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Abstract:

The precise determination of neutron distribution has important implications for both nuclear structure

and nuclear astrophysics. The purpose of this paper is to study the characteristics of neutron distribution of 2°®Pb
by parity-violating electron scattering (PVS). Parity-violating asymmetries of 2°®Pb with different types of neutron

skins are systematically calculated and compared with the experimental data of PREx. The results indicate that the

PVS experiments are very sensitive to the nuclear neutron distributions. From further PVS measurements, detailed

information on nuclear neutron distributions can be extracted.
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1 Introduction

The determination of size and shape of nuclei is a ba-
sic but important part of nuclear physics research. Dur-
ing the past several decades, the charge densities of sta-
ble and long-lived nuclei have been accurately measured
by high-energy electron scattering [1-3]. However, the
determination of nuclear neutron distributions has been
an open issue for a long period of time. The uncertainty
of the nuclear neutron skin (R, = R,—R,,) leaves the
isovector interaction in nuclear structure models unde-
termined. Different force parameter sets often lead to
different neutron radii when describing the same nucleus
[4-9].

Compared with hadronic probes, electronic probes
have considerable advantages in neutron skin measure-
ments. The interaction between the electron and the
nucleus is well understood and the probing can cover the
whole nuclear volume [10, 11]. With some mild assump-
tions on the relation between A,, and R, [12-15], the
PREX collaboration extracted the neutron skin of 2°%Pb:
Rgin = 0.33701% fm [16, 17] by parity-violating electron
scattering. Besides the PREx experiment, an experiment
on coherent 71° photoproduction has been carried out at
Mainz very recently and extracted Rgg, of 2°*Pb to be
0.1540.03(stat.) "0 (sys.) fm [18].

—0.03

Received 18 June 2015

parity-violating electron scattering, nuclear neutron distributions, neutron and proton form factors

DOI: 10.1088/1674-1137/40/3/034101

The nuclear neutron skins only provide a simple de-
scription of the nuclear neutron properties, because the
same root-mean-square (RMS) radius can correspond to
different density distributions. An accurate description
of the nuclear proton and neutron densities is impor-
tant because many properties of nuclei are closely related
to the surface diffuseness, such as the nuclear Coulomb
barrier and fusion of heavy-ions [19, 20]. For stable
nuclei, the extracted proton density distributions can
be described by the two-parameter Fermi (2pF) model:
pp =po/{1+exp|(r—C,)/a,)]}, where C, is the half den-
sity radius and a,, is the diffuseness parameter. In Refs.
(18, 21], C,, and a, were determined to be 6.680 fm and
0.447 fm respectively for 2**Pb. A reanalysis of the ex-
perimental data recently suggested the 2pF parameters
of proton density of 2**Pb should be C, = 6.613(40) fm
and a, =0.497(20) fm [22].

Compared with the nuclear proton densities, it is
much more difficult to measure the neutron density dis-
tributions and fewer experimental results are available.
The antiprotonic atom experiments have shown that in
208Pb the neutron density distribution is close to the
“halo-type” which is C,, = C,, and a, > a, [23, 24], where
C, and a, are the half density radius and the diffuse-
ness parameter respectively for neutron density distri-
butions. On the other hand, if C, > C, and a, = a,,
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this type of neutron density is referred to as the neutron
“skin-type” distribution. Besides the antiprotonic atom
experiments, the recent coherent pion photoproduction
experiment also indicates that the neutron distribution
of 2°8Pb has a halo character, with C,, and a,, determined
to be 6.7040.03(stat.) fm and 0.550.01(stat.) " oa(sys.)
fm, respectively [18].

Besides the experimental measurements, the param-
eters of nuclear neutron distributions are also extracted
from the mean-field calculations and the origin of the
neutron skin has been investigated theoretically in many
previous works [21, 25, 26]. It can be found that nu-
clear models with soft symmetry energies always predict
the neutron skin of 2°Pb to be close to the halo-type,
for example AC,, = —0.04 fm for HFB-8, AC,, =0.03
fm for D1S, and AC,,=0.05 fm for DD-ME2 [25]. For
mean-field interactions with stiff symmetry energies, the
models always lead to a mixed-type neutron distribution
(AC,, >0,Aa,, >0) for 2°*Pb. Though the theoretical
nuclear model can well describe many nuclear properties,
such as the binding energies and charge distributions,
there are still large uncertainties on the theoretical re-
sults of AC,, and Aa,,, which are worthy of further
research.

