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Abstract

The ground state charge, neutron and matter densities for two-neutron halo nuclei *?Be
and “Be are calculated within a two- frequency shell model approach. In the description of
the halo nuclei it is important to take into account a model space for °Be and *Be different
from the two halo neutrons which have to be treated separately in order to explain their
properties. The structures of the halo ?Be and “Be nuclei show that the dominant
configurations when the two halo neutrons distributed over the 1d shell orbits. Elastic
Coulomb scattering form factors of these two exotic nuclei are also studied through the
combination of the density distributions of the °Be, ?Be core and the two halo neutrons.
The effects of the neutron halos on the electron scattering form factors are explored. The
form factors for the two exotic *?Be and *“Be nuclei are compared with those of the stable
°Be nuclei. It is found that the difference in the calculated charge form factors between halo
and stable nuclei is attributed mainly to the difference in the center of mass correction which
depends on the mass number and the size parameter (b).
PACS number(s): 25.30.Bf;21.60.Cs;21.10.Gv;27.20+n.

Keywords: Neutron-rich exotic nuclei; Shell model calculations; nucleon density
distributions of halo nuclei; elastic electron scattering form factors.
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1. Introduction

The study of the properties of extremely
neutron or proton rich nuclei of light elements is
considered as an important and exciting
research topic in modern nuclear physics. The
term " halo" refers to the weakly bound nucleon
or nucleons forming a cloud of low density
around a core of normal density. It appeared
first in a paper by Hansen and Jonson in 1987
[1]. Since then it has become the label for a few
light exotic nuclei with weakly bound nucleons
in spatially extended states where the radius of
the halo system is significantly larger than the
normal nuclear radius.

Since the first observation of **Be and B in
1973 [2] and *Be in 1965 [3], interest in these
nuclei has greatly increased. Some properties,
such as the mass and matter radius have been
studied and reported by Liatard et al. [4],
Tanihata et al.[5] and Ozawa et al. [6]. These
anomalously large matter radii have interpreted
as being an indication of a neutron halo, which
is a feature seen specifically in very neutron-
ﬂch and loosely bound nuclei, such as *'Li and

Be.

Based on Talmi and Unna's description of
Be as a °Be core plus a 1sy, neutron [7],
Barker predicted that low lying 0+ states in “Be
should be formed with the same *°Be core and a
pair of neutrons in the 1s 1, 1p 15, Or 1dip
orbit. Theoretical calculations which study the
mixing with intruder orbitals from the sd shell
also exist. Clustering structure [8,9,10] or few-
body structure with a ?Be composed from a
19Be core plus two valence neutrons[11,12] have
been investigated as well.

The halo structure of '*Be has been
confirmed by Zahar et al. [13] in a
fragmentation experiments of “Be on a ’C
target. They suggest a strong correlation
between the two external neutrons.

The “Be nucleus has been investigated in the
three cluster generated coordinate method,
involving several ?Be+n+n configurations by
Descouvemout [14]. The ?Be core nucleus was
described in the harmonic oscillator model with
all possible configurations in the p-shell. A
strong enhancement of the root mean square
(rms) radius with respect to the “Be core was

obtained, in agreement with experiment. The
microscopic wave functions were used to
investigate several aspects of the “Be
spectroscopy. In addition to the rms radius, he
also calculate proton and neutron densities, both
in “Be and in the “Be core. These quantities
provide more complete information than the rms
radius.

llieva [15] investigated the nuclear matter
density distributions of the exotic **Be, *Be and
®B nuclei by elastic proton scattering in inverse
kinematics. The experimental results on the
isotopes “Be and “Be presented together with
their theoretical interpretation in the frame of
the Glauber multiple scattering theory. A
comparison with several theoretical microscopic
calculations were also made. Same preliminary
results for nucleus ®Be and their interpretation
were displayed as well.

