1, βc1, Gs1 and βs1 are the fitting
ones, and parameters Gc2, βc2, Gs2 and βs2 are related
with Gc1, βc1, Gs1 and βs1 through [3]

Gc2 =
3iG2

c1

32βc1
, βc2 =

1
2
βc1, (13)

Gs2 =
3iGc1Gs1βc1

8(βc1 + βs1)2
, βs2 =

βc1βs1

βc1 + βs1
. (14)

The values of the parameters Gc1, βc1, Gs1 and βs1

obtained from the comparison of the calculated and
measured [19] elastic scattering p–4He observables at
1000 MeV are : Gc1 = 0.336 + i1.277 (Fm2), βc1 =
0.435 − i0.029 (Fm2), Gs1 = 0.179 + i0.215 (fm3) and
βs1 = 0.476 + i0.013 (Fm2).

Elastic scattering p−9Be amplitude can be presented
in the form

F (Be)(q) = A + E(σ0n) + F (σ1n) + B(σ0n)(σ1n)

+ C(σ0q)(σ1q) + D(σ0p)(σ1p). (15)

Polarization observables for the elastic p–9Be scatter-
ing calculated in the above approach are determined
through the amplitudes A, E, F , B, C and D.

III. DISCUSSION

As was mentioned above for full description of the elas-
tic scattering of two 1

2 -spin particles it is necessary to
measure eleven independent observables [8]. The 9Be nu-
cleus in ground state has spin I = 3

2

−. Therefore number
of independent observables which form the complete set
must increases.

At present a more complete experimental data for the
elastic scattering of protons on odd nuclei exist for p–
13C scattering at 500 MeV [20–22]. In these papers the
differential cross section σ(θ) ≡ dσ

dΩ (mb/sr), polariza-
tion (asymmetry) P (θ), spin-rotation-depolarization pa-
rameters DLS(θ), DSS(θ), DNN(θ), target analyzing pow-
er A000N(θ) and spin correlation A00NN(θ) have been
measured. These observables are determined by [23]

σ = |A|2 + |B|2 + |C|2 + |D|2 + |E|2 + |M |2, (16)

σP = 2Re(A∗E + B∗M), (17)

σDLS = 2Re(A∗E −B∗M), (18)

σDSS = |A|2 − |B|2 + |C|2 − |D|2 − |E|2 + |M |2, (19)

σDNN = |A|2 + |B|2 − |C|2 − |D|2 + |E|2 + |M |2, (20)

σA000N = 2Re(A∗M + B∗E), (21)

σA00NN = 2Re(∗B − C∗D + E∗M). (22)

In present paper we calculated the same observables
for p–9Be elastic scattering. In the calculations we used
the parameters of the p–α amplitude determined in
present paper and the parameters of proton–neutron am-
plitude determined in [8] at 800 MeV. The results ob-
tained are presented in Figs. 2, 3 (dashed curves). As
can be seen from Fig. 2 the calculated differential cross-
section are in agreement with experimental data [24,25],
and analyzing power (polarization) are in quantitative
agreement with the existing data.
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Fig. 2. Differential cross-section σ(θ), polarization P (θ), target analyzing power A000N(θ) and spin correlation A00NN(θ) of
the elastic p–9Be scattering at 1000MeV as a function of the scattering angle. Experimental data are from [24,25].
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Fig. 3. Spin-rotation-depolarization parameters DLS(θ),
DSS(θ) and DNN (θ) of the elastic p–9Be scattering at
1000 MeV as a function of the scattering angle.

As was mentioned above analyzing power (polariza-
tion) can be used to determine the imaginary part of
spin-orbital nucleon–nucleus amplitude [1]. To describe
the existing data (Figs. 2, 3 solid curves) we change the
imaginary part of spin-orbital NN amplitude (Im H2 =
−4.51 (GeV/c)−3 [8] and Im H2 = −10.51 (GeV/c)−3 in
present paper).

As can be seen from Figs. 2, 3 the behaviour of the
calculated observables for the elastic p–9Be scattering
is similar to those for p–13C scattering [20–22] right up
to θ ∼ 15◦. Then the calculated in the present paper
and measured in [20–22] observables differ quantitative-
ly. It can be due to the fact that 9Be nucleus is weakly
bounded than 13C nucleus and with the increasing of the
momentum transferred increases influence of the nucleon
degree of freedom on the behaviour of the observables.
Moreover, the model proposed have some imperfections.
So, in the model [4,5] the removing of the additional α-
cluster from 20Ne nucleus to infinity leads to the trans-
formation of 20Ne nucleus to the stable 16O nucleus. In
contrast, the removing of the additional neutron from
9Be nucleus leads to the transformation of this nucleus
to the unstable 8Be nucleus.

Notice that the 2αn model and MDST was used in
[14,15] to describe the polarization observables in the
elastic p–9Be scattering at 220 and 1000MeV. In [14,15]
the ground state 9Be wave function was presented as an
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expansion of Gaussians, and the NN amplitude was tak-
en as a sum of central and spin-orbital interaction. The
results obtained in [14,15] are in agreement with exper-
imental data. Unfortunately, in [14,15] only differential
cross-section and analyzing power up to θ ∼ 20◦ were
calculated. Therefore, it is impossible to properly com-
pare the results obtained in present paper and those in
[14,15].

Therefore, we conclude that assumption about the
model in which 9Be nucleus is considered as made-up
of the core (8Be nucleus) and the additional neutron sit-
uated with the most probability inside the core allows us
to agree the calculated and measured charge formfactors

up to the values of transferred momentum q ≤2Fm−1,
root mean square radius of 9Be nucleus and observables
in the elastic 1-GeV proton elastic scattering on these
nuclei. The results obtained in this paper and by other
authors (see, for example [9–15] and references there-
in) show that 2αn configuration is presented with great
probability in the wave function of 9Be nucleus.

The experimental measurements of the maximally pos-
sible number of independent observables in maximally
possible angle range could serve as a more critical ver-
ification of the models which describe nucleon–nucleus
interactions and it provide more information about nu-
clear structure and nature of nuclear forces.
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ПОЛЯРИЗАЦIЙНI ХАРАКТЕРИСТИКИ ПРУЖНОГО
РОЗСIЯННЯ ПРОТОНIВ ЯДРАМИ 9Be
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2Iнститут ядерних дослiджень НАН України, просп. Науки, 47, Київ, 03680, Україна

Поляризацiйнi характеристики пружного p–9Be розсiяння при енерґiї 1000МеВ розраховано на осно-
вi теорiї багатократного дифракцiйного розсiяння Ґлаубера–Ситенка й α-кластерної моделi з дисперсiєю.
Ядро 9Be розглянуто таким, що складається з кору (ядро 8Be) i додаткового кластера (нейтрона), який з
найбiльшою ймовiрнiстю знаходиться в центрi мас кору. Отриманi результати дають змогу описати наявнi
експериментальнi данi.

59