In this paper, we systematically investigate the neu-
tron density distribution of 2°®Pb by parity-violating
electron scattering. First, the parity-violating asymme-
tries of 2°8Pb are calculated and compared with the ex-
perimental data of PREx where the corresponding neu-
tron distributions are taken as the halo- and skin-type,
respectively. Then, the sensitivity of A,, to parame-
ters of neutron distributions is further investigated for
two types of neutron distribution. Through calculation
one can see that the parity-violating electron scattering
is more sensitive to the half density radius C,, because
the probing covers the whole nuclear volume. Further-
more, comparative studies are made on parity-violating
electron scattering for two types of neutron density dis-
tribution by investigating the corresponding form fac-
tors. From analysis with the 2pF and Helm models, it
can be found that the parity-violating asymmetries are
closely connected to the corresponding neutron and pro-
ton form factors. Small changes of different parameters
in the modeled neutron distributions can lead to very
different changes of A,,, which can be used to identify
the characteristics of nuclear neutron distributions from
PVS experiments.

The paper is organized as follows. In Sec. 2 we
present the theoretical framework of parity-violating
electron scattering off nuclei. In Sec. 3 we analyze the
numerical results. Finally, a summary is given in Sec. 4.

nps

2 Theoretical framework

In this section, the main formula of parity-violating

electron scattering is outlined. Parity-violating elec-
tron scattering (PVS) is considered to be a model-
independent method to probe the nuclear neutron prop-
erties, and was first proposed in 1989 [27]. During the
scattering process, the incident longitudinally polarized
electrons interact with nucleons by exchanging either a
photon or a Z° boson and the Z° boson couples pri-
marily to neutrons, which leads to the parity-violating
experiment being sensitive to the neutron distribution
[27]. The parity-violating asymmetry A,,, which origi-
nates from the interference between the electromagnetic
and electroweak amplitudes, is defined as the difference
between the cross sections of left and right helicity elec-
trons [10]:

~doy—do_  2Re[M;My]
" doy +do. | M2

A , (1)
where M, is the electromagnetic amplitude and My is
the electroweak amplitude.

2.1 Plane wave Born approximation

For the J, =07 target, the electromagnetic and weak
amplitudes in Eq. (1) are simply replaced by the nu-
clear charge and weak charge form factors in the plane
wave Born approximation (PWBA). The parity-violating
asymmetry A,, can be written as:

_ GFq2 ka ) ka (q) (2)
Y A2 Z-Fu(q) ’

where « is the fine structure constant and Gy = 1.16639x
107°GeV~? is the Fermi constant. Q. is the weak-
charge number of the nucleus which can be obtained by
Qui =90 Z +giN (g0 ~ 0.0712, g7 ~ —0.9877). Fl(q)
and Fy,(q) are the weak-charge and charge form factors,
respectively, which contain the detailed information of
the nuclear structure:

Fala) = G @)Fy(0) + 5 Gal0) Fu(a), @
Ful)) =GE(a) | Fuo)~ 3 (1= st Fy(o)| (@)
~G30) | R~ i) - L)

where G5 (¢) and Gy(q) are the electromagnetic single-
nucleon form factors [28], sin’fy = 0.23 is the Wein-
berg angle, F,(q) and F,(q) are the form factors of
point proton and neutron density distribution, respec-
tively. Compared with Gg(g), the charge form factor
of the neutron Gp(¢q) can be neglected for small mo-
mentum transfers. Substituting Eqs. (3) into Eq. (2),
the parity-violating asymmetry A,, in PWBA can be
rewritten as:
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Gquka Fn(q) Z .2
.= — —(1—4sin“60 . 5
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Eq. (4) has a compact structure and is convenient for the
physical analysis. It connects A,, with the nuclear pro-
ton and neutron form factors in a direct way; however,
the Coulomb distortion corrections to the wave functions
of scattering electrons are not included in this formula.
For electron scattering off heavy nuclei, the Coulomb dis-
tortion effects modify the wave functions of scattering
electrons significantly and needs to be taken into account
during the calculations [29].

