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Abstract:

Nucleon-Nucleon (NN) interaction derived from nuleealistic potential is
used to study the elastic and inelastic longitudamal transverse electron scattering
form factors in®Li nuclei, where a microscopic theory is employediriclude the
effects of high configuration outside the 1p-simbdel space, which is called core-
polarization (cp) effects. The Cohen-Kurath intémac for 1p-shell model space is
used with the realistic Michigan three Yukawas (M&Yfective NN interactions as a
residual interaction for the core-polarization (opatrix elements calculations. These
interactions are produced in terms of LS-coupliagg then transformed in terms of
the coupling of the total angular momentum (jj-cingy) to make them suitable for
use in electron scattering form factors calculaiorhe radial wave functions for the
single-particle matrix elements have been calcdlat#h the harmonic oscillator
(HO) potential. The effect of core-polarizationf@mind essential for the transition
strengths (B(C2)) and the g-dependent form factond,improves the agreement with
the experimental data remarkably well, especialiydoulomb scattering.

Keywords. p-shell nuclei, (e,e) inelastic longitudinal formactfors, calculation with
model space including core-polarization effects.

1- Introduction:

The first idea about the nature of the eoantnucleon interaction came from
Yukawa in 1935 [1]. He assumed that the strongacteon between the nucleons is
carried out by an exchange of a particle of a madneavy mass of about 200 MeV
[2], called meson. It is called-meson which has found to be the carrier of thenst
nuclear force. But during the fifties it was diseo®d other mesons which contributed
to the nucleon-nucleon interaction. One of the igits of this development was the
suggestion of Gregory Briet in 1958 [3] that thershrange repulsion should be due
to a vector, isoscalar meson, the omega mesonawithss of about 800 MeV. It was
a big success of the meson exchange theory ofutlean-nucleon interaction when
this meson was found also experimentally [2].

Electron scattering from nuclei is regardesda successful and powerfull tool in
the investigation of nuclear structure. Various noscopic and macroscopic theories
have been performed to study excitation in nuciell model within a restricted
model space is one of the models, which succeeadddsdcribing the static properties
of nuclei, when effective charges are used. Inespitthe success of the 1p-shell
model on static properties of nuclei in this regidn fails to describe electron
scattering data at high momentum transfer. Extenthe model space to include the
2ho configurations improves the agreement with tlamgsverse form factor in the
beginning of the p-shell but towards the end of ihghell, the situation deteriorates
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[4]. The effective interaction is used to underdtanclear properties microscopically,
starting with realistic NN interaction and using ahanical many-body theory. For
light nuclei, there are several “standard” effeetmteractions such as the Cohen-
Kurath [5] interactions for 1p-shell. The concepthe core-polarization effects has
been introduced in order to account for the pgréiton of configurations from
outside of the model space in the transition. Qmiarization effects are taken into
account through first order perturbation theoryjohhallows particle-hole excitation
from the 1s-shell core orbits and also from therneé 1p-shells to the higher allowed
orbits with Zio excitations.

The goal of study is to use the realistifedfve nucleon-nucleon (NN)
interaction as a residual interaction to calculdte core-polarization (cp) effects
through a microscopic theory which combines sheltlet wave functions and highly
excited states. We will discuss the core-polarragffects on the elastic and inelastic
electron scattering form factors for the low lyisgites ofLi nuclei. The CK wave
functions will be adopted as the zeroth-order wawections. The NN interaction
adopted in the present study is a realistic intevacbetween two nucleons; it is
expressed as a sum of three parts, central pdtpatia spin-orbit potential part, and
tensor potential part. This interaction is usedtlas residual interaction between
nucleons in the core, and nucleons excited to highHsts. The theoretical part of the
present work includes the formulations of the &asind the inelastic electron
scattering and will be performed in chapter twoe Tderivation of cp effects with
higher configuration in the first order perturbatitheory and the two-body matrix
elements of three part of the realistic interacticentral, spin orbit and strong tensor
force will be introduced in chapter three, where tfwvo-body matrix elements
calculation in harmonic oscillator single-particldasis using Moshinisky
transformation. The results, discussions and cermiuwill be demonstrated in
chapter four.

