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Abstract:

In this paper, the nuclear longitudinal form factors are systematically studied from the intrinsic charge

multipoles. For axially deformed nuclei, two different types of density profiles are used to describe their charge dis-

tributions. For the same charge distributions expanded with different basis functions, the corresponding longitudinal

form factors are derived and compared with each other. Results show the multipoles C'y of longitudinal form factors

are independent of the basis functions of charge distributions. Further numerical calculations of longitudinal form

factors of >C indicates that the Cp multipole reflects the contributions of spherical components of all nonorthogonal

basis functions. For deformed nuclei, their charge RMS radii can also be determined accurately by the Cy measure-
ment. The studies in this paper examine the model-independent properties of electron scattering, which are useful

for interpreting electron scattering experiments on exotic deformed nuclei.
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1 Introduction

Electron scattering is an effective tool to probe
the sizes and shapes of nuclei [1-6]. Interactions be-
tween electrons and nucleons are mainly via the electro-
magnetic force, which makes electrons relatively clean
probes. Since the 1950s, the charge densities of many
stable nuclei have been determined accurately by the
electron scattering experiments [7, 8]. More recently,
some new properties have been found in the exotic nu-
clei far away from the  stability line [9, 10], for example
the neutron and proton halos, which are all related to the
nucleon density distributions. Therefore, it is significant
to explore the charge distributions of exotic nuclei with
electron scattering. For this purpose, new experiments
studying elastic electron scattering off exotic nuclei are
now under way at RIKEN and GSI [11-15].

Meanwhile, much effort in the last decade has been
devoted to theoretical studies [16-23]. Many methods
have been developed to study electron scattering. The
plane-wave Born approximation (PWBA) is a simple
method which is widely used in calculating Coulomb

Received 22 November 2016, revised 26 January 2017

DOI: 10.1088/1674-1137/41/5/054101

multipoles C, [24-31] and magnetic multipoles M [32-
35] of form factors. The distorted-wave Born approxima-
tion (DWBA) method is more accurate than PWBA be-
cause the Coulomb distortion effect is considered [36, 37].
Many DWBA calculations have been performed study-
ing the C, multipoles of exotic nuclei [19-23]. Further-
more, C, multipoles of inelastic electron scattering have
also been investigated based on DWBA calculations in
Refs. [38, 39].

The nuclear form factors are closely related to the in-
trinsic charge and current mutipoles [3, 40, 41]. The C,
multipoles are attributed to the spherically symmetric
ground state charge distribution and the C, multipole
is proportional to the nuclear quadrupole moment Q.
Most nuclei have deformation in their ground states [42—
48]. The charge distributions of axially deformed nuclei
can be described by the multiple expansion of spherical
harmonics [49, 50]. Based on this expansion, the C, of
longitudinal form factors can be investigated [3]. Besides
the orthogonal bases, the deformed charge distributions
can also be constructed with the nonorthogonal bases in
some special case. In Ref. [30], the angular dependence
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of charge distributions are described by the term
[Yao(6,¢)|?. With this formalism, the author studied the
parity-violating electron scattering off 27 Al [30]. By the
comparative analysis in charge multipoles C of Refs.
[3, 30], one can see that for charge distributions de-
scribed by different density profiles, charge multipoles
C, always have different expressions. Therefore, in this
paper we construct axially deformed charge distribu-
tions with different basis functions and analyze the cor-
responding longitudinal form factors. In this way the
model-independent properties of electron scattering can
be examined.

In this paper, we investigate the nuclear longitudi-
nal form factors. For nuclei with axial deformation, the
angular dependence of charge density distributions are
expanded by the orthogonal bases and nonorthogonal
bases, respectively. Then the Cy and C, multipoles of
longitudinal form factors are derived under the PWBA
method for two different types of density profiles. By
comparing the results, the validity of electron scattering
is examined, and indicates that electron scattering is a
model-independent way to study the nuclear charge dis-
tributions. With the derived formula, the longitudinal
form factors of '2C are investigated by both the PWBA
and DWBA methods, where the corresponding charge
distributions are described by the nonorthogonal bases.
Numerical results show that by the C, measurements,
spherical components of deformed charge distributions
together with nuclear charge RMS radii can be accu-
rately determined.

