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Charge density distributions and charge form factors of the N = 82 and N = 126 isotonic nuclei
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Charge form factors for N = 82 and N = 126 isotonic nuclei are calculated with the relativistic eikonal
approximation, in which the charge density distributions are from the relativistic mean-field theory. The variations
of charge form factors with proton number are discussed in detail. It is found that the most sensitive parts of
the charge form factors are those around the minimums and maximums. For an increasing proton number, the
charge form factors near the extrema have an upward shift. As the protons increase and occupy a new shell, the
minimums and maximums of the charge form factors could also have a significant inward shift. The results can
be useful for the study of behaviors of valence-proton wave functions for such nuclei as can be considered as a
core plus proton(s), and thus the proton-halo phenomenon. In addition, the results can also be useful for future
electron-unstable nucleus scattering experiments and provide tests of the reliability of the relativistic mean-field

theory for the unstable nuclei.
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I. INTRODUCTION

Most of our knowledge of nuclear physics is obtained
from the study of stable nuclei on and near the stability line.
Recently, the development of radioactive-isotope- (RI-) beam
techniques [1-3] has opened a new field for the study of
unstable nuclei far from the stability line. As a result, our
knowledge of nuclear physics has also been extended from
stable nuclei to unstable ones. Experiments with RI beams
[4-16] have already shown that the properties of unstable
nuclei are quite different from those of stable ones [17-32].
Therefore it is very interesting to investigate the properties of
unstable nuclei theoretically with reliable theories or models.
The results will provide references for future experiments as
well as tests of reliability of the well-established nuclear theory
for unstable nuclei.