2-Theory:
The reduced matrix elements of the electron sdadtesperatorT,” consist of two

parts, one is for the "Model space" matrix elemeatgl the other is for the "Core-
polarization" matrix elements [6].
ri>' (1)
CP

<rf ’f/,( ri>:<rf ri>|vlq"‘<rf5|:/,\7

Where the stat+ri> and‘rf> are described by the model-space wave functions.

~

I

Greek symbols are used to denote quantum numbeontinate space and isospin,
e.[ 23T, =3, T, andA=JT.

The model space (MS) matrix elements are expdeas the sum of the product of
the one-body density matrix elements (OBDM) timée tsingle-particle matrix
elements, which is given by:

i), = sosom@paffi|s) @

MS

MS a.8
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where @ and ,3 denote the final and initial single particle statrespectively

(isospin is included) for the model space.
Similarly, the core-polarization matrix elementequation (1) can be written as

follows:
ﬂ> (3
cp

According to the first order perturbation theottye single-particle matrix element
for the higher-energy configurations is given b},l [7

o=y Qo Tiaaty_ Qv ©

T ot

|-i> = Y OBDM (a,,é’)<6’5f N H
o ap

The operator Q is the projection operator dh space outside the model space.
For the residual interaction,.){ we adopt the M3Y [GBertsch, JBorysowicz and
H. McManus]. E and E are the energies of the initial and final statespectively.
Equation (4) is written as [7]

,B+a +T
= A

glyg T eﬁ _ea _ea +ea

0’ O’ r

<a'a' Mes\ﬁaz <a rT a'> \/(1+5aa)(1+5a ,) T terms witha, and a,

exchanged with an overall minus sign, (5)

where the indexx, runs over particle states amad over hole states and e is the single
—particle energy. The core-polarization parts dlewéeng particle-hole excitations
from the 1s-, 1p- and 2s1d-shell orbits into higbeaits. These excitations are taken

up to 4nce .
The reduced single particle matrix element becomes:

ftala)= P it o) ©
where:
1 for T=0 (7)
I+ (t,)=
1y, for T=1

(=12
where { 1/2 for proton and -1/2 for a neutron.

Electron scattering form factor involving angulatomentum J and momentum

transfer g, between the initial and final nuclebels model states of spinJand
isospin T; are [8]
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Fl@) =, (-)'F hr | @)
T T 2220, 4y e Tomer |
X‘Fc.m(Q)‘zx‘Ff.s(Q)‘z 8)

where T, is the projection along the z-axis of the initald final isospin states and is
given by = (z-n)/2. The nucleon finite size (fs) form factsrs(q) = exp (-0.4344)
and kn(q) = exp (§b%/4a) is the correction for the lack of translatiomariance in the
shell model. A is the mass number and b is the baroscillator size parameter.

The single-particle energies are calculatedmiing to [7]:

_%(Hle(r»nl for 1=1-

1 9)
=(2n+l 5 nw+

]

N NP

%I(f(r»nl for j=| +

with:
<f(r)>nI ~20A~2/ 3pev (10)

nu=45A"1/3_25472/3
For the two-body matrix elements of the residimeractionaa, V,|Ba,). ,

which appear in equations (5), the Michigan thra&katvas (M3Y) interaction of
Bertch et. al [9] is adopted. The interaction iketa between a nucleon in any core-
orbits and nucleon that is excited to higher orhiith the same parity and with the
required multipolarity {\), and also between a nucleon in any sd orbitsthatdis
excited to higher orbits with the same parity anthwhe required multipolarity. The
form of the potential is defined in equations (3)-(n ref. [9]. The parameters of
“Elliot” are used which are given in table 1 of tmeentioned reference. This
interaction was given in LS-coupling. A transforinatbetween LS and jj must be
performed to get the relation between the two-bslusll model matrix elements and
the relative and center of mass coordinates, usi@dnarmonic oscillator radial wave
functions with Talmi-Moshinsky transformation.