The current experimental technique for
recognizing neutron halo and proton halo are
mostly based on the measurement of reaction
cross sections of the nucleus-nucleus collision
and of the momentum distributions of nucleus
breakup. There are complex processes where the
strong and electromagnetic interactions among
nucleons play a role. Despite the fact that this
type of experiments has achieved most
important success for halo phenomena, it is
motivating to look for a new probe to refine the
study of neutron halo in neutron rich-nuclei.
Electron-nucleus scattering has confirmed to be
tremendous tool for the study of nuclear
structure, particularly for the study of
electromagnetic properties of nuclei. It has
given much consistent information on proton
density distributions of stable nuclei. The
electron-nucleus scattering is a better technique
for the accurate study of the long tail behavior
in the nucleon density distribution of the exotic
neutron-rich nuclei.

In the present work, the two neutron halo
structure of *?Be and **Be are studied assuming
that the two valence neutrons forming the halo.
Shell- model configuration mixing is carried out
by using a model space for the core nucleus
different from that of the two halo neutrons.
This assumption is supported by the fact that the
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valence neutrons are distributed in a spatial
region which is much larger than the core.

The obtained density distributions are used to
calculate the electron scattering form factors
and compared with stable charge form factors to
explore the effects of the neutron halo on the
charge distributions and electron scattering form
factors.

2. Theory
The form factors for electron scattering

between nuclear states J; and J¢ involving
angular momentum transfer J are expressed as

[16],
A 1
_ _ 1
F). () 20, +1N, <Jf J.> (1)

where the normalization factor N, is defined

i-l:\.],tZ (qvl)

i=1

as

Z fort, =1/2 (protons)
N, = )
N for t, = —1/2 (neutrons)

and g is the momentum transfer. The
longitudinal (Coulomb) multipole operator TMZ
is given by

T, (@) = [d°rj, @)Y @5, (Fi) @)

where J,(qr) is the spherical Bessel's function
and [)tz (F,i) is the protons/neutrons density
operator which is given by

p,, (F,i)=06(F —T) 4)
Equation (3) reduced to
TJ,tZ (q, i) = jJ (qri)YJM (Qi) (%)
The reduced matrix element in equation (1)
can be written as a sum over elements of the
one-body density matrix (OBDM) elements and

the corresponding reduced single-particle matrix
element [17]
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<Jf S, 6)
where a and b label the single particle states
(a=n.,j, and b=n,,j,). The OBDM is
defined as [17]

Ji> =3 0BDM(J,,J;,a,b,J ,tz)<aH'|:J_tsz> (
ab

2, ®8,,
V23 +1

) @)

0
OBDM(J;,J,,a,b,d,t,) =

The reduced single-particle matrix elements
of the Coulomb operator in equation (6)
become:

(alfy o) = [arr? 5, @03, |10 )R.., DR, () ©)
0
where R ,(r) is the harmonic oscillator radial

wave function.

The Coulomb form factor given in equation
(1) becomes:

1 A

+1§OBDM(J“J',a,b,J,tZ)<jaHYJHjb> 9)

i
@

J'drrsz (MR, (N, (ar)

0

and can be written as

4
N,

where p,, (r)is nucleon density distribution

Fy. (@) === [drr?j,(ar)p,,, (1) (10)

and is given by

11
pj“z(r)_ﬁ,/mi 1 (11)

Y 0BDM (J;,9,a.0,3.t,)(jo ¥, s )R, (DR, (1)
ab

As the model space wave functions have
good isospin, it is appropriate to evaluate the
OBDM elements by means of isospin-reduced
matrix elements. The relation between the triply
reduced OBDM and the proton or neutron
OBDM is [18],
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OBDM(tZ)z(—l)TfTZ\/E( T, 0 T, J*

-T, 0 T,
OBDM(T =0)/2
T. 1T
+2t (<) 6| P
(1) ‘/_(—Tz 0 TJ
OBDM(T =1)/2
(12)

where the triply reduced OBDM(T)
elements are given by

(rfzeal )
OBDM(J,,J;,a,53,3,T) =

13
V23 +1V2T +1 13)

Here, Greek symbols are utilized to indicate
quantum numbers in coordinate space and
isospace

a=at,p=bt,l,=JT,and I, =J,T,

The OBDM elements contain all the
information about transitions of given multi
polarities which are embedded in the model
space wave functions. Shell model calculations
are performed using the code OXBASH [19]
with specified model space and effective
interaction to generate the OBDM elements.

