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Abstract : The longitudinal form factors for electron scattering have been calculated for p-shell nuclei using 
enlarged model space includes all orbits in 1p and 2s-1d shells The two-body Cohen-Kurath interaction is used 
for the p-shell orbits while Preedam-Wildenthal for the sd-shell orbits The two body Milliner-Kurath interactions 
are used for the psd orbits The two-body Kuo-normalized G-matnx between the p-shell orbits and the sd-shell 
orbits are adopted Core-polarization effects are taken into consideration through excitations of nucleons from 
the 1 s core orbits and also from the valence 1p and 2s-1 d orbits into higher shells, with Shco excitations The 
two-body Michigan three Yakawa (M3Y) interaction is used for the core-polarization matrix elements Core-
polanzation effects improve the agreement with the experimental data remarkably well and play an essential role 
for electromagnetic transitions and electron scattering form factors 

Keywords : p-shell nuclei, (e,e) elastic and (e,e') inelastic longitudinal form factors Calculations with enlarged 
model space including core-polarization effects 
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1. Introduction 

Shell model predictions of transition strengths and form factors often under predict the 

experimental data for electric quadrupole (C2) excitations, by about a factor of 2 or 

more. It has long been recognized [1] that these transitions have highly collective 

properties. These collective properties can be supplemented to the usual shell model 

treatment by allowing excitations from the core into the model space or higher orbits, 

and from the model space orbits into higher orbits. The conventional approach to 

supplying this added ingredient to shell model wave functions is to redefine the 

properties of the valence nucleons from those exhibited by actual nucleons in free 
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space to model-effective values [2] Also this can be treated by connecting the ground 
state to the J-multipole ntuo giant resonances [2], where the shape of the transition 
densities for these excitations is given by Tassie [3] An alternative approach is to use 
a microscopic theory that allows one particle-one hole (1p-1/?) excitations of the core 
and also of the model space to describe these longitudinal excitations 

A microscopic model has been recently [4] used to study the first order core-
polanzation (CP) effect on C2 form factors of p-shell nuclei Those calculations depend 
on the modified surface delta interaction (MSDI) as a residual interaction to generate 
the core-polarization matrix elements that must be added to the model-space matrix 
elements The parameters of the MSDI interaction are empirically estimated by 
comparing the calculated quadrupole C2 transition rate (B(C2)) with the measured 
values The results are quite successful and describe the data very well in both the 
transition strengths and momentum transfer dependence 

The purpose of the present work is to consider the particle-hole excitations of 
the core and the model space to calculate the longitudinal form factors for electron 
scattering from p-shell nuclei The model space in the present work is extended to 
include the sd-shell orbits, to become 1p32, 1Pi/2, 1^5/2. 2s1/2 and 1 c/3/2 orbits This 
model space is usually called pscf-model space [5] This extension in the model space 
will allow 2s1c/ admixture and could modify appreciably the deduced matrix elements 
A more realistic nucleon-nucleon interaction is adopted in the present work for core 
polarization calculations which is called the Michigan Three Yukawa (M3Y) realistic two-
body interaction [6] where its parameters are adjusted from the nucleon-nucleon 
scattering data So, we do not adjust any parameters in the calculations of the various 
matrix elements Calculations are presented for 6Li, 7Li, l0B, l2C, ,3C and 15N 

2. Theory 

The psd model space includes 1p3/2, 1p1/2, 1d5/2, 2s1/2 and lGf3/2 valence orbits The psd 
Hamiltonian depends upon four types of two-body matrix elements [5], 

(p,p|V|p,p) Cohn-Kurath (CKPOT) interaction [7], 

(sdtsd\V\sd,sd) Preedom-Wildenthal (PW) interaction [8], 

(ptsd\V\p,sd) Millener-Kurath (MK) interaction [9], 

(ptp\V\sd,sd) Suzuki and Otsuka (Kuo renormalized G matrix) [10] 

The reduced matrix element of the electron scattering operator fA is expressed as the 

sum of the porduct of the elements of the one-body density matrix (OBDM) x£frt(<x>P) 

times the single-particle matrix elements, and is given by 

(rjA|/',)-Z^lrJ(a.»(a||t^)i (1) 
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where a and p label single-particle states (isospin is included) for the pscf-shell model 
space, The states \r) and \rt) are described by the model space wave functions. 
Greek symbols are used to denote quantum numbers in coordinate space and 
isospace i.e. r, »JJ t % rf = JfTf and A s JT. According to the first-order perturbation 
theory, the single particle matrix element is given by [11] 

HMkHHWH+(» s V ~ * ) t ( " •*-* "' <2> 
The first term is the zero-order contribution. The second and third terms are the core 
polarization contributions. The operator Q is the projection operator onto the space 
outside the model space. 