3- Result and discussion

The®Li nucleus is especially interesting nuclei becagsée lightest state nuclei
that contain p-shell nucleons. The structure andpgnties of°Li nucleus are
experimentally and theoretically well studied (espky form factors are of particular
interest). For the conventional many particleslisheodel, the ®Li nucleus is
essentially a three-body system, two valence nuaslelistributed over kp-1py2 shell
and presumably inefHe core. The HO single-particle wave function ispéayed
with size parameter41.88 fm [10]. This nucleus is important to be séaddbecause
both longitudinal and transverse form factors hagen measured for the transitions
to five states:

M1, 0.0 MeV (T 0) state

C0+C2, 0.0 MeV () state
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C2, 2.18 MeV'(8 state
M1, 3.56 MeV'() state
M1+E2+M3, 5.37 MeV {2 state

3-1 TheElastic Magnetic Form Factor for 170 State

The elastic magnetic form factor M1 is a purelysisaar, which is defined in this
case practically by a single M1 multipole, and ésctibed in terms of two nucleons
outside a closed 1s-shell. The magnetic form factsries information about the
distributions of magnetization current and of castien current over nuclear volume
[11]. Fig. (4-2-1) shows the transverse M1 electsmattering form factor as a
function of momentum transfer q. The dashed cuepeasents the results of the form
factor for 1p-shell model, and the solid curve esgnts the contribution of 1p-shell
model with core-polarization effect. It is notickdm Fig. (1), that the inclusion of
the core-polarization doesn'’t affect significanthe calculation of the form factors
especially at the first maximum region (q < 1.5)rand experimental data [12, 13]
are well described in this region. While, in the@s®d maximum region, we noticed
that the cp affecting toward reducing the form dastith the rate of meager and not
sufficient to predicate the experimental data. &DM elements are given in table

().

Table (1): The values of the OBDM elementsfor thetransverse M 1

transition of the 1 " 0 ground state of °Li.

Ji I OBDM (AT=0)

1/2 1/2 -2.261687E-01
1/2 312 3.287066E-01
312 1/2 -3.287066E-01
312 312 5.186325E-01
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Fig.(1) Elastic M1 transver se form factor for the 10 statein °Li, with and without
core-polarization effects. The experimental data are taken from refs. [13] (Squares)

[12] (circles).

3.2 TheElastic L ongitudinal Form Factor For 170 state

The elastic charge form factors for the 1p-shelldetocalculation for this
transition are illustrated in Fig. (2). The totalrh factors for this transition are
considered as the sum of the CO and C2 (as a eotiek). The C2 has not been
studied experimentally because of its smallnesspagh it deserves undoubtedly to
be studied in detail because it yields straightBrvinformation about the small D-
component ofLi ground state [11]. And also the multipoles C@ a2 cannot be
separated experimentally, so only the sum of thessquares

F2(q) = F2(q) + F5(q) is measured. Fig. (3) shows a comparison between t

calculated form factors with the inclusion of cfieet (as a solid curve) and those of
1p-shell model calculation (as a dashed curve). dgfheffects enhance the C2 form
factor appreciably by a factor around 3 over thesligll calculation. The results of
the 1p-shell model calculation (without cp effegiye a good agreement with the
experimental data [85] up to the momentum trangfe2.35 fm*.  The inclusion of
cp effects enhances the C2 form factor apprecidhly,due to its small contribution
to the total form factor in the region of q < 2 fit does not affect the total form
factor. The OBDM elements for these cases are showables (2) and (3).

