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Abstract: The ground state proton momentum distributions and elastic charge form factors for some odd 25 —1d shell nuclei, such as
3Cl, *"Cl, and *K have been studied utilizing the Coherent Density Fluctuation Model and formulated by means of the fluctuation

function (weight function) ‘f(x)‘z. The fluctuation function has been connected to the charge density distribution of the nuclei and

obtained from the theory and experiment. The feature of the long-tail behavior at high momentum region of the PMD has been
determined by both the theoretical and experimental fluctuation functions. It is found that the inclusion of the quadrupole form factors

Fc,(q) in all nuclei under study, which are described by the undeformed 2s —1d shell model, is essential for obtaining a notable

accord between the theoretical and experimental form factors.
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1. Introduction

It is well know that electron scattering is one of the most
powerful tools to study the properties of nuclei. Up to now,
the scattering of high-energy electrons from stable nuclei on
and near the stability line has given us the most precise
information about nuclear size and charge density
distribution. The interest in charge densities results from the
very important fact that they reflect the behavior of wave
functions of protons in nuclei, where the charge density
distribution is the sum of the proton wave functions squared.
Charge density distributions for stable nuclei have been well
studied by [1- 3]. For unstable nuclei, although studies of
electron scattering have not been realized so far, nuclear
physicists have already planned to explore the structure of
unstable nuclei with electron-nucleus scattering. Based on
the new techniques for producing high-quality Radioactive
Ion Beam (RIB), new electron-nucleus colliders are now
under construction at RIKEN in Japan [4] and at GSI in
Germany [5]. One of the main subjects of the new colliders
is the measurement of charge form factors for unstable
nuclei.

A number of theoretical methods have been utilized for
investigating elastic electron-nucleus scattering, such as the
plan-wave Born approximation (PWBA), the eikonal
approximation and the phase-shift analysis method [6-10].
The PWBA method be able to offer qualitative outcome and
has been employed extensively for its ease. To take account
of the Coulumb distortion effect, which is ignored in
PWBA, the other two methods may possibly be utilized. In
the past few years, some theoretical investigations on elastic
electron scattering of exotic nuclei have been carried out [6-
10]. Wang et al. [6, 7] investigated such scattering along
some isotopic and isotonic chains by joining the eikonal
approximation with the relativistic mean field theory. Roca-
Mazza et al, [8] systematically investigated elastic electron
scattering for both stable and exotic nuclei with the phase-
shift analysis method. Karataglidis and Amos [9] analyzed

the elastic electron scattering form factors, longitudinal and
transverse, from exotic (He and Li) isotopes and from

*B nucleus using large space shell models. Chu et al. [10]
studied the elastic electron scattering along O and S
isotopic chains and demonstrated that the phase-shift
analysis method can reproduce the experimental data very
well for both light and heavy nuclei. Al-Rahmani and
Hussein [11] have studied the CDD and elastic electron

scattering form factors of some 2S—1d shell nuclei
utilizing the PWBA and illustrated that the inclusion of the
higher 1f —2p shell in the calculations leads to produce

a good results in comparison with those of the experimental
data.

In the coherent density fluctuation model (CDFM), which
is characterized by the work of Antonov et al. [12, 13], the
local nucleon density distribution (NDD) and the nucleon
momentum distribution (NMD) are simply linked and
specified by an experimentally obtainable fluctuation

function (weight function) |f(x)|2. They [12, 13] studied
the NMD of (*He and '°0), *C and (*’K, *’Ca and

*®Ca) nuclei employing weight functions |f(X)|2
specified by the two parameter Fermi (2PF) NDD [14], the
data of Reuter et al. [15] and the model independent NDD
[14], respectively. It is significant to remark that all above
studies, employed the framework of the CDFM, proved a
high momentum tail in the NMD. Elastic electron

scattering from *°Ca nucleus was also studied in Ref.
[12], where the calculated elastic differential cross sections
(do/ dQ) were found to be in good agreement with
those of 2PF [14].