Nuclear charge density distribution is one of the basic quan-
tities to describe the nuclear properties. The charge densities
can give us much detailed information on the internal structure
of nuclei since they are directly related to the wave functions
of protons, which are of key importance for many calculations
in nuclear physics. Electron-nucleus scattering is known to
be one of the powerful tools for investigating nuclear charge
density distributions. Charge density distributions for stable
nuclei have been well studied with this method [33-38]. For
unstable nuclei, although studies of electron scattering have not
been realized so far, nuclear physicists have already planned
to explore the structures of unstable nuclei with electron-
nucleus scattering. Based on the new techniques for producing
high-quality RI beams, new electron-nucleus colliders are now
under construction at RIKEN in Japan [39,40] and at GSI in
Germany [41,42]. One of the main subjects of the new colliders
is the measurement of charge form factors for unstable nuclei.
Therefore it is expected that information on the charge density
distributions of unstable nuclei will soon be available.
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In parallel with the experimental projects, it is then clear that
theoretical studies on electron scattering from unstable nuclei
also need to be made. We note that some research on this topic
has already been made. To find out if the charge distributions
for unstable nuclei can be measured by electron—RI-beam
scattering, T. Suda [40] studied the sensitivity of the charge
form factor to a change of charge distribution in terms of the
two-parameter Fermi model. He found that both the minimums
and maximums of the charge form factors were very sensitive
to a change in the size and diffuseness parameters. Some
other important studies on this topic have also been made
by Moya de Guerra et al. [43] with charge densities from
nonrelativistic Hartree-Fock calculations with Skyrme forces
and by A. N. Antonov et al. [44,45] with phenomenological
charge densities. In addition, we have also made contributions
to this aspect. We investigated the sensitivity of charge form
factors to the extended charge distributions of light exotic
proton-rich nuclei [46] and the variations of the charge
form factors with neutron number for medium-heavy and
heavy isotopic chains [47] in the relativistic frame by using
the relativistic eikonal approximation (REA) associated with
the relativistic mean-field (RMF) model. These studies have
shown that the isotopic shifts of the charge form factor,
i.e., the effect of different neutron numbers on the proton
density distribution, can be measured by the electron—RI-beam
experiments. Studies of charge form factors on isotopic chains
can reveal the effect of neutrons on the distribution of protons.
This effect is especially important for the unstable nuclei in the
neutron-rich region. Therefore this research is of course very
important to our understanding of nuclear properties, whereas
if we want to know the details of wave function of a certain
shell or shells, it would be better to explore the variation of
charge form factors with the proton number along isotonic
chains. This is because the proton density distributions are
a sum of the proton wave functions squared. Therefore the
difference of the charge density distributions of two isotonic
nuclei will certainly reveal the behavior of the proton wave
functions of a certain shell. Thus it would be of great interest to
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make theoretical and experimental studies on elastic electron
scattering from isotonic nuclei. In addition, we have found
few calculations and discussions of electron scattering along
isotonic chains so far. Therefore, in this paper, we attempt to
calculate the charge form factors for some specially chosen
isotonic chains and analyze the variations of charge form
factors with the proton number. The N = 82 and N = 126
isotonic chains are two appropriate isotonic chains. First, the
neutron numbers are magic numbers. Second, on these two
isotonic chains, there are stable nuclei as well as unstable
ones. The isotones '3°Xe, 13Ba, 40Ce, and **Sm on the
N = 82 chain and ?*°Hg, 2®®Pb on the N = 126 chain are
stable nuclei, and, in particular, 13384 and '4°Ce are highly
abundant in nature. Therefore the electron-scattering experi-
ment on these stable isotones can be easily carried out under
the present experimental conditions, and the results can be
used as references for the possible electron-nucleus colliding
experiment on the other unstable isotones on these two isotonic
chains. In addition, although 210pg on the N = 126 chain is
an unstable nucleus, it has a very long half-life, 7}/, = 138
days and it can be produced from the natural o-decay chain
starting from 23 U. Therefore it is possible to do an electron-
scattering experiment on 2'°Po with the help of natural
radioactivity. Thus, from this point of view, theoretical investi-
gations on these two isotonic chains will be very interesting.
In our previous papers, [46,47], we successfully combined
the REA with the RMF model for elastic electron-nucleus
scattering. We systematically tested this method (REA+RMF)
for nuclei in the light-mass region [46,47]. For the medium-
heavy and heavy regions, we tested this method with “°Ca,
58N, and 298Pb. It has been found that the method is very
stable and reliable. To ensure the reliability of the calculations
in this paper, we further tested it with '°Sn and 2°*Pb for the
TM1 parameter set, which is used in the present work. We
calculated the cross sections for '?*Sn (we plotted the cross
sections and absolute values of the form factors and compared
them with Fig. 1 of Ref. [48] and Fig. 1 of Ref. [49]; the
results are not given here) and 2%®Pb (see Fig. 6 in the next
section; the filled circles are experimental cross sections and
the dashed curves are the calculated ones, and the plots are
multiplied by 100 for clarity) and compared the results with
the experimental ones [48—50]. It was found that the calculated
cross sections were in good agreement with the experimental
ones. Therefore, in this paper, we further use this method
to calculate the charge form factors for the above-mentioned
isotonic chains and analyze the variations of the charge form
factors with the proton number. It is expected that the results
can be useful for possible future experiments and will also
provide new tests of the RMF theory for the unstable nuclei.

II. CALCULATIONS AND DISCUSSIONS

To begin, we give a short review of the method developed
in Refs. [46,47,51]. The REA method is for the high-energy
electron scattering. From the Dirac equation for a particle
moving in a scalar potential V (r),

(@-p+Bm — E)Y(r) = -VE)y(r), ey
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the elastic differential cross section o for a charged particle
can be derived [51]:

1 R .
o = cos’ (59) | — ik/ Jolgb)[e**® — 1bdb — ik
0

X / Jo(gb)[e®*® — 11 db]2, %)
R

where E and m are the energy and mass of the incident particles,
respectively; « and § are the Dirac matrices; 6 is the scattering
angle; and Jp is the Bessel function. x(b) is the phase-shift
function that can be expressed as

—ozZln(%),

x(b) = , X ;
—Zalog(%) —4ma [, rPp(r)y(2)dr, b<R

©)

where b is the impact parameter and R is the cutoff radius of
the charge density distribution.