Table (2): The values of the OBDM elements forltmgitudinal transition CO of
the 1° 0 ground state dLi.
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°Li CO
Initial State Final State OBDM (AT=0)
1y 1si 3.4641
1pw2 1pie 5.969991E-1
1pz2 1z 8.018578E-1

Table (3): The values of the OBDM elements forltregitudinal

transition C2 of the 10 ground state dLi .

oLj C2
J J OBDM (AT=0)
1/2 3/2 -1.909589E-1
3/2 1/2 1.909589E-1
3/2 3/2 7.155285E-2
1E+0 € g L L B B L
) N 6LI
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Fig. (2) Coulomb C0+C2 form factor for the transition te tfi0 ground state ifLi,

without core-polarization effects. The experimeuiata are taken from ref. [11].
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Fig. (3) Coulomb C0+C2 form factor for the transition te ti'0 ground state ifLi, with
and without core-polarization effects. The experitakdata are taken from ref. [11].

3-3The2.18 MeV (3'0) State

The nucleus is excited by the incident electramifthe ground stateJ{"T, = 10)

to the stateJ; T, =3'0 with an excitation energy of 2.18 MeV. The OBDMraents

values for the C2 transition are listed in table (#he longitudinal C2 form factor is
of isoscalar character. The experimental dataHisr transition are available [14,15].
In 1p-shell model, the calculated form factors updadict the data in all regions of
the momentum transfers g, as shown in Fig. (43 @ashed curve. In this model only
the model space wave functions are considered.1pk&hell model fails to describe
the data in both the transition strength and tlnftactors. The calculated B(G2
value is 6.02 &fm*which is low in comparison with the measured vader+ 4.9 &
fm* [16]. Core-polarization effects enhance the forattér and reproduce the
measured form factor up to q=2 fmas shown by the solid curve of Fig (4). In this
case the calculated B(GJ value is 16.68 ®fm* which is nearly close to the
measured value. A similar result is obtained bygi$SDI potential [17,18]. Cluster
model calculation [19] reproduced the data for &j fn* and overestimated the data
for higher q values. Good agreement is obtainedhey variational Monte Carlo
calculation [20].

Table (4): The values of the OBDM elements forltritudinal
C2 transition to the 30 at E, =2.18 MeV for’Li.
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Ji Js OBDM (AT=0)
1/2 32 -2.970647E-04
3/2 1/2 8.403804E-01
3/2 3/2 3.650052E-01
e B B B
i oL
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q(fn?)
Fig. (4) The longitudinal C2 form factor for thel8.MeV 3 0 state irfLi, with and without core-

polarization effects. The experimental data arendkom ref. [14] (circles) and ref. [15] (squares)

3-4 The3.56 MeV (0" 1) State

In this transition, the nucleus is excited frtme ground stateJ"T,= 1" 0) to the

state J{ T; =0"1 with an excitation energy of 3.56 MeV due to #lee scattering.

The values of the OBDM elements for this transitwa given in table (5).

The M1 transition to this state is a purely iscor. It is known that inelastic
magnetic form factor is difficult to reproduce bytreeoretical calculation. Extended
space calculation of ref. [21] predicated the lmratof minimum at the correct
momentum transfer, but their result overestimakeddata at the first and the second
maximum of the form factor. Fig. (5) shows the océdtions of the transverse M1
electron scattering form factor with and withouteffect as a solid curve and dashed
curve, respectively. Also the cp contribution i®wh by the plus-symbols. The result
of the 1p-shell model calculation (without cp efjemver predicts the data for the first
lobe, beyond the first maximum, and describes tita ¢or the second lobe up to g
=2.0 fm*, but for higher momentum transfer it fails to dése the data. While the
inclusion of cp effect gives an excellent agreemugmto the diffraction minimum and
overestimates the data beyond that. It has beandf{i2l,22,23,24] that the effect of
MEC on the form factor yields only minor correctsoand thus the discrepancy
between the calculated and measured form factoysnmizbe attributed to this effect.
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Table (5): Thevaluesof the OBDM elementsfor thetransverse
M1 transitiontothe0” 1at E, =356 Mev for °Li.