The core-polarization terms given in eq. (2) are written as [11] 

a,a2r
 ep ea ea, % a2 a\ J 

^(««i|VL|ito2)r(a2||fJ|| a, 

+ terms with ay and <% exchanged with an over all minus sign, (3) 

where the index a, runs over particle states and <% over hole states e is the single-

particle energy, and is calculated according to [11] 

f-1/2(/ + 1)<f(r)N for y = / - 1 / 2 
en, f=(2n+f-1/2)ftfl) + ] , / /nf

 (A\ 
nfJ \[/2i{f(r)) for/ = £ + 1/2 w 

with (f(r)> - - 2 0 / 4 - 2 ' 3 and ftw = 4 5 A 1 / 3 - 25A 

The single particle matrix elements reduced in both spin and isospin, is written 
in terms of the single-particle matrix elements reduced in spin only [11] 

(^faJ'^zM^U)' (5) 

with 

[1 for 7 = 0 
W = i ( - i r - for r=T <6> 

where tz = 1/2 for a proton and - 1 / 2 for a neutron. 

Core-polarization effects are taken into consideration through 1p-1l? excitations 
from 1s core orbits into higher orbits and excitations are also considered from 1p and 
2s1d model space orbits into higher orbits. All excitations are considered up to 6ha> 
excitations. For the residual two-body interaction Vres, the M3Y interaction of Bertch 
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et al. [6] is adopted The interaction is taken between a nucleon in any core-orbits and 
a nucleon that is excited to higher orbits with the same parity and with the required 
multipolanty (A), and also between a nucleon in any psd orbits and that is excited to 
higher orbits with the same parity and with the required multipolanty. The form of the 
potential is defined in eqs (1)-(3) in Ref. [6] The parameters of 'Elliot' are used which 
are given in Table 1 of the mentioned reference. A transformation between LS and JJ 
is used to get the relation between the two-body shell model matrix elements and the 
relative and center of mass coordinate, using the harmonic oscillator radial wave 
functions with Talmi-Moshinsky transformation 

The reduced single-particle matrix element of the Coulomb operator is given by 

[12]. 

(y2|t/||^) = J*r2yJ(qr)(y2|yJ||J1)fln/i(r)Rnjfj(r) (7) 
0 

where jj(qr) is the spherical Bessel function and Rnf(r) is the single-particle radial wave 

fuction. 

Electron scattering longitudinal (Coulomb) form factor involving angular momentum 
J and momentum transfer q, between initial and final nuclear shell model states of spin 
Jit, and isospin Tlf are [13] 

Tf TT( -
 ,2 

^ = 7^ ? \ Y O T M M FcjqH(q) (8) 

where Tz is given by Tz = (Z - N)/2. The nucleon finite size (fe) form factor is 

FfS(q) = Exp(-0 43g2/A) and Fcm(q) = Exp(q2b2/AA) is the correction for the lack of 

translational invanance in the shell model (center of mass correction), where A is the 

mass number and b is the harmonic oscillator size parameter. 

The total longitudinal form factor is given by 

l/^Qf = £|FCJ<g)|2 (9) 
J;>0 V ' 

3. Results and discussion 

Calculations are presented for different states in different nuclei in the p-shell, using the 
psd model space to generate the OBDM elements X?tr(a,P) given in eq. (1) These 
elements are calculated using the shell model code OXBASH [14]. Four types of two-
body matrix elements are used, which are mentioned earlier in the theory. These matrix 
elements are supplied by the code OXBASH. The core-polarization single-particle matrix 
elements are calculated according to eq. (3). The many-particle matrix element that 
includes both the psd model and the core polarization effects are calculated according 
to eq. (1). Finally, the nuclear form factor can be obtained from eqs. (8) and (9). The 
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single-particle wave functions are those of the HO potential with size parameter b, 

chosen to reproduce the root mean square charge radius. For higher qr-values, Woods-

Saxon (WS) potential is used for some cases for comparison. 