From Eq. (3), it is clear that the differential cross sections
are directly related to the nuclear charge density distribution.
In this work, the nuclear charge density distributions are
generated by use of the reliable and widely used RMF
model. After the differential cross sections are obtained, we
can calculate the charge form factors F(q) by dividing the
differential cross sections with the Mott cross section o;:

b>R

, ©
[F(g)” = —, 4)
om
where
a*(hc)* cos® §
oy=——-=. 5
M 4FE? sin* % )

Since we are dealing with high-energy electron scattering
off heavy nuclei, the Coulomb attraction felt by the electrons
must be taken into account. We do this with the standard
method in electron scattering, that is, we replace the momen-
tum transfer ¢ with the effective momentum transfer,

_ 1+3th ©)
qeff = 4 2ER )’

in our calculation, where Ry = 1.07 A'/? and A is the mass
number of the nucleus.

The RMF model originally developed from the pioneering
work by Walecka [52,53] and now has become the standard
theory in describing nuclear matter and nuclear properties.
Recently, this model has been extensively used to describe the
properties of the ground and the low excited states for both
stable nuclei and for unstable ones. Detailed reviews have
been given by Serot and Walecka [54]. The details for the
RMF model can also be found in many other articles such
as [55-62]. We do not discuss them here.

With the method described above, we can calculate the cross
sections and charge form factors forthe N = 82 and N = 126
isotonic chains. In the calculation of the charge form factors,
we obtain the charge densities here by folding the point proton
densities with the proton charge density distribution [63]:

3

pp(r) = 8Q—ﬂe—Q’, ™

014610-2



CHARGE DENSITY DISTRIBUTIONS AND CHARGE . ..

TABLE I. The RMF results with the TM1 parameter set and the
corresponding experimental values for the N = 82 isotonic nuclei.

Nuclide Z E/A E/A(expt) R R(expt)
MeV) (MeV) (fm) (fm)
1328n 50 8.343 8.355 4.739
134Te 52 8.389 8.383 4.783
136Xe 54 8.416 8.396 4.824 4.800
138Ba 56 8.434 8.393 4.862 4.839
140Ce 58 8.434 8.376 4.899 4.880
144Sm 62 8.338 8.303 4.965 4.976
146Gd 64 8.270 8.250 4.996
Dy 66 8.164 8.181 5.037

where Q% = 18.29fm? = 0.71 GeV 2(fic = 0.197 GeV fm =
1). The corresponding rms charge radius of the proton is r, =
0.81 fm.

We first produce the charge density distributions by using
the RMF model. Since we are now dealing with medium-heavy
and heavy nuclei, we use the TM1 force parameter set [60],
which was put forward especially for heavy nuclei to carry
out the RMF calculations. The RMF results are presented in
Table I, Table II, and Figs. 1 and 2.

In Tables I and II, we list the theoretical average binding
energies, rms charge radii, and the corresponding experimental
results [38,64]. For the results of the N = 82 isotonic chain
listed in Table I, the theoretical average binding energies
are, at most, only 0.70% off the experimental ones. The
deviation between the calculated rms charge radii and the
experimental ones is less than 0.025 fm. For the results of
the N = 126 isotonic chain in Table II, the deviations between
the theoretical average binding energies and the experimental
ones are less than 1.02%, and those between the calculated
rms charge radii and the experimental ones are less than
0.04 fm. These indicate that the RMF results with the TM1
force parameter set are in good agreement with experiments.

In Figs. 1 and 2, we present the variations of the charge
density distributions for the two isotonic chains. From Fig. 1
we note that, for the nuclei '32Sn, 3*Te, 3°Xe, 13®Ba, and
140Ce, the inner parts of the charge density distributions tend
to become lower as the proton number increases, while the
outer parts of the charge density distributions show a reverse
trend. Also, there appear to be two peaks in the charge density
distributions, which implies that there are shell structures in

TABLE II. The RMF results with the TM1 parameter set and the
corresponding experimental values for the N = 126 isotonic nuclei.

