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Abstract Charge radius and charge form factors of different charge density distributions for ®®He are

calculated with the relativistic Eikonal approximation. Detailed comparisons and discussions are presented.

It is found that the charge form factors curves of ®®He are much lower than the experimental ones of ‘He.

This is, in principle, consistent with the experimental fact. Whereas detailed comparison among the charge

form factors which correspond to different charge distributions show significant deviations. This indicates that

the effects of the correlations between the halo neutrons and the o-core in ®®He with different charge density

distributions are quite different. This result would provide a useful reference for the possible experiments on

the next-generation electron-nucleus collider and for the tests of different theoretical models for the exotic

nuclei $®He.
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1 Introduction

Recently, it was the first time the root-mean-
square charge radius of the exotic neutron-rich nu-
cleus ®He had been precisely measured by L. B. Wang
et al. with a model-independent Laser Spectroscopic
method". The result is 2.05440.014fm. The deter-
mination of the charge radius of ®He is of particular
interest because it can provide new information on
the nuclear structure of the lightest two-neutron-halo
nuclei. And also the measured result can be used to
test various theoretical models for the exotic nuclei
SHe. This experimental charge radius is much larger
than that of “He (1.67fm)™ *). If we assume that *He
is a system which consists of a «-core and two 1p

halo neutrons, the significant difference between the
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charge radii of *He and SHe implies a large spatial
fluctuation of the a-core motion with respect to the
center of mass and reflects the radial extent of 1p halo
neutrons. That is, the exotic nucleus He is a loosely
bound three-body system. This is in agreement with
the experimental results of nuclear reactions.

In recent years, the lightest neutron-halo nuclei
SHe and ®He have been extensively studied™ . For
light neutron-rich nuclei such as ®He and ®*He, one of
the widely used models is the few-body model. In
this model, by fitting the results of nucleus reactions
with the radioactive ion beam at the low and medium
energies, the matter density distribution, the neutron
density distribution, the proton density distribution
and the related root-mean-square (RMS) radii can be

extracted. In such a way, various results for *He and
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8He were obtained. In 1992, by analyzing *%*He+C
interaction cross sections, the two-neutron and four-
neutron removal cross sections[m], Tanihata et al. ob-

tained the proton density distributions for ®®He,
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pir) = S yme®| =2 ) |+

1Z2-2(r\’ r\°

w5 () () 1) o
where ¢=1.397fm and 0=2.045fm for °He, and
a=1.431fm and b=1.927fm for ®He. Two years later,
Zhukov et al. also obtained a result of proton density
distribution for *He and ®He with the cluster orbital

shell model approximation“l*l-‘il ,
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where N.=2, N,=0 and a=1.55 for °He, and N.=2,
N,=0 and a=1.38 for ®He. In this work, we called
densities (1) and (2) the Tanihata density and the

Zhukov density, respectively. By reviewing the results

of 5He given by Tanihata and Zhukov and comparing
them with the experimental data, we find that the re-
sults differ very much from each other. This indicates
that the reliability of the results obtained by Tani-
hata and Zhukov should be further tested with more
accurate experimental data. Therefore, we calculate
the charge radii corresponding to the Tanihata den-
sity and the Zhukov density and compare them in the
relativistic mean field (RMF) model and with the ex-
perimental data. The charge form factors of *He and
8He are further calculated in the relativistic eikonal
approximationmim and compared both with the ex-
perimental data of *He and with each other. The re-
sults will provide the tests of the theoretical models
for the exotic nuclei in possible experiments on the
next-generation electron-nucleus collider!™® 2%,

This paper is organized in the following way. In
Sect. 2, the formalism of the relativistic eikonal ap-
proximation for electron scattering and a brief intro-
duction of the RMF model are given. The numerical
results and discussions are presented in Sect. 3. A

summary is made in Sect. 4.

2 Formalism

2.1 Relativistic eikonal approximation

Eikonal approximation is a widely used method
in studying high energy scattering. The eikonal ap-
proximation for non-relativistic particles was first de-
veloped by Glauber[24], and which now is called the
Glauber model. The model was further developed for
relativistic particles by Baker in 1964. This model
is called the relativistic eikonal approximation in the
present paper. Detailed descriptions of this method
can be found in Refs. [14] and [15].

give a brief introduction.

Here, we only

The elastic differential cross section o and form

factor F'(q) in the relativistic eikonal approximation

14
can be expressed ast'

o = cos> (%6‘) |1, (q) + L(q)|?, (3)
and
F@P=--, ()

where ¢ is the momentum transfer, oy is the Mott
cross section. I;(q) and I,(q) are given by the follow-
ing integrals
R
L(@) = =ik | (@) - 1pds, (5)

0

oo

12<q>:—ikj Jo(gh)[eX® ~1]bdb,  (6)

R

where b is the impact parameter, R is the cutoff cylin-
drical radius, k = |ko|, and J, is the Bessel function.
For high energy electrons (E ~ k), x(b) can be written

(14, 24]
as

r=vbit 22 . 8)

In the region of b > R, since the charge den-
sity vanishes beyond R, V'(r) can be replaced by the
Coulomb potential and x(b) can be expressed as a

function of the cutoff radius™* ¥

(b)) = —aZIn (}%) . )