3.1. The nucleus 6Li : 

Figure 1 represents the longitudinal form factors for the transition from the ground state 

(1+0) to the state 3+0 at 2.18 MeV. The size parameter is taken to be 1.88 fm [15]. 

10E1 

1 OF-2 L 

q(fm ) 

Figure 1 . The longitudinal C2 form factors for the isoscalar transition to the 3' (2 18 MeV) state in 6Li The dotted 
curve represents the calculation with the psd model space alone and the solid curve represents the calculation 
that includes core-polarization effect The data are taken from Ref. [16] (circles) and Bsf [17] (squares) 

The dotted curve represents the calculations using the psd wave functions without CP 

effects. The solid curve represents the calculations that include core-polarization effects. 

The experimental data are taken from Refs. [16] and [17]. Including CP effects enhance 

the form factor appreciably and describe the experimental data extremely well for 

q < 2 fm'1. The missing C2 strength observed in the restricted enlarged model space 

(pscf) is largely compensated for by including CP effects. The contribution of the C4 

multipole, which is absent in the 1p-shell model calculations [4], is rather small and 

has a negligible effect on the total form factor. Extending the 1 p-shell model space 

does not affect the longitudinal form factor, and the main effects are due to CP. 

However, the high qr-C2 multipole seems to lack some strength. Previous calculations 

[4] give more agreement with the high q data than that presented here. However, in 

Ref [4], the MSDI is used where the parameters are fitted to each nucleus separately, 

and the fitted parameters compensate for the missing strength. The CP calculation still 

depends on the poorly understood effective interaction in light nuclei. The realistic M3Y 

interaction used in present work depends on the free nucleon-nucleon scattering data. 
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So, it st.ll needs more efforts to find a reasonable residual interaction that obey the 

nuclear physics requirements and give more understanding to nuclear structure studies 

32 The nucleus 7U 

Calculations are presented for the transitions from the ground state (3/2"1/2) to the 

1/2-1/2 state and 7/2"1/2 state at 0 478 MeV and 4 53 MeV, respectively. A size 

parameter ft = 1 77 fm is used for the HO potential [18] The longitudinal form factors 

for these states are shown in Figure 2 The form factors including CP effect (solid 
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Figure 2. The longitudinal inelastic form factors for the 1/2"1/2 (0 478 MeV) (a,b) and for the 7/2'1/2 (4 53 MeV) 
(c.d) states in 7Li The dotted curves represent the calculation with psd model space without CP effect and the 
solid curves represent the calculations that include CP effect The upper panel represents the form factors that 
calculated with the HO potential for the radial part of the single-particle matrix elements, while the lower panel 
represents those of the Woosd-Saxon potential The data are taken from Ref [19] for the 1/2"1/2 state and from 
Ret [20] for the 7/2-1/2 state 

curves) in the upper panel of Figure 2(a,c) reproduce the data of Refs. [19] and [20] 

for the two transitions, respectively, extremely well up to q « 3 fnrr1. Again, the C4 

http://st.ll
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contribution has negligible effect on the form factor So, extending the model space to 

include the 2s1c/-shell does not modify the result CP effect has essential contribution 

to explain the data. Fortunately, the experimental data are available for high q values 

(q > 3 fm"1), which can be used as a stringent test for the model used If we compare 

these results with other results, such as those used an enlarged model space [21], 

where all admixtures of 2tuo components are taken into account, with no inert core, 

we notice that their results at low q seems to lack some strength, and the large q 

data (q > 3 fm"1), can not be reproduced The low q deficiencies are remedied by 

introducing effective charges [22], by fitting the electric quarupole moments calculated 

in the 2tuo space, to the experimental values The diffractive structure appeared in the 

experimental data for q > 3 fm~1 can not be explained in all previous calculations [23, 

24], even with the inclusion of meson exchange currents (MEC) The available effective 

interactions used to generate the energy levels in p-shell nuclei do not alter this 

behavior in the form factor. Also, the residual interaction used in this work for the CP 

terms does not remedy this deficiency 

We repeat the calculations of the form factors for the two states mentioned 

above in 7Li, but with Woods-Saxon potential for the single-particle matrix elements In 

this case we use effective charge model to compensate for the CP effects, with Se 