The paper is organized as follows. In Section 2 the
longitudinal form factors of deformed nuclei are pre-
sented. In Section 3, the longitudinal form factors are
calculated by both the PWBA and DWBA methods, and
the results are compared with the experimental data. 2C
is chosen as the candidate. A summary is given in Sec-
tion 4.

2 Theoretical framework

According to the contributions from Coulomb and
magnetic interactions, the nuclear electromagnetic form
factors F'(q) can be developed as the superposition of lon-
gitudinal terms F?(¢?) and magnetic terms FZ(¢%). In
the plane-wave Born approximation (PWBA), the longi-
tudinal form factor is given by the Fourier transformation
of the transition density pg(r) [41]:

[Fe(@)f = 3 Z lp(q) (1)

M; My

where

p(q) :/eiw (Je M| p(r)| Ji M) dPr. (2)

iq-r

Multiply expanding the exponential function e and
substituting it into Eq. (2), p(¢) can be rewritten as:

47721
« / A7 (qr)Ya,_u(7) o | 5(r) o)
= 47TZ 7

x (o | M (CX, — 1, q)| s, (3)

#YAM )

HYAM )

where (a;|M(C\ u,q)|as) is the scattering matrix. |oy)
and |ay) represent the initial state |J; M) and final state
|J:M;). The Wigner-Eckart theorem can be used to fac-
tor out the dependence of M(CA\,u,q) on the quantum
numbers:

1
M(CA i, q)|as) = (—1) M
(MO o) = (-1 L
(Je My, JiM; | Jp I, M) (e[| M(CA, @) [| i) (4)

Substituting Eqs. (3) and (4) into Eq. (1), and taking
into account the orthogonality of the Clebsch-Gordan (C.
G.) coefficients, the longitudinal form factor can be given
as [41, 51]:

1 4r =
|FC(q)|2:ﬁT+1 Z (e[| M(CA, q)||es)?
! A=0,even

=Fo, (@) +Fe, (@) +[Fe, (@) +--- . (5)

From this formula, one can see that the longitudinal form
factor can be decomposed into several multipoles by se-
lection rules, such as Cy, C5 and Cy etc.

The specific form of |Fg,(q)]* and |Fc,(¢)|* can be
further extracted by the intrinsic multipoles. The Hamil-
tonian of the electric A-pole transition can be written as
[52]:

HE, = (4nfwq?) / Y7 (0.0)

x [ / me',d)(qdc)dn'] dr,  (6)
where j, =ecae'?"" is the transition current density aris-
ing from the change in the state of the electron. a is the
matrix element of the Dirac a operator between initial
and final electron plane wave states of momenta, and ¢
is the velocity of the electron. The integral of the solid
angle (2’ makes the charge form factor independent of
the momentum transfer q. The integral in the square
bracket vanishes unless m =0 and Eq. (6) turns into:

HE = —(4miteaq /q*)[4m(2A+1)]2

X /p-j,\ (gr)Yy odr, (7)
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where a, is the matrix element of the Dirac unit operator
between initial and final electron states. By summation
of Eq. (7), we can obtain:

ZHSO:—(47rea0/q2)/eiq'rpd7, (8)
A

which is consistent with Eqgs. (1) and (2).
From Eq. (7), the longitudinal form factor for multi-
poles A=0,2 can be calculated as [52]:

|Fel?=(2A+1)7"
2

Z‘(M)% / [Goar)Yoo = V52 (ar) a0 par| . (9)

fn = [3Bm?=A(M1)]/[A(2X—1)] is the relation between the
intrinsic multipole and the transition multipole for A = 2.
Because ) f,, =0, the interference term between mul-
tipoles A = 0 and A = 2 vanishes and the longitudinal
form factor can be given as:

|Fe(a)]* = Feo ()] +|Fe, (@)