For the ground state J=0, and J; = J; and
La=Ly Ja=Jp-

The ground state density distribution takes
the form,

OBDM(J,,J,,a,b,J :0,tz)(14)

1 1
ry=—
p(0= TiH;b
\ 2ja +1 Rnala (r)Rnala(r)

The normalization condition of the above
ground state density is:

47[_[drr2ptz (=N, (15)
0

and the elastic J=0 form factor at q=0, is equal
to one.

Inclusion of the finite nucleon size correction
Fi(q) and the center of mass correction

F.(a) in the calculations requires multiplying
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the form factor of Eq. (10) by these corrections.
The nucleon finite size form factor is [20],

F.(q)=[1+(q/4.33 fm™)*]? (16)

and the center of mass correction is:
21,2
ch (q) = eq b /4A (17)

where A is the nuclear mass number and b is the
harmonic-oscillator size parameter, for halo
nuclei b equal to the average of beore and bpgo.
Introducing these corrections into Eq. (10),

Foo (@) = [T, (1), () Fu (@) Fun(@) - (18)

As the halo nuclei are oversized and easily
broken system consisting of a compact core plus
a number of outer nucleons loosely bound and
specially extended far from the core, it is
suitable to separate the ground state density
distribution of equation (14) into two parts, one
is connected with the core nucleons and the
other one with the hole nucleons, so the matter
density distribution for the whole halo nucleus
becomes:

P(r) = ot (1) + iy (1) (19)
The corresponding rms radii are given by
2 A4r%
<r2> = —J'drr“,og (r) (20)
g g 0

where g represents the corresponding number of
nucleons in each case.

The corresponding elastic scattering J=0
form factor (CO) is written in the following
form,

4 < 2 -
Fo (a) = Fﬁ [dre?jo@ane,(n @
0

The average occupation number in each orbit
(na]tz ) is given by

... = |22 oBDM(3, 3,8,201) @2
" 2J;+1

The total longitudinal form factor is given by
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F@) =Y |FR[ (23)

3. Results and Discussion

Charge, neutron and matter densities of the
“Be (S;n =3.67 MeV, 11, = 20 ms) [21,22]
and “Be ( S;=1.34MeV, 11, =4.35 ms) [23]
exotic two -neutron halo nuclei are calculated
using different model spaces for the core and
the extra two halo neutrons. The calculations
based on using two — frequency shell model
[24,25], with size parameters for the core
different from those for the two halo neutrons in
order to reproduce the measured charge and
matter rms. Also electron scattering form
factors are calculated for these nuclei using
Plane Wave Born Approximation (PWBA).

Shell model calculations were performed
with shell model code OXBASH [19], where
the one body density matrix (OBDM) elements
in spin-isospin formalism are obtained. The
densities taken from Ref. [15] for Gaussian-
Halo (G-H) parameterization used in the present
calculations as a fitted density of **Be and for
Gaussian- Gaussian (G-G) parameterization as a
fitted density of *Be nuclei. The neutron drip

line **Be (J”T =02) and *Be (J*T =0"3),
which coupled a *Be core (J”T =0"1) and
outer two neutrons (J”T =0"1) forming the
12Be nucleus halo and a*?Be core (J”T =0"2)

plus two neutrons system (J*T =071) forming
the “Be nucleus halo. The different model
spaces are chosen for the core and the extra two
neutrons. The configurations (1s1,)* (1p)® and
(1s1,)*, (1p)® are used for °Be and '?Be,
respectively.

A value of b, =1.5fmis chosen for Be,

which gives the rms matter radius equal to
2.173 fm, which is consisting with measured
value 2.18+0.02[15]. A value of

b. . =1.797 fmis chosen for ?Be, which gives

core
the rms matter radius equal to 2.645 fm, which
is consisting with the measured value 2.59(6)fm
[26]. Three different configurations are
considered for the description of the two halo
neutrons in ?Be and “Be. These two neutrons

are assumed to be in a pureld;,, or a

pureld,,,, a pure 2s;,,and mixing of the sd

orbits. In the sd model space all orbits in 2s-1d
shells are considered, where the universal shell

Iragi Journal of Science. Vol 54.No0.2.2013.Pp 349-357

model (USD)[27] is used for the sd-shell orbits.
To reproduce the matter radii of ?Be (2.82+0.12
fm [15]) and “*Be (3.16(38)fm [26]), a value of

By, = 2.45 fmis used in the case of “Be
andb,,, =3.45fmfor ““Be. These values of

b1, give the matter radius of *“Be equal to 2.72

fm and for *Be equal to 3.456 fm which agree
with the measured values.