2.2 Phase-shift analysis method

There are multiple ways to include the Coulomb dis-
tortion effects of heavy nuclei during the studies of PVS
and the phase-shift analysis method is one of the con-
venient methods. It is also referred to as the distorted
wave Born approximation (DWBA). For the phase-shift
analysis method, the Coulomb distortion effects are in-
cluded in Eq. (1) by solving the Dirac equation of the left
and right helicity electrons with the phase-shift analysis
method [30]:

[& P+ ﬁme—l—f/(r)} v=Ev. (6)

The total potential V (r) in Eq. (6) consists of two parts,
the vector Coulomb potential V' (r) and axial vector weak
potential A(r):

V(r)=Va(r)+7A(r). (7)

The solution of the Dirac equation Eq. (6) can be decom-
posed into different partial waves with definite orbital
angular momentum and spin orientation. The cross sec-
tions of different helicity electrons can be calculated as
follows:

SO 1O +lgO)P, 0

where the direct scattering amplitude f(6) and spin-
flip scattering amplitude g(#) can be determined by the
phase shifts of different partial waves:

7(6) =5 S [+ 1@ 1)+ (02 ~1)] Pi(eost),
1 & 2i87 2is+ 1
9(0) = 57 > [ = | Pl(cost), (9)

with P, and P! denoting the Legendre and associated
Legendre function. By solving the Dirac Eq. (6) with
the phase-shift analysis method, the cross sections of
different helicity electrons o, can be accurately calcu-
lated. Substituting o4 into Eq. (1), the parity-violating

asymmetry A,, can be obtained. The Coulomb distor-
tion corrections are taken into account by including the
Coulomb potential in Eq. (7) during the solution of Dirac
equation Eq. (6).

3 Numerical results and analysis

As already mentioned in the introduction, the neu-
tron density distribution of 2°®Pb displays a halo char-
acter in both the antiprotonic atom experiments [23, 24]
and the coherent pion photoproduction experiment [18].
It is known to us that parity-violating electron scattering
is also an effective method to probe the nuclear neutron
properties. Therefore, in this section, parity-violating
electron scattering off 2°®Pb is studied with the formulas
of Sec. 2.

3.1 A,, at kinematics of PREx

Firstly, the parity-violating asymmetries A, of 2°*Pb
at the kinematics of PREx are calculated with the phase-
shift analysis method and the results are compared with
the experimental data in Fig. 1. During the investiga-
tion, the 2pF proton density in Ref. [22] (C, =6.613(40)
fm and a, = 0.497(20) fm) is used. For nuclear neu-
tron density, two types of distributions are taken: (a)
neutron halo-type distribution C, = C,, a, > a,; (b)
neutron skin-type distribution C, > Cj,, a, = a,. The
neutron skin thickness of 2°*Pb is taken to be 0.33 fm,
which is the experimental result of PREx. Besides, the
theoretical A, for the extreme neutron density distri-
bution (AC,, =0 and Aa,, = 0) is also calculated and
presented in Fig. 1 as a control. One can see that there
are significant deviations between the experimental data
and theoretical A, from the extreme neutron distribu-
tion (AC,, =0 and Aa,, =0).