—ta | [ o (r)nlar) Yo dTr

+147 Upc(?‘)jz(qr)Yzo dTr’ (10)

where po(r) is the deformed charge density distribu-
tion. The C, multipole is proportional to the nuclear
quadrupole moment ). The observed quadrupole mo-
ment ) can be obtained from the intrinsic quadrupole
moment Qq:

A2A—1)

@= (A+1)(2A+3)

“Qo; (11)

where A =2 and the intrinsic quadrupole moment @, is:

Qo= (%) ’ /PCYQOdT- (12)

2.1  Charge distributions described by orthog-
onal bases

For nuclei with rotational symmetry, the multiple de-
composition of the charge density distributions can be
described by the multiple expansion of the spherical har-
monics [49, 50]:

even

pc(r,0) =" pu(r)Yio(6,%). (13)

Combining this formula and Eq. (10), contributions of
different multipoles [ of deformed charge densities to the

Cy and C; of the longitudinal form factor can be inves-
tigated:

[Fe(a)|* = Feo (0) |+ Fe, (9)

4 < / " olar)o <r>dr>2
ldn ( /0 T jg(qr)pz(r)dr) B (14)

which indicates that only the spherical part po(r) con-
tributes to the C, multipole and the quadrupoly de-
formed part p,(r) contributes to the C, multipole of lon-
gitudinal form factor. The multipoles (I > 4) of charge
distributions in Eq. (13) have no effect on C, and C,
due to the orthogonality of the spherical harmonics.

2.2 Charge distributions described by
nonorthogonal bases

Instead of Eq. (13), the nuclear charge distributions
can also be described by other density profiles. In Ref.
[30], the author constructed the deformed part of den-
sity distributions with |Y2o(6,¢)*> and studied the C,
multipoles for the odd-A nucleus 27Al. If the angular
dependence of nuclear charge density is described by
[Y20(6,0)|?, it can be written as:

pe(r,0) = py(r)+ Py (r) - [Yao (6, 9)[*. (15)
Substituting it into Eq. (10), we can obtain:

|Fo(q)]* = |Feo (@)]* + 1 Fe, ()P
_ {M /0  2o(qr) (p(')(r) + ”'1(7:) > dr} 2

+$ (/Ooo erz(qr)p’z(r)dT) ) (16)

From Eq. (16), one can see there is an additional term

pi—g) for the C, multipole, which is due to the contribu-
tions of the deformed part | Y20 (6, ¢)|? term in the nuclear
charge densities. Equation (16) shows that for the spe-
cific model, the longitudinal multipoles have special for-
mulas. If the charge distribution is constructed by the
nonorthogonal bases, the deformed part may also con-
tribute to the Cy multipole. However, Eq. (16) does not
conflict with the previous result Eq. (14), because the
charge density distribution in Eq. (15) is not expressed
based on the orthogonal basis. If the charge distribution
of Eq. (15) is decomposed with the spherical harmonics
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of Eq. (13), we can obtain the relation:

) =24 2 o),

) =T[5 a0 (17)

Substituting this relation into Eq. (16), one can see that
Eq. (16) is identical to Eq. (14).

Combining Eqs. (13)—(16), one can see that for the
same charge distribution, the longitudinal form fac-
tors calculated with the orthogonal basis functions and
nonorthogonal basis functions are identical with each
other. For the deformed charge distributions described
by the orthogonal basis functions, only the spherical part
of charge distribution has an effect on the Cy multi-
pole. For deformed charge distributions described by the
nonorthogonal basis functions, the C, multipole actually
reflects the spherical components of all nonorthogonal
basis functions.