Nuclide V4 E/A E / A(expt) R R(expt)
MeV) MeV) (fm) (fm)

206Hg 80 7.873 7.869 5.518

208pp 82 7.874 7.867 5.543 5.503

210pg 84 7.849 7.834 5.575

2I2Rn 86 7.821 7.795 5.606

2l4Ra 88 7.790 7.749 5.636

216Th 90 7.756 7.698 5.666

218y 92 7.719 7.641 5.695
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FIG. 1. Variation of charge density distributions for the N = 82
isotonic nuclei calculated with the RMF model.

the charge distributions for these nuclei, whereas for '**Sm,
1%6Gd, and *8Dy the features of the charge distributions
are quite different. There is only one peak in the charge
distributions. The depression near r = 3.0 fm for 1328, 134Te,
136Xe, 138Ba, and '4°Ce is replaced with this peak. We consider
that this peak results mainly from the occupation of the
2d shell by the additional protons (relative to '4°Ce) as the
proton number increases. According to the RMF calculations,
including the pairing energy by the Bardeen-Cooper-Schrieffer
(BCS) treatment, the level sequence of the subshells in the
sixth main shell is 1g7/2, 2ds/2, 1h112, 2d3/2, 351 2. Therefore,
for '**Sm and '%°Gd, the additional protons (relative to '“°Ce)
mainly occupy the 2ds), level. For Dy, the two outermost
protons also mainly fill the 14/, shell. However, according
to our calculations, the energy gap between the 1411/, shell
and the 2d;,, shell is very small, just 0.208 MeV. Thus the
two outermost protons of 8Dy can also have quite a large
probability on the 2d3, level. Accordingly, we conclude that
the additional protons (relative to 140Ce) of 144Sm, 146Gd, and
148Dy are mainly on the 2d shell. On the other hand, we plotted
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FIG. 2. Variation of charge density distributions for the N = 126
isotonic nuclei calculated with the RMF model.
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the wave functions squared for the protons on the 2ds;, and
2d3;, shells. It was found that the wave functions squared
peak at » &~ 3 fm. Thus it is the occupation of the 2d shell
and the properties of the wave functions of this shell that have
resulted in the peaks around r = 3.0 fm in the charge density
distributions of '*Sm, '%°Gd, and *3Dy.

Figure 2 shows the charge density distributions for the
N = 126 isotonic nuclei *°Hg, 2%*Pb, 2!°Po, 2!?Rn, 2!9Th,
and 2'8U. Tt can be seen that, for the region r > 4.0 fm, the
charge density distributions tend to become higher and the
peak near r = 6.0 fm appears more prominent as the proton
number increases. For the region r < 2.50 fm, there is a great
difference in the charge density distributions between 2°°Hg
and the other isotonic nuclei. There is a depression around the
origin in the charge density distribution of 2°°Hg, whereas for
the other nuclei, the depression is replaced with a peak. This
difference can be accounted for by the shell model. For 2°Hg,
the last two protons are mainly in the 2d3/, state. However,
as more protons are added, the 351/, shell is also occupied
and consequently the charge densities around the origin are
driven up.

Taking these charge density distributions as inputs, we can
further calculate the corresponding charge form factors and
cross sections and study their variations with proton number.
Figure 3 is the variation of the charge form factors with
proton number for the N = 82 isotonic chain. In Table III,
a more precise quantitative analysis is given of the diffuseness
parameters of the charge density distributions, the shifts of
minimums, and the form factor differences at g = 1.700
and 2.302 fm~! for 132Sn, 13*Te, 13Xe, 13¥Ba, and *Ce.
It is seen from Fig. 3 that the curves of the charge form
factors can be roughly divided into two groups. One group
includes those of 132Sn, 13*Te, 13¢Xe, 3¥Ba, and '“°Ce. The
other one consists of '**Sm, %°Gd, and '*¥Dy. This can also
be seen both from the relative shifts listed in the fifth and
sixth columns and from the form factor differences listed in
the last four columns of Table III, since the shifts and the
differences of the charge form factors of '“*Sm '“°Gd and
8Dy have abrupt increases compared with those of '32Sn,
134me 136Xe 138Ba and '4°Ce. For the first group of nuclei,
the charge form factors appear to be almost the same except
for an increase in magnitude of the charge form factors near
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FIG. 3. Variation of the charge form factors with proton number
for the N = 82 isotonic nuclei (Z = 50-66).