Nearly all the CDFM investigations are based on the use of
weight functions originated in terms of the experimental
NDD. In the present study, we utilize the CDFM with
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weight functions originated in terms of theoretical CDD. We
first try to derive a theoretical form for the CDD, applicable
through out the upper region of the 2s-1d shell nuclei with Z
> 16, based on the use of the single particle harmonic
oscillator wave function and the occupation numbers of the
states. The derived form of the CDD is employed in

determining the theoretical weight function | f (x)‘2 which is

then used in the CDFM to study the proton momentum
distribution (PMD) and elastic electron scattering charge
form factors for *°Cl, *'Cl, and *’K nuclei. The effect of

considering the quadrupole form factor in these nuclei is
also studied. It is found that the theoretical weight function

‘f(x)‘2 based on the derived CDD is capable to give

information about the PMD and elastic charge form factors
as do those of the experimental data.

2. Theory

The CDD of the one-body operator can be written
respectively, as [16]

1 2
pc(r) _E;nnlz(ZI +1)|Rnl(r)| (D

where o, (I) is the CDD of nuclei, 77,, is the proton
occupation probability of the state Nl (77,,= 0 or 1 for
closed shell nuclei and 0 <77, < 1 for open shell nuclei)

and R, (r) is the radial part of the single-particle
harmonic oscillator wave function. To derive an explicit
form for the CDD of 2S —1d shell nuclei, we assume that
there is a core of filled 1S and 1P shells and the proton
occupation numbers in 25 and 1d orbitals are equal
to(2—a) and (Z —10+ ), respectively, but not to 2
and (Z —10) as in the simple shell model. Using this
assumption in eq. (1), we get

1
p.(r) =E{2|Rm(r)|2 +6R, (M| +(2-a)Ry|” +(Z —10+a>|Rul2}’ @

where Z is the atomic number of nuclei, & is the deviation
of the proton occupation numbers from the prediction of the

simple shell model. After introducing the form of R (I)

with a harmonic oscillator size parameter 0 in Eq.(2), an

analytical form for the ground state CDD of the 2S—1d
shell nuclei is expressed as

g’ 3 r (4z-20 2 \(r)'
N=—s—5-—a+2a|—-| + -——al|l—-
pe(r) n3/2b3{ 2“ a[bj [ 15 sajtb]

)

—

The normalization condition of the p, (I')is given by
Z :47zj'pc(r)r2dr, @)
0

and the mean square radius (MSR) of the considered
25 —1d shell nuclei is given by

47
r’y=—/|p.(nrdr. 5
== j P (1) )
The central p_ (I = 0) is obtained from eq. (3) as
1 3
Pc(o)zm{5—aa}, (6)
then & is obtained from eq. (6) as
2
a=§$—n”wp4m} )

In Eq. (7), the values of the central density O, (0) are taken

from the experiments whereas the oscillator size parameter b
is chosen in such away so as to reproduce the experimental

root mean square radii of nuclei. The PMD, n(K), for the

25 —1d shell nuclei is studied using two distinct methods.
In the first method, it is determined by the shell model using

the single-particle harmonic oscillator wave functions in
momentum representation and expressed as

3,-b%k2 _
n(k) = 2¢ {5—3a+2a(bk)2 +[4Z 20 —zaj(bk)“}
T 2 15

3/2 5

(®)
whereas in the second method, the N(K) is determined by
the CDFM, where the mixed density is given by [12, 13]

p(F, 1) = [T (0] p, (F, 70X, ©)
0

since

(0,3, 0 2T TD, e[i_ e |),

ke (O|F = F'
(10)

is the density matrix for Z protons uniformly distributed
in the sphere with radius X and density

P, (X)=32/ 47x . The Fermi momentum is defined as

[12, 13]
37 oy 9z \"?
ko(X)=| —p, (X)| =—; V="—F
£ (X) [zpo()j X (8)

(11)
and the step function @, in Eq. (10), is defined by
O N 12
)= 0, y<0

According to the density matrix definition of Eq.(9), one-
particle density p(I') is given by its diagonal element as
[12,13]

Pe(1) = (1) | = [[ 0] p(ndx. (13)
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2 .
In Eq. (13), p,(r) and |f (X)| have the following forms
[12, 13]