1.2
—-—--halo type; Ry;,=0.33 fm
— skin type; Ryi,=0.33 fm
LOL - - - Ac,;=0, Ag,;=0; Ry, =0 fm
® Expt.
£
& 08F
z
<
0.6
ZOXPb
- E=1.06 GeV
0.4 : : :
4 5 6 7
0/(°)
Fig. 1. (color online) Ay, of 2°®Pb for different

types of neutron distributions at the kinematics
of PREx. The blue square is the experimental
Apv of PREx.
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If we suppose that R, =0.33 fm and neutron den-
sity distribution has a skin character (AC,, > 0 and
Aa,, = 0), the theoretical result coincides with the ex-
perimental data very well in Fig. 1. Assuming that
Rgin = 0.33 fm and R, is only due to the increase of
neutron surface diffuseness (AC,, =0 and Aa,, > 0), the
theoretical A, is also compatible with the experimental
data of PREx within one standard deviation. From the
previous theoretical analysis, the nuclear models with
soft symmetry energies always predict the neutron skin
of 2°8Pb close to the halo-type and the mean-field in-
teractions with stiff symmetry energies always lead to a
mixed-type neutron distribution (AC,, > 0,Aa,, > 0)
for 2°!Pb [25]. It can be seen in Fig. 2 that the char-
acter of the neutron skin of 2°®Pb cannot be determined
from the PVS experiment at present, because there is
only one experimental measurement and the error bar is
large. Now, a second measurement of ?°*Pb called PREx-
IT is in progress whose proposed error is one third of the
present value [31, 32]. From the results of the new exper-
iment, our understanding of the neutron distribution will
be further improved. From Fig. 1, one can also find that
the A, is sensitive to the changes of half density radius
C, rather than the surface diffuseness a,. The sensitiv-
ities of A, to parameters of neutron distributions are
further discussed in the following sections.

3.2 Statistical errors for measuring C, and a, in
PVS experiments

Studying the extraction of neutron density distribu-
tions from the experiments, it is important for the the-
oretical evaluations coming with estimations of corre-
sponding theoretical uncertainties [26, 33, 34]. For PVS
experiments, two measurements at different momentum
transfers are needed to constrain the parameters of den-
sity distributions, if the neutron densities are described
by the 2pF model [13, 14]. In this part, the statistical er-
rors for measuring half density radius C, and diffuseness
parameter a, in PVS experiments are contrasted with

10°

103E

10'g

statistical errors

skin-type

1 3 5 7 9 11
6/ (°)
Fig. 2.

each other for two types of neutron distributions.

With the R, of nuclei fixed by an earlier PVS mea-
surement, the statistical errors for measuring parameters
C, and a, can be calculated with the formula [13]:

AX 1

X VN ApPex’ (10)
where X represents the half density radius C, or the dif-
fuseness parameter a,. P is the beam polarization and
Nt is the total number of electrons detected during a
running time 7' [31]. ex in Eq. (10) is the sensitivity of
A,, to parameter X, which is defined as:

Cdlnd,, X dA,

XTAmx AL dx

(11)

pVvV

Statistical errors for measuring C, and a, of 2pF
neutron distributions of 2°*Pb are investigated with Egs.
(10) and (11) at the kinematics of PREx and the results
are presented in Fig. 2. It can be seen from this figure
that the statistical errors for measuring C, in PVS ex-
periments are much smaller than those for measuring a,,.
This is because the measurements of PVS experiments
cover the whole nuclear volume. The overall neutron dis-
tributions of nuclei have a much greater impact on PVS
than those in the periphery of the nuclei, which makes
the PVS experiments more sensitive to the half density
radius C,, than the surface diffuseness a,,.

It can also be seen in the two panels of Fig. 2 that
the statistical errors for measuring C,, and a, have simi-
lar variation trends with the scattering angle. No matter
which type the neutron distribution is, the statistical er-
rors for measuring C,, and a,, of 2°°Pb are relatively small
at the scattering angles 5° and 8°. The measurement at
5° has been carried out at PREx and R, of 2°6Pb is
extracted according to its experimental data. If a further
PVS measurement is carried out at 8°, the parameter C,
of 2pF neutron distribution of 2°® Pb can be determined

10°
— AC/C,
3 ---- Aaj/a,
§ ol
2 10
)
3 L
halo-type
10! 1 1 1 1 1

1 3 5 7 9 11
6/

Statistical errors of PVS experiments for measuring C,, and an of 2°® Pb in 30 days at the kinematics of PREx.

The neutron distributions in the left and right panels are assumed to be the skin- and halo-type, respectively.
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with relatively small statistical errors. Combining with
other experiments which are sensitive to the surface dif-
fuseness a,, detailed information on the nuclear neutron
distributions can be extracted.