3 Numerical results and discussion

In the previous section, we found that the Cy multi-
pole can constrain the spherical parts of the charge distri-
bution, even described by the nonorthogonal basis func-
tions. Based on the formula of Section 2, in this section
charge form factors are numerically calculated where the
charge distribution are constructed with the nonorthogo-
nal basis functions. The nucleus *?>C is chosen as the can-
didate. In many previous studies on electron scattering,
calculations were based on the spherical RMF model and
DWBA method [16-23]. However, for '2C, the spherical
RMF model plus DWBA method cannot obtain reason-
able charge form factors [53]. The discrepancy between
the results of the spherical RMF model and experimen-
tal data indicates the differences in charge distribution
between theory and experiment. Therefore, we add a de-
formation correction term to the spherical RMF charge
density to describe the charge form factor of 2C in this
section.

First, the nuclear charge density is obtained by the
spherical relativistic mean-field (RMF) model. In the
RMF model, the effective Lagrangian density is [54, 55]:

_ ) g e
L=1 [7“ (18,u—gw¢uH - ng'pu - 5(1+73)AM)
_(M_gsa)‘| ¢
1 1 K A
Lou o2 2 v 3_ 7~ 4
+26 00,0 2m00 3!(9s0) 4(QSU)

1 1 3
L+ S, + (g,
1

1
__RHV.RMU+2

1 mip*-p,

1
—ZFHVF#V‘FUCH(W/,npu)v (18)

where the self-interacting term of nonlinear w-p coupling
is taken as:

Uett(Wpus p) :Av(gip“ﬁu)(giw“wu). (19)

Using the Euler-Lagrange equation, we can obtain the
Dirac equations for nucleons and Klein-Gordon equations
for mesons and photons. Based on the no-sea approxi-
mation and mean-field approximation, the motion equa-
tions can be solved iteratively, and the wave functions
of the nucleons can be obtained. Then the nuclear pro-
ton density distribution can be obtained. Folding the
proton charge distribution p,(r) with the single proton
charge distribution pP(7), the RMF charge density can
be calculated by the formula [56]:

o) = / po(r)oP (= 1), (20)

The single proton charge distribution pP(r) is:

3
pP(r)=-—e"", (21)
8w
where Q =0.71GeV?>.

Calculated by the spherical RMF model with the FSU
parameter set, we obtain the spherical charge distribu-
tion pr(r) of *C and investigate the its longitudinal form
factor. However, for '2C there are significant differences
between the theoretical results and experimental data,
which can be seen from Fig. 1. Therefore we assume the
density profile of 2C has a distribution like Eq. (15),
which consists of two parts: a spherical part p{(r) and a
deformation correction pjy(r) - |Y20(6,¢)|?. The spherical
part pi(r) is approximately described by the spherical
RMEF charge density pg(r) with the FSU parameter set,
and the deformed part pi(r) is constructed by stretch-
ing pr(r) with a factor x. Finally, the charge density
distribution is written as:

pe(rs8) = () + 4 (r)-[Yao (6,0)
s <pR<r>+ %pw/x»mo(ew) L (22)
X

where £ and x are two tunable parameters, and f is the
normalizing parameter of the charge number. Combin-
ing this formula with Eq. (16), the charge form factors
of 12C can be studied under the PWBA method. By ad-
justing the parameters ¢ and y in Eq. (22), the shape
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of the longitudinal form factor changes and the diffrac-
tion minimum shifts around. Fitting the experimental
data, the tunable parameters are taken to be £ = —0.65
and x = 0.58, and the corresponding longitudinal form
factors are presented in Fig. 1. For the purposes of
comparison, the longitudinal form factor calculated by
the spherical RMF charge density with the FSU param-
eter set is also presented in this figure. One can see
that by taking into account the deformed part with Eq.
(22) in the charge density distribution, the theoretical
longitudinal form factor coincides with the experimental
data much better for '2C. Besides the longitudinal form
factor, the nuclear intrinsic quadrupole moment is also
calculated. Taking Eq. (22) into Eq. (12), the intrinsic
quadrupole moment of 2C is Qo = 1.12 fm?, and this
value is sensitive to the parameters £ and x in Eq. (22).