P(1) =y (0 O(x—F) (14
2 _ -1 dpc(r)
‘f (X)‘ - Lo (X) dl’ |r:x' (15)

The weight function |f(X)|2 of Eq. (15), determined in

terms of the ground state p,(I), satisfies the following

normalization condition [12, 13]

¢ 2
I|f(x)| dx =1, (16)
0
and holds only for monotonically decreasing pc(l’), ie
dp, (r
dr

On the basis of Eq. (13), the PMD, N(K), is given by [12,
13]

n(k) = j | (0" n, (k)dx, a7)

where

), (18)

is the Fermi-momentum distribution of the system with
density P, (X). By means of Egs. (15), (17) and (18), an

n, (k) :§7zx39(kp(x)—\|2

explicit form for the PMD is expressed in terms of p,(I')as

NS (k[ p, ) = [ j;>{6jpc(x)x5dx—(vkj p[m

19

with normalization condition
CDFM d’k
Z= J'n (k) ——. (20)
(27)’

The elastic monopole charge form factors Fco(q) of the

target nucleus are also expressed in the CDFM as [12, 13]

1 o0
Foo (@ =— [|T 0O F(a )X, @1
0

where the form factor of uniform charge density distribution

is given by
sin(Qgx)

(%)_MH{(W)

Inclusion of the correction due to the finite nucleon size

cos(qx)} : (22)

ffs (Q)and the center of mass correction fcm (Q) in the
calculations requires multiplying the form factor of Eq. (21)
by these corrections. Here, ffs (Q)is considered as free

nucleon form factor which is assumed to be the same for
protons and neutrons [17]

0.43q°
4

f(q) =exp[— ]. 23)

The correction fcm (Q) removes the spurious state arising

from the motion of the center of mass when shell model
wave function is used and is given by [17]
22

g'b
f = . (24
en (4) = exp|[ 4A]( )

Multiplying the right hand side of Eq. (21) by these
corrections yields:

Feo (@ = [ £ 0O F(@, 00 1 (@) o (@). €5

It is important to point out that all physical quantities
studied above in the framework of the CDFM such as

n(k) and F,(q), are expressed in terms of the weight

2
function |f(X)| . In the previous work [12, 13], the

weight function was obtained from the NDD of the 2PF,

extracted by analyzing elastic electron-nuclei scattering

experiments. In the present work, the theoretical weight
2

function | f (X)| is expressed, by introducing the derived

CDD oqu (3) into Eq. (15), as

16x‘e " 4z 4 2 xY| (26)
f - R
oo = 3Zb2 p.0- 32b°7 " {“ {15 37s }(b] }
Here, the quadrupole charge from factors are described by
the undeformed sd-shell model, where the ground state
charge density distributions of these deformed nuclei are
described by [18]

Pen (1) = Poey (N + 05, (NY,4(cos O) + ... (27)

The normalization of the spherically symmetric part
Poen (1) gives 47sz00h(r)r2dr =/Ze. here, the

Pocn () is calculated by Eq. (3), i.e., Pye (1) = o, ().
The quadrupole part of the charge density 0,4 (I) is
related to the electric quadrupole moment Q by [18]

4 v
Q= 2( j [ o (Dridr s

The quadrupole charge form factor, which contains the
non-spherical part of the charge density distribution, is then
given by [19]

5 Y2
<B>&pj [ Bx(ar)poe, (ryr2ar,

(29)
where ], (Qr) is the spherical Bessel function of order

Fe, (@) =

two, F’J is a quadrupole projection factor given by
P, =J(2I-1D)/AJ +1)(2J +3), and J is the ground

state angular momentum (J =3/2 for all nuclei under
study). According to the undeformed Sd —shell model
[20], where the qudrupole moment arises from protons

moving in the SO —shell of undeformed potential, the
radial dependence of the quarupole charge density
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distributions P, (I') is assumed to be the same as that of
the SO —shell part o, (I). In this study, the quadrupole

moment Q is considered as a free parameter so as to fit the
theoretical form factors with those of experimental data.