= 0 35 The results are presented in the lower panel of Figure 2, which are labeled 

b and d. We notice that diffraction minima are obtained around q = 3 fm"1 and explain 

the diffractive structure in these two states So, the high q data depend strongly on 

the radial part of the single-particle wave functions 

3 3. The nucleus 10B : 

The ground state of 10B is JnT = 3*0 A wide range of experimental data (q = 0 48 -

2 58 fnrr1) is available [25] for different states in 10B. Figure 3 shows the longitudinal 

elastic form factor. The CO form factor which is the Fourier transform of the ground 

state charge density is calculated with the inclusion of the occupation number of the 

core (4He) which gives the OBDM equal to 5 2915 The C2 form factor is calculated 

with psd model space wave functions (the upper panel). The total form factor under 

predicts the data for q > 1 0 fm"1 Inclusion of the CP effect enhances the C2 form 

factor and explains the total longitudinal experimental form factor very well through out 

the whole range of momentum transfer Such agreement could not be obtained by 

performing calculations within a restricted 1 p-shell space and utilizing state-independent 

effective charges for the nucleons [26]. The size parameter of the HO potential is taken 

to be 1.71 fm [18] to get the single-particle wave functions. This size parameter is 

used for all states of 10B considered in this work. Different values have been used to 

fit the elastic scattering form factor data [25], b= 1.65 fm for 2h<o calculation and b 

= 1.6 fm for core-polarization effect. Also b - 1.7 fm and 1.5 fm have been adopted 

in the work of Ref. [25] for inelastic electron scattering for 2hco shell model calculations 
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Figure 3. The elastic longitudinal form factors for Figure 4. The inelastic longitudinal form factors for 
10B The upper panel represents the psd calculations the 1+0 states at 0 718 MeV (upper panel) and 2 154 
without CP effect, and the lower panel represents MeV (lower panel) in 10B The solid and dotted curves 
those with CP effect The data are taken from Ref are the psd calculations with and without core-
l25l polarization effect, respectively The data are taken 

from Ftef [25] 

and those with core-polarization effect, respectively Figure 4 shows the longitudinal 
form factors for the inelastic scattering to the 1+0 states at 0 718 MeV (upper panel) 
and at 2.154 MeV (lower panel) A notable result of core-polarization is to increase the 
form factor by a factor of more than 2 over the restricted pscf-sheil calculations in both 
states. The results over estimate the data for 0.718 MeV state (solid curve in the upper 
panel), while they explain the data remarkably well for the 2.154 MeV state (solid curve 
in the lower panel) The main contribution comes from the C2 component, while the 
C4 component has a negligible effect. 

The calculations for the 2+o states at 3.587 MeV and 5.92 MeV, are shown in 
Figure 5. The CP effect enhances the form factors but could not explain the data for 
both states. The data are well explained by the restricted psd-shell model space. 
These states might be not pure states, but mixed with other states. 

Figure 6 represents the calculation for the 4+0 state at 6.025 MeV. A notable 
enhancement is observed with CP effect, bringing the longitudinal form factor in a 
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Figure 5. Same caption as to Figure 4, but for the 
2+0 states at 3.587 MeV and 5.92 MeV. 
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Figure 6. The inelastic form factors for the 4+0 state 
at 6.025 MeV in 10B. The solid and dotted curves are 
the psd calculations with and without core-
polanzation effect, respectively The data are taken 
from Ref. [25] 

remarkable agreement with the experimental data. The 2hco calculation of Cichocki 

et al. [25] under estimates the data by more than a factor of 2. 

3.4. The nucleus 12C : 

The C2 form factors for the isoscalar transition from the (TO ground state to the 2*0 

state at 4.439 MeV are shown in Figure 7 calculated with psc/-shell model space with 

and without CP effect. The result with CP effect is closer to the data of Ref. [27] than 

that of the restricted psd result. The low q data are very well reproduced with CP 

calculation, and for q > 1.0 fnrr1, the result over predicts the data. The size parameter 

b = 1.64 fm is adopted [27]. 