the minimums and maximums. This shows that the shapes
of the charge density distributions of these nuclei are not
particularly different except near the surface. This agrees with
the charge density distributions shown in Fig. 1. The reason
is that, although the proton numbers of these nuclei are not
the same, their last protons are all mainly in the same shell,
i.e., the 1g shell. This indicates that, for isotonic nuclei, the
shape of the charge density distribution will not be much
disturbed when more protons are added to the same shell.
For the second group, one can see from Fig. 3 that there is
a significant difference in the form factors between these and
the first group of nuclei. It is clear from Table III that the shifts
of the third and the fourth minimums and the form factor
differences both have abrupt increases compared with those
of the first group. This inward and upward shift must be from
the difference of the charge density distributions between the
two groups of nuclei, since the charge form factors are directly
related to the charge density distributions. That is, the change
of the charge density distributions caused by the occupation of

TABLE III. The rms radii (R) and diffuseness parameters (a) given by the RMF model. The inward shifts of the second (Ageg), the third
(Aqefrz), and the fourth (Agesr3) minimums of the form factors or cross sections relative to those of '32Sn and the form factor differences at

Geit = 1.700 and 2.302 fm~! predicted by the REA method.

Nuclide R a Adest1 Ader Agefr3 Gefr = 1.700 fm ~! Gefr = 2.302fm !

(fm)  (fm)  (fm)  (@mH)  (fm) |Fq)P AIF(q)P |Fq)P AIF(q)P
1328n 4.739 0.468 0.0 0.0 0.0 0.173 x 1073 0.0 0.125 x 107
134Te 4.783 0.465 0.008 0.011 0.013 0.173 x 1073 0.000 x 103 0.121 x 107* 0.0
136Xe 4.824 0.463 0.026 0.016 0.036 0.172 x 1073 0.001 x 1073 0.116 x 107*  0.005 x 10~
138Ba 4.862 0.460 0.050 0.030 0.064 0.170 x 1073 0.003 x 1073 0.114 x 107*  0.007 x 10~*
140Ce 4.899 0.459 0.055 0.035 0.092 0.168 x 1073 0.005 x 103 0.113x 107*  0.008 x 10~
144Sm 4.965 0.483 0.064 0.104 0.107 0.702 x 10~ 0.103 x 1073 0.524 x 107 0.069 x 10~
146Gd 4.996 0.494 0.069 0.137 0.135 0.440 x 10~* 0.129 x 1073 0.478 x 10> 0.073 x 10~*
Dy 5.037 0.507 0.069 0.161 0.201 0.230 x 10~ 0.150 x 103 0.308 x 10~ 0.090 x 10~
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FIG. 4. Variation of the differential cross sections with proton
number for the N = 82 isotonic nuclei (Z = 50-66).

the 2d shell is revealed by the inward and upward shift of the
charge form factors. The large inward and upward shifts show
that the charge form factor is very sensitive to the occupation
of a new shell by protons. The largest shifts occur within
the range of momentum transfer 1.25 fm ™' < ger <2.75fm™".
This indicates that the charge form factors within that range
of momentum transfer are the most sensitive to a change in
proton number. Thus, when the proton number increases and
a new shell is occupied, the change of shape of the charge
distribution resulting from the occupation of a new proton
shell may be observed through electron scattering. Figure 4 is
the differential cross sections for these nuclei. One can find
that the variational behaviors of the differential cross sections
are the same as those of the form factors, and thus the same
results and conclusion can be obtained through the analysis of
the cross sections.