The matter density distributions p,,(r) are

displayed in Figure 1 and Figure 2 for ?Be and
for Be, respectively. The solid curve is the
calculated matter density obtained with the
assumption that the outer two neutrons move in
the sd model space. The dashed curve and dash-
dotted curve are the calculated matter density
when the outer two neutrons move in pure d
orbits and a pure s orbit, respectively. The filled
circles are the fitted matter densities taken from
Ref.[15]. It is evident from this figure that the
calculated  matter  density  distribution
represented by the solid curve is in an excellent
accordance with that of the dashed curve, and
they coincide with each other throughout the
whole range of r. These calculations agree well
with the fitted data better than the other
configurations.  The average occupation
numbers of the two neutrons using the sd model
space for ?Be and **Be are

n, =1.6992, n,, =0.3008

The 1d shell is the dominant configuration
for the two neutrons halo. Hence, the result of
the 1d shell configuration almost coincides with
those of the sd mixed configurations. A long tail
is exhibited in calculated matter density
distribution which is consisted with the fitted
one.

10°

I T I T I T I T
12Be=core 9Be(b=1.5 fm)+2n
« « RHO (fitted)
2nin (sd), b, ,,=2.45 fm
- 2nin (1d), b,,,=2.45 fm
-e-e- 2nin (2s), b,,,=2.45 fm

10*
halo

10"

RTTIT I RTIT AT MERTTTT MRERTIT

10°

TR AN TR RN T NI RS T R !
2 4 6 8 10 12
r(fm)

Figure 1- Matter density distributions of **Be.
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., + + « fitted density 1
W E — 2nin (sd), bpalp=345fm 3
- — —2nin (1d),bpalo=345fm 3
ol —+—* 20in (29)bhalo=345 fm_
ﬁj\ - -
EWE =
10 =
10° =
10° i | | | | |
0 2 4 6 8 10 12 14

r (fm)
Figure 2-Matter density distributions of *Be.

Figure 3 and Figure 4 show the core (protons
+ neutrons) (dashed curve) and the two halo
neutrons (dash- dotted curve) contributions to
the matter density of *?Be and **Be, respectively.
The long tail is due to the outer halo neutrons.

10° E T T T T T T T T T 3
= 12Be 3
- 19Be core 7
e -e-e-2nhalo 3
C —— ?Be=core(*Be)+2nhalo 1
107 _F ?_
JU N ]
P
e E
T E 3
10* _F ?_
10° _F ?_
el | I
0 2 4 8 10 12 14

6
r(fm)

Figure 3- Density distributions of **Be.
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10°

T T I T I T T
14Be
— — '2Be core
10t —e+—¢« 2nhalo
3 —— Be= core(*?Be)+2n halo 3
10° E E
N N ]
£ 10° = E|
10* _E g_
10° E E|
ol Lo b N N
0 2 4 6 8 10 12 14

r (fm)

Figure 4-Density distributions of ““Be.

Figure 5 and Figure 6 show the calculated
proton and neutron density displayed as dashed
and dash-dotted curves, respectively. The long
tail behavior is noticeably seen in the
distribution of the neutron density. This
behavior is related to the existence of the outer
two neutrons in the halo orbits. The difference
between the neutron and proton rms radii is R,
-R, =2.984-2.121=0.863 fm, and R, -R,
=3.957-2.541=1.416 fm for “Be and “Be,
respectively which provides an additional
evidence for the halo structure of these nuclei.