3.5. The nucleus 13C : 

The calculations for the C2 longitudinal form factors for the transitions from the 1/2"1/2 

ground state to the 3/2"1/2 states at 3.68 MeV and at 9.90 MeV and also to the 

5/2~1/2 state at 7.53 MeV are shown in Figure 8. We employ a size parameter 

b = 1.64 fm for the single-particle wave functions of the HO potential [28]. The model 

space matrix elements are calculated with the Cohen-Kurath (CK) interaction (CKPOT) 

[7], where a restricted 1 p-shell model orbits are used. The low q data for the first 

3/2"1/2 state and for the 5/21/2 state are very well explained when CP effect is 
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Figure 7. The inelastic C2 form factors for the 240 
state at 4.439 MeV in 12C The solid and dotted curves 
are the psd calculations with and without core-
polanzation effect, respectively. The data are taken 
from Ref. [27] 

q(fm ) 

Figure 8. The inelastic longitudinal form factors 
for the 3/2 1/2 states at 3.68 MeV and 2.154 MeV 
(upper panel), and for the 5/2~1/2 state at 7.55 
MeV (lower panel) in 13C. The solid and dotted 
curves are the psd calculations with and without 
core-polarization effect, respectively The data are 
taken from Ref [28]. 

included and the high q data > 1 frrf1 are over estimated. The discrepancy in the 

shape of the form factors for large q values can be compensated by adjusting the value 

of b. The effect of increasing b value is to displace the form factor to smaller q, with 

small decrease in magnitude and wee versa. However, our aim in this work is to study 

the core-polarization contributions without adjusting any parameter. 

The second 3/21/2 state at 9.90 MeV is very well reproduced when the CP 

effect is included. The inclusion of CP effect for this state suppresses the C2 form 

factor and agrees very well with all the available experimental data. This behavior 

contradicts the other C2 form factors, where the CP effect enhances the form factors 

by about a factor of 2. This fact indicates that given the nucleons effective charges 

more than that of their bare charges will not always resolve the discrepancy between 

the theory and the experiment. So core-polarization effects should be taken into 

account microscopically and not by normalizing the model space matrix elements to 

account for the CP effect. 

3.6. The nucleus 15N : 

The ground state of 15N is of J*T = 1/2"1/2 and can be described simply by a proton 

hole in the 1p1/2 orbit. The form factors for the C2 transition to the 3/2"1/2 state at 
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6.32 MeV, is displayed in Figure 9, calculated with 1p-shell model wave functions with 

and without CP effect. The upper panel represents the calculation with the HO 

q(fm ) 

Figure 9. The longitudinal inelastic form factors for the 1/2 1/2 (6 32 MeV) state in 15N The dotted curves 
represent the calculation with psd model space without CP effect and the solid curves represent the calculations 
that include CP effect The upper panel represents the form factors that calculated with the HO potential for the 
radial part of the single-particle matrix elements, while the lower panel represents those of the Woosd-Saxon 
potential The data are taken from Ref [30] 

oscillator potential for the single-particle states with b = 1.678 fm [29]. The calculation 

with CP effect enhances the form factor and describes the data of Ref. [30] extremely 

well up to q * 2 fm"1. Beyond that no much difference appeared between the 1p-shell 

model result and that with CP effect. The data for q > 2.5 fm"1 have very large error 

bars, but however, they show a diffractive minimum near q « 2.5 fm -1, and beyond that 

a second maximum appears. When the form factor is calculated with Woods-Saxon 

potential, using effective charge model for the core-polarization with Se = 0.35, a 

diffraction minimum appears at q = 3 fm"1, as shown in the lower panel of Figure 9. 

It was pointed out [31] that calculations using more realistic nucleon wave functions 

obtained from a well of a finite depth, for example, the WS potential leads to an 

effective decrease of the form factors for q > 3 fm"1. However, for q < 2.5 fm"1 the 

experimental q dependence of the form factors is described well by HO wave functions 

calculations [32]. 
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4. Conclusions 

Core-polarization effects are essential in the calculation of longitudinal form factors 
Most of the form factors are enhanced by including core-polarization effects, but few 
of them are decreased, bringing the results close to the experimental data Extending 
the 1 p-shell model space to include higher shells such as 2s-1d shell, does not modify 
the 1p predictions significantly, and the C4 multipole that appears because of the 
extended model, has a negligible contribution The inclusion of core-polarization effects 
gives a remarkable improvement in the form factors without introducing adjustable 
parameters Core-polarization effects with M3Y interaction, used as a residual interaction, 
succeeded in describing the electron scattering data for the entire region of 1 p-shell 
nuclei The high q-data are successfully described when the radial part of the single-
particle wave functions are those of the Woods-Saxon potential, rather than the 
harmonic oscillator potential 
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