Ji Js OBDM (AT=1)

1/2 1/2 -0.05078

1/2 3/2 -0.3238

3/2 1/2 0.34112

3/2 3/2 -0.33097
N L I B B B

oLj
M1: 3.562 MeV

1E-3

1E-4

| F(a)|*

1E-5

1E-g L Lo v L b b Ll TR
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

q(fn?)
Fig. (5) The transverse M1 form factor for the sidion to the 01 (3.56 MeV) state ifiLi, with and without

core-polarization effects. The experimental dagataken from ref. [25] (squares) and ref. [14]deis).

4.25 The5.37 MeV (2'1) State.

In this transition, the nucleus is excited from teund state J,"T,= 1" 0) to the

state J{ T; =2"1 with an excitation energy of 5.37 MeV due to #lee scattering.

The OBDM elements for this case are shown in theesa(6), (7) and (8). The
experimental data are taken from ref. [14, 15].

The transverse form factor for this state is of edixmultipolarities, M1+E2+M3.
The transverse form factors calculated with the @éhggace wave functions and core
polarization effect are shown in Fig. (6) as a @adslturve and a solid curve,
respectively. The data are very well explained wlere-polarization effects are
included, throughout the momentum transfer regiohke suppression of the
transverse form factors by including core-polai@atkeffect agrees with the previous
studies in the p-shell model space where effeajpfactors reduced from the free
nucleon values were used. The calculation of &9] [ising a cluster model showed
that MEC played only a minor role, but reducing tbalculation by a small
percentage. So, in our work, including MEC may @rthe calculated form factor
even more closely to the data.
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The different individual multipoles, calculated gut core-polarization effects are
shown in Fig. (7). The main contribution in the haegion of g, comes from E2 and
M3i where M1 has the dominant contribution in tegion of small values of g < 0.5
fm™.

The M1 form factor is reduced by cp effect for &5q < 2 fm™, as shown in
Fig. (8). The E2 form factor is reduced by a facb? as shown in Fig. (9), and M3 is
also reduced with the inclusion of cp, as show#ig (10).

Table (6): The values of the OBDM elements fortth@sverse transition M1 to
the 2" 1 state atE, = 5.37 MeV for’Li.

oLj M1
J; Ji OBDM (AT=1)
1/2 1/2 -0.45145
1/2 3/2 -0.13899
3/2 1/2 0.53662
312 3/2 0.21853

Table (7): The values of the OBDM elements fortth@sverse
transition E2 to the 21 state atEX =5.37 MeV for°Li.

OLi E2
J; Js OBDM (AT=1)
1/2 32 -0.32213
32 1/2 - 0.30586
32 32 0.06702

Table (8): The values of the OBDM elements fortth@sverse
transition M3 to the * 1 state a Ey = 5.37 MeV for°Li.

OLj M3
J; Ji OBDM (AT=1)
3/2 o2 057131
SLi

(M1+E2+M 3): 5.37 MeV (2% 1)

1E-3 ¢

1E-4

| F(a) | *

1E-5 |

0.0 . . . . . 3.5
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Fig. (6) The transverse M1+E2+M3 form factor foe 137 MeV (21) state irfLi, with and without
core-polarization effects. The experimental datataken from ref. [14] (circles) and ref. [15]

(squares).

e L o L
5 OLj
(M1+E2+M3): 5.37 MeV (2* 1)

1E-3

1E-4

| F(a)|?

1E-5

1E-6 P P R B A RN B S B
0.0 0.5 1.0 15 2.0 2.5 3.0 35

q(fr?)
Fig. (7) The transverse M1+E2+M3 form factor foe 5137 MeV (21) state irfLi, without core-

polarization effects. The experimental data arendakom ref. [14] (circles) and ref. [15] (squares)
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