10° g T T T T T T T E|

E 12Bg 3

ni - - - proton density 7
e N -« -+ - neutron density 3

C N\ —— Be=core(*Be)+2n halo I
N ]

10° _E E_
- F ]
E 10° =
¥ F 3
10* E E|
10° E E

ool | L1

0 2 4 6 8 10 12 14

r(fm)
Figure 5-Neutron, proton and matter density
distributions of *?Be.
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100 T T T T T T 3

E 1Be 3

C — — proton density 7

T = — * — neutron density -
= ; . ——— “Be= core(*?Be)+2n halo3

10° = 3

£ 10 _E E_
T E 3
10" 3
10° = 3
10° [ | L |
0 2 4 10 12 14

6 8
r (fm)

Figure 6- Neutron, proton and matter
density distributions of
“Be.

As shown above, ?Be is adopted as the core
of the halo nucleus '“Be. The comparison
between the core size of “Be (R, = 1.797 fm)
and the matter radius of ?Be (R, = 2.72 fm),
indicate that the free ?Be and the core have
different behavior as shown in Figure 7. When
free, '°Be exhibits an extended structure. In this
mass region breaking of the N=8 neutron shell
closure is observed due to intruder orbitals from
the next sd shell. This leads to an extended
matter distribution due to neutrons on the sy
orbital. While, when *?Be is within the Be
nucleus most probable its last neutrons occupy
the p shell which is the available one, as in

Figure 7.
10“% T T T T T T T T T ?
= — 12Be(core of 14Be) 3
0 N\ ---- 12Be (halo) 3
102:5 ?:
10"':E \ E:
5 C \ .
10 E =
2 \ E
oo L P L]
0 2 4 6 8 10 12 14
r(fm)

Figure 7-Comparison between the matter density
distributions of **Be and the
core densityof *“Be.
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For the sake of completeness of the
comparison, the reference °Be stable nuclei is
chosen, where experimental data (electron
scattering form factors) are available [20]. A
size parameter for the harmonic oscillator radial
wave functions is chosen to be b=1.68 fm for
°Be, to reproduce the measured rms matter
radius (2.38(1)fm[26]).

To see the effects of the addition of neutrons
to form halo nuclei on the form factors, the
calculated charge (C0+C2) form factors of °Be
compared with the measured data taken from
Ref. [20] are presented. These results are
displayed in Figure 8, using effective charges
equal to 1.35e and 0.35e, for the protons and
neutrons, respectively, for C2 to account the
core polarization effects [17]. The experimental
data are very well reproduced. CO and C2
contributions are shown in this figure by the
dotted and dashed curves, respectively.

10°

E ' [ ' [ ' [ T3

i +++ Experimental data 7
0 —C0+C2 E
o . ;
- C2- T -

o WE E
EEy 3
_10"‘_5 .
E [ E
ok ;
10""; ;
ol 1
0 1 2 3 4

q (fm?)
Figure 8-Elastic charge form factors of °Be.

Figure 9 and Figure 10, show the charge
longitudinal CO elastic electron scattering form
factors for “Be and '*Be halo nucleus
respectively, calculated with PWBA, displayed
as dashed curve in comparison with that of °Be
(solid curve). The significant difference
between the form factors of the exotic neutron-
drip line ***Be and that of stable °Be is the
difference in the center of mass correction
which depends on the mass number and the size
parameter b which is assumed in this case equal
to the average of beore aNd bpgo.
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Figure 9-Elastic matter form factors of **?Be.
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Figure 10-Elastic matter form factors of ***Be.

4. Conclusions

The ground state proton, neutron and matter
density distributions of unstable neutron- rich
2Be and '“Be exotic nuclei are investigated
using the two-frequency shell model approach.
Elastic electron scattering from these two exotic
nuclei are also investigated. The long tail
behavior, considered as a distinctive feature of
halo nuclei, is evidently revealed in the
calculated neutron and matter density
distributions of these two exotic nuclei. Besides,
the noticeable difference that is found between
the calculated overall proton and neutron rms
radii also indicates a definite degree of halo
structure. It is found that the structure of the
halo neutrons for these two nuclei have

Iragi Journal of Science. Vol 54.No0.2.2013.Pp 349-357

dominant (1d)? configurations. Also, it is found
that the difference between the form factors of
unstable exotic ?Be, *Be nuclei and those of
the stable °Be nucleus is the difference in the
center of mass correction which depends on the
mass number and the size parameter b.
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