In Figs. 5 and 6, we show the variation of the charge
form factors and cross sections for the N = 126 isotonic
nuclei. It is seen from Fig. 5 that, different from the N = 82
isotonic chain, the charge form factors do not show noticeable
inward (or outward) shifts as the proton number changes.
The apparent changes of the charge form factors with proton
number occur around only the minimums and maximums. This
implies that only the charge form factors near the minimums
and maximums (or the inflexions) are sensitive to a change in
proton number for the heavy isotones. When the proton number
increases, the charge form factors near the minimums and
maximums both have an increase in magnitude, and the min-
imums and maximums gradually tend to become inflexions.
The quantitative increases in magnitude of the cross sections
at g = 1.660 fm ~! (the position of the third minimum) and
2.190 fm~! (the position of the fourth minimum) are listed in
Table IV, where o; and o, are the magnitudes of the
cross sections at ger = 1.660 and 2.190 fm~!, respectively,
and Ao; and Ao are the magnitude increases relative to
those of 2Hg. For instance, the cross section of >!°Po at
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FIG. 5. Variation of the charge form factors with proton number
for the N = 126 isotonic nuclei (Z = 80-92).

Gefr = 1.660fm ~! is 6.363 x 10~* mb and the increase is
1.773 x 107* mb. The increase of the cross section is at
least 10 times as large as the experimental errors under the
present experimental conditions for stable nuclei [65,66]. This
result shows that the charge form factors near the minimums
and maximums (or the inflexions) are sensitive to a change
in proton number for the heavy isotones; furthermore, the
sensitivity may be used to investigate the change of the shape
of charge distribution for heavy isotones. There is also another
important item to which we should pay attention. As mentioned
above, the charge densities near the origin between 2*°Hg and
other isotonic nuclei are quite different (see Fig. 2), whereas
from Fig. 5 we cannot find much difference in the charge form

) o “Pb(Expt
®  ®PpbX100 206,_5 PY
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E R 2200
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E ¥
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FIG. 6. Variation of the differential cross sections with proton
number for the N = 126 isotonic nuclei (Z = 80-92).
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TABLEIV. The rmsradii (R), diffuseness parameters (a) given by the RMF model, and the increases of the cross sections at g = 1.660 fm !
(the position of the third minimum) and 2.190 fm~' (the position of the fourth minimum) predicted by the REA method.

Nuclide R a o] Ao o Aoy
(fm) (fm) (mb) (mb) (mb) (mb)
206Hg 5.518 0.485 4.590 x 107* 0.0 1.451 x 1073 0.0
208pp 5.543 0.490 5392 x 107 0.802 x 10~* 1.661 x 1073 0.210 x 1073
210pg 5.575 0.486 6.363 x 10~ 1.773 x 10~ 1.960 x 1073 0.509 x 1073
212Rn 5.606 0.483 7.529 x 1074 2.939 x 107 2272 x 1073 0.821 x 1073
2l4Ra 5.636 0.473 8.775 x 10~* 4185 x 10~* 2.608 x 1073 1.157 x 1073
216Th 5.666 0.465 1.026 x 1073 5.607 x 10~ 2.920 x 1073 1.469 x 1073
28y 5.695 0.476 1.170 x 1073 7.110 x 107 3.309 x 107> 1.858 x 1073

factors, which indicate the difference in the charge density
distributions around the origin. This shows that the charge form
factors in the range of momentum transfer considered in this
paper are not sensitive to the change of charge densities near the
origin. This agrees with the conclusion given in Refs. [65,66].
This also explains why the charge densities extracted from the
present electron-nucleus scattering experiments have larger
errors near the origin than in the outer part. Therefore we
must extend the momentum transfer to a larger value in order
to reach more accurate measurements of the charge densities
near the origin for the heavy nuclei.