3. Results and Discussion

In this study, the CDFM is used to study the proton
momentum distributions N(K) and elastic form factors for
some odd 2S—1d shell
nP™ (K) of Eq. (19) is calculated by means of the CDD

obtained firstly from theoretical consideration as in Eq. (3)
and secondly from experiments, such as 3PF [14]. The size

nuclei. The distribution

parameters D are chosen in such a way so as to imitate the
experimental root mean square (rms) charge radii of nuclei.
The values of & are determined by Eq. (7). The values of
the parameters D, @ and Q together with the experimental
values of the parameters C, Z and W of 3PF distribution as
well as the corresponding value of the central densities

Pey (0)
2
exp
table 1. The occupation numbers of protons in the orbitals 2s
and 1d, which are equal to (2—¢) and (Z —-10+)
respectively, of the considered odd 2s-1d shell nuclei are
compared in table 2 with those obtained by the shell model
calculations, utilizing the shell model OXBASH code [21],
using the USDB [22] realistic effective interactions.

and the root mean square charge radii

<r?>" 2 for 35¢Cl, Cl and *’K nuclei are presented in

In Fig. 1, we explore the dependence of the CDD (in
fm™ )onr (in fm ) for *Cl [Fig. 1(@)], *'Cl [Fig.

1(b)] and K [Fig. 1(c)] nuclei. The dashed and solid
curves correspond to the calculated CDD, using Eq. (3) with
a=0
symbols correspond to the experimental data [14]. It is
noticeable that the dashed curves are in poor agreement with
the experimental data, particularly for small r. Inclusion of
the parameter & into our calculations leads to a good
agreement with the experimental data as demonstrated by
the solid curves.

and o # 0, respectively whereas the dotted

In Fig. 2, we display the dependence of the N(K) (in fm?)
on K (in fm™) for *°Cl [Fig. 2(a)], *’Cl [Fig. 2(b)] and

K [Fig. 2(c)] nuclei. The long-dashed curves correspond
to the PMD’s of Eq. (8) evaluated by the shell model using
the single particle harmonic oscillator wave functions in the
momentum space. The dotted symbols and solid curves
correspond to the PMD’s obtained by the CDFM of Eq. (19)
employing the experimental and theoretical CDD,
respectively. It is evident that the behavior of the long-
dashed distributions estimated by the shell model is in
contrast with the distributions imitated by the CDFM. The
significant property of the long-dashed distributions is the

steep slope mode, when K increases. This behavior is in
disagreement with the studies [12, 13, 23- 25] and it is

attributed to the fact that the ground state shell model wave
functions given in terms of a Slater determinant does not
take into account the important effects of the short range
dynamical correlation functions. Hence, the short-range
repulsive features of the nucleon-nucleon forces are
responsible for the high momentum behavior of the PMD
[23, 24]. 1t is noted that the general structure of the dotted
and solid distributions at the region of high momentum

components is almost the same for *Cl, ’Cl and *°K
nuclei, where these distributions have the property of long-
tail manner at momentum region K >2fm . The

property of long-tail manner obtained by the CDFM, which
is in agreement with the studies [12, 13, 23- 25], is

connected to the presence of high densities o, (I') in the
decomposition of Eq. (13), though their fluctuation

functions | f (X)|2 are small.

The elastic electron scattering charge form factors from the
considered nuclei are calculated in the framework of the
CDFM through introducing the theoretical weight functions

| f. (X)|2 of Eq. (26) into Eq. (25). In Fig. 3, we present the
dependence of the form factors F(() on the momentum
transfer ( (in fm“) for *°Cl [Fig. 3(a)], *’Cl [Fig.
3(b)] and K [Fig. 3(c)] nuclei. Here, the effect of the
quadrupole form factor F.,(() is considered by the
undeformed 2S5 —1d shell model as given in Eq. (29). The

dashed and long-dashed curves correspond to the
2
contributions of the monopole form factors |Fc0 (q)| and