10!
—— p(r, 0) of Eq.(20)
10 F Sy, 0 T spherical RMF
3 A Expt.
1073 F
- r
:)g 105 F
3
107 F
3
107 F
F
1071] 1
1
q/fm™!
Fig. 1. Charge form factors of '>C calculated by

the PWBA method. The dotted line is obtained
by the spherical RMF charge density pr(r) with
the FSU parameter set. The solid line is calcu-
lated by Eq. (16) where the corresponding charge
density is described by Eq. (22). The experimen-
tal data are taken from Refs. [7, 57].

From Fig. 1 and Eq. (16), an equivalent spherical
density distribution pgq(r) = p)(r) + ip’z (r) can be ob-
tained for deformed charge densities described by Eq.
(15) with nonorthogonal basis functions. pg4(r) repre-
sents the spherical components of all nonorthogonal ba-
sis functions. By comparing the theoretical longitudi-
nal form factors with the experimental data, the equiva-
lent spherical density pgq(r) of *C are extracted and
presented in Fig. 2. The RMF charge density pr(r)
calculated by the FSU parameter set and experimen-
tal charge density pg,(r) described by the Fourier-Bessel
(FB) model are also presented in this figure for com-
parison. There are differences between the RMF charge
density pg(r) and experimental charge density pg,(r) for
12C. However, the equivalent spherical density pg,(r) is
very close to the pg.(r). Figure 2 indicates that the

spherical experimental charge density pg,(r) represents
the equivalent spherical density pgq(r) of the deformed
charge densities described with the nonorthogonal basis
functions. For the charge density of Eq. (15), the RMS
radius of the equivalent spherical charge density pg,(r) is
also identical to the radii of the actual deformed charge
density and the experimental spherical charge density:

%)= [[ @)+, Wanl6.0)) a2

Cm [ A .
7 @ww4w7wr

47

~— /pEX(T) r*dr, (23)

which means that electron scattering is a model-
independent method to measure the nuclear charge RMS
radii.

0.12

0.10F

0.08

0.06

po/ fm™

0.04

0.02

0.00

r/ fm

Fig. 2. Charge density distributions of ?>C. The
dash-dotted line is the RMF charge density pr(r)
calculated by the FSU parameter set. The solid
line is the experimental charge density pgx(r)
described by the Fourier-Bessel model, which is
taken from Refs. [7, 58]. The dotted line rep-
resents the equivalent spherical charge density

PEa(T)-

In Fig. 1, the charge form factors are calculated under
the PWBA method. The initial and final wave functions
of electrons in the PWBA method are plane waves, which
are not accurate. Therefore, we further investigate the
longitudinal form factors by the DWBA method, where
the wave functions of scattering electrons are obtained
by the exact phase-shift analysis. For nuclei with ax-
ial deformation, we use their equivalent spherical charge
densities pg,(r) instead of the actual deformed charge
densities and solve the Dirac equations of the scattering
electrons under the Coulomb potential of pg,(r). The re-
sults are presented in Fig.3. Compared with Fig. 1, the
DWBA method corrects the discrepancy at the diffrac-
tion minima between the theoretical results and experi-
mental data. With the DWBA method, the equivalent
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spherical charge density pgq(r) can reproduce the ex-
perimental charge form factor well. Results in Fig. 3
show once again that for charge densities expanded with
nonorthogonal basis functions, spherical components of
all nonorthogonal basis functions can be determined by
the C, measurements.

10!
— p(r, 0) of Eq.(20)
10F Sy 0 T spherical RMF
E A Expt.
105 F
= S * e
:)g 10’5r -
3
107F
E
10°F 12C
r Ay
10" - - - -
1 2 3 4 5
q/fm™!
Fig. 3. Same as Fig. 1, but calculated with the

DWBA method.

4 Summary

In this paper, the longitudinal form factors of de-
formed nuclei with rotational symmetry are systemati-
cally investigated. By the selection rules, the longitu-
dinal form factors can be decomposed into several mul-
tipoles, such as Cy and C,. From the intrinsic charge
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