Thus far, we have investigated the variations of the charge
form factors with the proton number. It is very interesting to
compare the present results with the variations of the charge
form factors on isotopic chains. It is known from Refs. [43,
47] that the charge form factors have a significant outward
and downward shift as the nucleus moves along the isotopic
chains from the neutron-rich region to the neutron-deficient
region, whereas for isotonic chains, the charge form factors
show an inward and upward shift as the protons increase.
The isotopic shifts reveal the effect of the neutrons on the
density distributions of the protons, while the isotonic shifts
can reflect the influence of the changing proton number on the
shape of the proton density distributions. The isotonic shift
could be used to investigate the density distribution of the
outermost shell protons, and thus the wave functions, of the
nuclei. This is especially useful for studies of valence-proton
density distributions of such nuclei that can be considered as
a core plus one or several protons. For this kind of nuclei, the
core is considered to be very weakly disturbed by the valence
proton(s), and thus the charge distribution of the core can be
considered approximately equal to that of a free nucleus with
the same proton and neutron number. Therefore the density
distribution of the valence proton(s) could be investigated by
a comparison of the charge form factors between the nucleus
and its core. In experimental studies, one could determine the
valence-proton density distribution by measuring the isotonic
shift of the charge form factors. From this point of view, the
recently discovered proton-halo phenomenon [24] in the light-
mass region may be investigated by a study of the isotonic shift
of the charge form factors of the core-plus-proton(s) nuclei.

Finally, it is necessary to analyze to what extent, and
under which conditions, future experiments may have the
required precision to be sensitive to the shifts predicted in
this paper. It is known from Refs. [65,66] that, under the

present conditions for stable nuclei, the elastic electron-
nucleus scattering experimental data can be taken at intervals
as small as 2° of scattering angle. At an incident energy of
500 MeV, this corresponds to a momentum transfer interval of
about 0.08 fm~!. The experimental errors of the cross sections
at moderate momentum transfers are less than 5.0%. The
incident energy can be up to 700 MeV or higher, which has
extended the measurements of cross sections to a momentum
transfer of about 4 fm~'. Thus, if the nuclei considered
in this paper were stable, the shifts of '**Sm, 4°Gd, and
8Dy shown in Table III and the increases of the cross
sections of 208Pp, 210pg, 212Rp, 216Th, and 28U shown in
Table IV could be measured under the present experimental
conditions. As a matter of fact, we are now dealing with
unstable nuclei. Measurements of electron-scattering cross
sections on unstable nuclei will be more difficult. However,
as we can learn from Refs. [39-42,67,68] experiments on
electron scattering off unstable nuclei will soon be possible.
The application of a self-confining RI ion target will further
make the luminosity for electron-scattering experiments high
enough for measurements of cross sections to a sufficiently
high momentum transfer to determine the shape of the charge
distributions for the unstable nuclei. Numerical simulations
have been made on '*2Sn [67,68]. According to the simulation
parameters, the energy of the incident electrons is 500 MeV
[67] and the scattering angle intervals are A6 = 2.0° [67].
This incident energy will extend the momentum transfer up
to about 3.0 fm~! for scattering angles of 30°—80° [67]. This
covers the range of moderate momentum transfer that has been
considered in this paper. The small scattering angle intervals
will also make the intervals of momentum transfer less than
0.09 fm~!. These show that future experiments will have a
sufficiently high precision in measuring the cross sections of
electron scattering on unstable nuclei. Therefore we consider
that there are possibilities for the results given in this paper to
be observed in the future experiments.

III. SUMMARY

In summary, we have calculated the charge density distri-
butions, charge form factors, and differential cross sections
for N =82 and N = 126 isotonic nuclei. The variations of
the charge distributions and charge form factors with proton
number were investigated. It was found that the charge form
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factors and cross sections both near the minimums and near the
maximums are sensitive to the increase of the proton number.
When a new shell is occupied by protons, the charge form
factors show a significant inward and upward shift for the iso-
tonic chains considered. The isotonic shift of the charge form
factors could be used to study the behaviors of wave functions
of the outermost protons. Therefore it may also be useful
for the exploration of the proton-halo phenomenon for light
proton-rich nuclei for which the proton-halo means that the
probability distributions of the outermost protons of some
exotic proton-rich nuclei have an abnormally large rms radius
(see Refs. [23,24] and Refs. [13,15,58]). Also, the results
obtained in the present paper can be used as references for the
future electron—RI beam experiments and tests of the reliability
of the RMF model for the unstable nuclei.