2 .
, respectively, whereas

quadrupole form factors |Fcz )]

the solid curves correspond to the total contribution, which
is obtained as the sum of the monopole and quadrupole
form factors. In Figs. 3(a) and 3(b), the experimental data
[26] (open circles symbols) are very well explained by the
dashed curves wup to the momentum transfer

q~1.2 fm™ while for ¢ >1.2 fm™ these curves

under predict these data. In Fig. 3(c), the dashed curve
agrees well the experimental data [27] at the regions of

q~0-1.2,1.5-2 and 2.7-3.1 fm™" and disagrees

them at the other regions of considered momentum transfer.
Inclusion the effect of quadrupole form factors in the
calculations leads to improve the calculated form factors,
especially at the regions where the experimental data are
not explained by the dashed curve. The locations of the
diffraction minima in Figs. 3(a)-3(c) are approximately
located in the correct places when the contribution of the
quadrupole form factors is considered in the calculations.
This figure gives the conclusion that the contribution of the
quadrupole form factors gives a strong modification to the
monopole form factors and brings the calculated values
very close to the experimental data.
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4. Conclusions

The PMD and elastic charge form factors F((]), which are
evaluated by the CDFM , are formulated via the weight

function |f(X)|2. The weight function, which is related

with the local density p,(I), is obtained from experiment

and from theory. The property of the long-tail mode of the
PMD, which is in agreement with the other studies [12, 13,
24,25, 28], is achieved by both theoretical and experimental
weight functions and is connected to the presence of high

densities p, (I') in the decomposition of Eq. (13), though

their weight functions are small. It is noticed that the
inclusion of the quadrupole form factors in *Cl, *’Cl| and

K nuclei, which are characterized by the undeformed
25 —1d shell model, is necessary for getting a notable
accord between the theoretical and experimental form
factors. It is observed that the theoretical CDD of Eq. (3)
utilized in obtaining the theoretical weight function of Eq.
(26) is able to provide information about the PMD and
elastic charge form factors as do those of the experimental
data.

Table 1: The Values of various parameters employed in the present calculations together with the value of o, (0) and

<rsl2
Nucleus | Model C z w pexp (O) 4] | < r2 >1/2 [14] ( fm) b o Q
[14] [14] [14] exp
-3 ( fm)
(fm™)

BSCI 3PF | 3.476 | 0.599 | -0.10 0.08288272 3.388 1.986 | 0.9217771 | 190
37C| 3PF | 3.554 | 0.588 | -0.13 0.08134359 3.384 1.983 | 0.9772688 | 175
39K 3PF | 3.743 | 0.585 | -0.20 0.08568579 3.408 1.976 | 0.8776901 | 320

Table 2: Occupation numbers of nucleons in 1d and 2s orbitals of some odd 2s-1d shell nuclei.

Nuclei Occupation numbers of Occupation numbers of
protons in 1d protons in 2s
Present results | Realistic Present Realistic
obtained by  |results [22] results result [22]
(Z-10+a) obtained by
2-a)
330 7.921777 7.980 1.078223 1.020
370 7.977268 7.099 1.022732 1.902
39K 9.877690 9.000 1.122310 2.000

References

[1] T W Donnelt and I Sick Rev. Mod. Phys 56 461 (1984)

[2] H De Vries and C W De Jager Data Nucl. Data Tabels

39 281 (1988)

[3] G Fricke et al. At Data Nucl. Data Tabels 60 177 (1995)
[4] T Suda, K Maruyama and I tanihata RIKEN Accel. Prog.

Rep. 34 49 (2001)

[5] T Suda in proceedings of the international workshop

XXXII on Gross Properties of Nuclei and Nuclear
X Knoil, W
norenberg,B Schaefer and J Wambach GSI Darmstadt

Excitations edited by M Bubalia,

235 (2004)
[6] Z Wang and Z Ren Phys. Rev. C 71 5432 1 (2005)

[71 Z Wang, Z Ren and Y fan Phys. Rev. C 73 14610 1

(2006)

[8] X Roca-Maza, M Centelles, F salvat and X Vinas Phys.