3.3 Contrast analysis on PVS using the 2pF and
Helm model

From the previous discussion, one can find that the
parity-violating electron scattering is sensitive to the nu-
clear neutron distributions. In this part further compar-
ative studies are made on parity-violating electron scat-
tering for halo- and skin-types of neutron density distri-
butions. In this way, the influences of different parame-
ters in modeled neutron distributions on parity-violating
electron scattering can be analyzed. Different modeled
neutron density distributions are taken into considera-
tion during the investigations. It is useful for us to study
electron scattering with some modeled density distribu-
tions because the parameters in modeled densities are
closely related to the nuclear density distributions in the
bulk and surface regions [35, 36].

Firstly, we assume that the proton and neutron den-
sities of 2°®Pb are the 2pF profiles and investigate the
parity-violating electron scattering for halo- and skin-
type neutron distributions, respectively. The results are
presented in Fig. 3. During the calculation, the neutron
skin thickness of 2°®Pb is taken to be Ry, = 0.33 fm
and the 2pF proton density distribution in Ref. [22] is
used. From Fig. 3(a), one can see that for the halo-type
neutron distribution, A,, increases moderately with the
scattering angle; however for the skin-type one, A,, has
a much larger amplitude. There are significant differ-
ences between the parity-violating asymmetries A, for
two types of neutron density distribution, even in the
range of small scattering angles in Fig. 1. These dif-
ferences can be used to identify the characteristics of
nuclear neutron distribution by the PVS experiments.

The differences for the two types of neutron distri-
butions in Fig. 3(a) can be interpreted with the PWBA
method. In Eq. (4), when the zero points of neutron and
proton form factors are located at different positions, the
amplitudes of A,, will be infinite. Taking into account
the Coulomb distortions during the calculation, the val-
ues of A, are finite. In Fig. 3(b) and Fig. 3(c) we
present the corresponding neutron and proton form fac-
tors for two types of neutron distribution. One can see
that for the skin-type neutron density distribution, the
minima of F,(q) and F,(q) are located at different mo-
mentum transfers. For the halo-type one, the minima of
F.(¢) and F,(q) are located at almost the same positions
but the values of F,(q) are smaller than those of F,(q).
Substituting F,(¢) and F,(q) into Eq. (4), the differences
of A,, between halo- and skin-type neutron distributions
can be interpreted with the PWBA method.

30 -
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20t ---- halo type
g B Expt.
E w .
S P>/ SR N Sk
< 0
-10
101 ™ proton
P AN - - -- neutron
. 1073 f \ Y AR -
§ [ Y \\ \\ “z
SERCH B ? VANV
= 3 y ' \
7 v Y] v
07 ! )
\
10~ f skin type E
10"y N — proton
o 1 N
> 10°F A\ N - - -- neutron
S 0 N
10§ ‘\ ‘\ N [T
1 [ B N/ ---
107 : (©) v g )
10~ | halo type '3
0.5 1.0 1.5 2.0 2.5
g/fm™
Fig. 3. (color online) Contrast analysis of PVS

with the 2pF model. (a) Apy of 2°®Pb for halo-
and skin-type neutron distributions at the kine-
matics of PREx. (b) form factors for the skin-
type neutron distribution. (c¢) form factors for
the halo-type neutron distribution.

Besides the 2pF model, parity-violating electron scat-
tering off nuclei are also investigated with the Helm
model for its good analytical properties. The Helm
model density distribution is defined as the convolution
of a constant density po in a hard sphere of radius R,
(the diffraction radius) with a Gaussian distribution of
variance o2 [37]:

p(r) = [ A fu(F =)0 o). (12)

where fq(r) = (2r0?)~3/?e=7*/2°" | The form factors of
Helm model distributions can be obtained analytically:

F(q) = i aRa)e ", (13
where j, () is the spherical Bessel function. The diffrac-
tion radius Ry in Eq. (12) characterizes the size of the
density distribution and the diffuseness parameter o de-
scribes the thickness of the surface. For the Helm model
proton density of 2*®Pb, we extract Ro, = 6.797 fm and
0, =0.913 fm from the experimental charge density dis-
tribution.