Finally, we briefly discuss the expected difference between
a neutron halo and a proton halo that is due to the instability
of the system caused by an increase of the Coulomb force.
It is well known that there exists only a strong interaction
for the halo neutron in weakly bound neutron-rich nuclei.
When the nuclei are close to the neutron drip line, the last
one or two neutrons form a neutron halo when they occupy the
orbit with low angular momentum and the binding energy at
the orbit is very low. There is no Coulomb force between
halo neutrons and the core because the charge number of
neutrons is zero. Up to now neutron halos have been observed
for nuclei such as ©3He, ''Li, '""'“Be, "B, and '°C. Neutron
halos have been well studied and will be further investigated
in big laboratories [1-3,6,17,69]. However, studies on proton
halos and proton skins of light proton-rich nuclei are rare
compared with those on neutron halos. This means that there
are many new phenomena on proton halos that will be explored
by both experimental physicists and theoretical physicists. At
the moment, studies on proton halos are exploratory, and the
existence of proton halos in some light proton-rich nuclei
has been established by independent experiments in some big
laboratories. For example, both the RMF model and the shell
model predict that there are proton halos in the ground state of
26-27p and 27:28S [23,24,58]. The experiment from Michigan
State University clearly shows that there are proton halos in
26-27P by the measurement of momentum distributions [13].
The measurement of the reaction cross sections [15] also
shows that there is a proton halo in >’P. Another independent
measurement of the reaction cross section [70] confirms again
that there is a proton halo in 2’P. Because the proton halo
is a charged halo, it will provide a new opportunity and a
new challenge for future studies. In particular, the role of the
Coulomb interaction on proton halos is to be explored. We
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expect that the role of the Coulomb interaction will be dual. On
the one hand, the Coulomb interaction is a repulsive potential
and a barrier exists for a halo proton because of the common
influence of an attracting strong interaction and the repulsive
Coulomb interaction. It seems that the size of proton halo
may be confined by the barrier. Actually, the situation is much
complicated. Because the Coulomb interaction is a long-range
one, the barrier can lie in a position near 6 fm for light nuclei
and the rms radius of the halo proton can be anomalously
larger than that of the core [58]. In this case the halo proton
is in a weakly bound state such as 25/, [23,24,58]. On the
other hand, the existence of the repulsive barrier for a proton
will lead to the appearance of new quasi-stationary states near
the proton drip line because the Coulomb interaction is a
long-range potential. The new quasi-stationary states belong
to the special phenomenon of the proton-rich side, and this
does not exist for the neutron-rich side. It is well known
that there are proton emitters for proton-rich medium and
heavy nuclei. The emitters can survive with a lifetime from
107®s to 10 s, although the decay energy of the last proton
is positive. This lifetime is long enough for investigating the
nuclear properties by radioactive beams. The last proton in this
case stays in a quasi-stationary state because its single-particle
energy is positive and its value is significantly lower than
the height of the barrier (for a bound state the single-particle
energy is negative in the RMF model or in the shell model).
Although the single-particle energy is positive, the proton
can stay in the nucleus for a long time because the width
of the level is very narrow (a quasi-stationary state). These
will bring new opportunities for investigating the proton halo
by a future collider of the electron and unstable nuclei. As
these problems are still open problems, we do not pursue them
further. We believe that the field of the proton-rich side will
be a living field to be explored and future facilities at RIKEN
and at GSI can be used for this purpose. Perhaps the electron
accelerator at CEBAF can also be used for these types of
research [71].
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