Rev C 78 44332 (2008)

[9] S Karataglidis and K Amos Phys. Lett. B 650 148 (2007)
[10]Y Chu, Z Ren, T Dong and Z Wang Phys. Rev. C 79

44313 1 (2009)

[11] A. Al-Rahmai , Baghdad Science Journal, 7(2) 1028
(2010); A. Al-Rahmai and H Hussein, Iraqgi J. Sci. 55 4B

1868 (2014)

[12] A N Antonov, V A Nikolaev and 1 Zh Petkov Z.
Physik A297 257 (1980)

[13] A N Antonov, P E Hodgson and I Zh Petkov Nucleon
Momentum and Density Distribution in Nuclei
(Clarendon Press, Oxford) (1988)

[14] H De Vries, C W De Jager and C De Vrise Atomic
Data and Nuclear Data Tables 36 495 (1987)

[15] W Reuter, G Fricke, K Merle and H Miska Phys. Rev.
C 26 806 (1982)

[16] A K Hamoudi, M A Hassan and A R Ridha Pramana
Journal of Physics 78(5) 737 (2012)

[17] B A Brown, R A Radhi. and B H Wildenthal Phys.
Rep. 101(5) 313 (1983)

[18] R M Lombard and G R Bishop Nucl. Phy. A101 601
(1967)

[19] T Stovall, J Goldemberg and D B Isabelle Nucl. Phys.
86 225 (1966)

[20] L R Suelzle, M R Yearian, and HallCrannell, Phys.
Rev. 162 992 (1967)

[211B A Brown et al., MSU-NSCL report number 1289

[22]1B A Brown, Phys. Rev C74 034315 (2006)

[23]Ch C Moustakidis and S E Massen Phys. Rev. C 62
34318 1 (2000)

[24]M Traini and G Orlandini Z. Physik A321 479 (1985)

Volume 5 Issue 1, January 2016
WWWw.ijsr.net

Paper ID: NOV152754

Licensed Under Creative Commons Attribution CC BY

745




International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2013): 6.14 | Impact Factor (2014): 5.611

[25]M Dal Ri, S Stringari and O Bohigas Nucl. Phys. A376 [27]1B B P Sinha G A Peterson R R Whitney I Sick and J S
81 (1982) McCarthy phys. Rev. C7 1930 (1973)

[26]W J Briscoe, H Crannel and J C Bergstrom Nucl. Phys. [28]P Hallowell et al., At Phys. Rev. C7 1396 (1973)
A344 475 (1977)

0.12 ; S 0.12 ; e
@) | (b) 1
- e = I cCl
,.\O 08 F2ee. . ’ AOOS 00eq, l
E Ol lE _
8 0.04 _ 8 0.04 1
O | O _
0.00 | | | | | 0.00 | | L | 1
0 2 4 6 0 2 4 6
r (fm) r (fm)
0.12 o

(c) -

B 39K _

__ 008 ]

£ | |

Q 004l ]

O p—

0.00 I | I | 1
0 2 4 6
r (fm)

Figure 1: Dependence of the CDD on I for (a) **Cl, (b) *’Cl and (c) *?K nuclei. The dashed and solid curves are the

calculated CDD of Eq. (3) when ¢ =0 and a #0, respectively. The dotted symbols are the experimental data taken
from ref. [14].
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Figure 2: Dependence of PMD on K for (a) **Cl, (b) *’Cl and (c) *’K nuclei. The solid curves and dotted symbols are the

calculated PMD obtained in terms of the CDFM of Eq. (19) using the theoretical CDD of Eq. (3) and the experimental data of
ref. [14], respectively. The long-dashed curves are the calculated PMD of Eq. (8) obtained by the shell model calculation
using the single-particle harmonic oscillator wave functions in momentum representation.
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Figure 3: Dependence of the charge from factors on (| for (a) **Cl, (b) *’Cl and (c) *’K nuclei. The dashed and long-
dashed curves represent the contributions of the monopole form factors | F,(q) |* and the quadrupole form factors
| Fc ,(Q) |2 , respectively. The solid curves represent the total form factors for both contributions. The experimental data

(open circles) for **Cl, *’Cl are taken from ref. [26] and for > K are taken from ref. [27].
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