In the Helm model, one can also define the neutron
skin-type distribution: Ry, > Ry, 0n =0, and the neu-
tron halo-type distribution: Ry, = Rop, 0n > 0,. The
parity-violating asymmetries of 2°®Pb for two types of
neutron distributions in Helm models are calculated and
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presented in Fig. 4(a). Similar to Fig. 3, the ampli-
tudes of A, for the skin-type neutron distribution are
much larger than those for the halo-type one. F}(¢) and
F,(q) for the Helm model density profiles of 2°Pb are
also calculated by Eq. (13) and presented in Fig. 4(b)
and Fig. 4(c). In Eq. (13), the positions of minima
of form factors are determined by the diffraction radius
Ry and the attenuation of form factors are determined
by the diffuseness parameter o. It can be seen again in
the Helm models that the distances between the minima
of F,(g) and F,(q) correspond to the amplitudes of A,.
For halo-type neutron distributions, the minima of F,(q)
and F,(q) are at the same positions but F,(gq) falls much
more rapidly than F,(g), which leads to the very small
A

pv:

30

— skin type
o 20 ---- halo type
E 10 B Expt.
s
& O b———— T M)
-10t @
1 proton
10 : - - - -neutron
. 1
= 104}
= r
= i !
107f ®) \
I skin type
100 = -
—— proton
102 - - - - neutron
S
= 10°
Vs S
\ N
100§ (0) ' ‘\
1014 halo type . . . [ “\\
0.0 0.5 1.0 1.5 2.0
g/fm™
Fig. 4. (color online) Contrast analysis of PVS

with the Helm model. (a) Apy of 2°*Pb for halo-
and skin-type neutron distributions at the kine-
matics of PREx. (b) form factors for the skin-
type neutron distribution. (c) form factors for
the halo-type one.

Combining the analysis of Figs. 3 and 4, it can be
found that in the modeled density profiles, the half den-
sity radii affect the positions of minima of the form fac-
tors while the diffuseness parameters affect the attenu-
ation degree of the form factors. Because A, of nuclei

are closely linked with the nuclear form factors, the small
variation of different parameters in the modeled neutron
distributions can lead to very different changes of A, .
This can be used to identify the characteristics of nuclear
neutron distributions from PVS experiments.

4 Summary

In this paper, the parity-violating electron scattering
of 2%8Pb for halo- and skin-type neutron density distri-
butions is systematically investigated. The theoretical
results are compared with experimental data of PREx.
One can see that A, for two types of neutron distri-
bution are all compatible with the experimental data of
PREx within one standard deviation. In order to ex-
tract the nuclear neutron distributions, further measure-
ments with smaller error bars are needed. Besides, there
are significant differences between the results of the two
types of neutron distribution, which means that parity-
violating electron scattering is sensitive to the neutron
distribution.

The statistical errors for measuring C,, and a,, are fur-
ther investigated for two types of neutron distribution.
It is found that the statistical errors for measuring C,, are
smaller than those of a,. This is due to the probing of
electron scattering experiments covers the whole nuclear
volume, which is an advantage of electron scattering. By
parity-violating electron scattering, the diffraction radii
of neutron distributions can be determined with a rela-
tively small statistical error. Combining with other ex-
periments which are sensitive to the nuclear surface dif-
fuseness, detailed information on nuclear neutron density
distributions can be extracted.

Comparative studies are also made on parity-
violating electron scattering for two types of neutron
density distribution by investigating the corresponding
form factors. From analysis with the 2pF and Helm mod-
els, one can see that the diffraction radii determine the
positions of the minima of form factors while the diffuse-
ness parameters determine the attenuation of the form
factors. The A, of nuclei are closely linked with the
nuclear form factors and influenced to a large extent by
the parameters of the modeled nuclear densities. Small
changes of different parameters of neutron distributions
can lead to large changes of A,, and this allows PVS
experiments to be used to identify the type of nuclear
neutron distribution in stable long-lived nuclei.
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