[14]

In the region of b < R, x(b) is given by

(b) = — Zalog (%) —47TaJRr2p(r)y (g) dr, (10)

b



1034 mofe W M 5 % ¥ B (HEP & NP) %314
where tons,
1+(1—2?)% 1 — (i 7 Joit
y(z)=log | —————| —(1—2?)2, (11) L =U([iv*0,—m)¥ —g¥oV¥ — g ¥y w, ¥ —
= 1 1 1
U~H ot _aM a 2452 3 _
and p(r) is the charge density distribution, which sat- oV P T 9% T T Ml T 3520
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Since we are concentrating on the high-energy 1
electron scattering off light nucleus, the recoil effect eW’YﬂA;ﬁ(l —7%)@, (16)
must be taken into account. This can be done by with
dividing the cross section by a factor
9 " = 9" w” — 9" wh, (17)
2Fsin® 3
freo: 1+W . (13) RoH — aupau_aupaﬂ, (18)
F* = 9" AY — 9" A", (19)

Also we replace the momentum transfer ¢ by the

effective momentum transfer q.q,
gz =q(1+15aZhic/(ERy)), (14)

in our calculation which takes into account the fact
that the electron is attracted by the Coulomb poten-
tial. In Eq. (14), Ry =1.07A'/3, A is the mass number
of the nucleus.

The Egs. (3) — (12) together with the corrections
(13) and (14) enable us to predict the form factor for
a given charge density distribution. In order to calcu-
late the charge form factors corresponding to the pro-
ton densities given by Tanihata and Zhukov, we must
transfer the proton density distributions into charge
density distributions by folding the former with the
The following

[25]

proton charge density distribution.
form of the proton charge form factor™ is used in

the calculation.

Fl@)=) — (15)

2

X q
=1 1 —_
+ b

where a;=0.312, a,=1.312, a3=-—0.709, a,=0.085,
b,=6.0, b,=15.02, b3=44.08 and b,=154.2.

2.2 The relativistic mean-field model

Since the RMF model is a standard theory and
the details can be found in many works[%*zg], we
only give the main elements here. The starting point
of this model is an effective Lagrange density £ for

interacting nucleons, the o, w, p mesons, and pho-

where the meson fields are denoted by o, w,,

and pf,
and their masses are denoted by m,, m., and m,,
respectively. The nucleon field and the rest mass are
denoted by ¥ and m, respectively. A, is the photon
field which is responsible for the electromagnetic in-
teraction and aw = 1/137. The effective strengths of
the coupling between the mesons and nucleons are,
respectively, ¢5, gw, and g,. ¢» and g; are the non-
linear coupling strengths of the ¢ meson. c; is the
self-coupling term of the w field. The isospin Pauli
matrices are written as 7%, with 73 being the third
component.

Under the no-sea approximation and the mean-
field approximation, a set of coupled equations for
mesons and nucleons can easily be obtained by the

(31734 This set of equations

variational principle
can be solved consistently by iterations. After a fi-
nal solution is obtained, we can calculate the bind-
ing energies, root-mean-square radii of proton, neu-
tron density distributions and single particle levels.
The details of numerical calculations are described in
Refs. [24] and [25].

The relativistic mean field (RFM) model is a
many-body theory, so it is usually considered to be
valid to the medium and heavy nuclei. When it is ap-
plied to light nuclei such as %®He, much care should
be taken. In Ref. [4], the RMF theory with the NL1
parameter set was used in studying the halo struc-

ture of ®He. It was found that the result is in good
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agreement with the ones from the other models. We
also employed the RFM theory with another param-
eter set, the NL-SH parameters, to study 5%He. It
was found that the binding energies for ®*He and the
charge radius for ®He agree with the experimental re-
sults very well. Therefore, it would seem to make
sense that one can use the RFM theory together with
the relativistic eikonal approximation to predict of
the charge form factors for ®®He and compare the
results with those calculated by using the Tanihata

density and the Zhukov density.

3 Numerical results and discussions

To begin with, we calculated the charge radii for
6%He by using the Tanihata density, the Zhukov den-
sity and the RMF model. The results are listed in

Table 1. In the table, r. is the RMS charge radius and
BE denotes the binding energy. For convenience, we
also list the experimental charge radius and binding

(235 i1 the last column.

energy of ‘He

The experimental binding energies for ®®He are,
respectively, 29.268MeV and 31.408MeV, and the
measured charge radius for *He is 2.054-+0.014fm"".
By comparing the RMF results with the experimen-
tal data of ©8He, it is found that the RMF model can
reproduce the experimental data very well. To check
the stability of the RMF model for light nuclei, we
also study the neighboring nuclei ©7Li, Be, °B with
the RMF model (results are not shown here). We
find that the calculated binding energies and charge
radii are all in agreement with the experimental re-
sults well. This shows that the RMF model is valid
for the light nuclei such as ®®He, ®7Li, °Be and °B.

Table 1. Charge radii of ©®He from different charge densities, the experimental results for *He and the binding
energies for ©®He from the RMF model.
6He 8He “He
Tanihata Zhukov RMF Tanihata Zhukov RMF Exp.
re¢/fm 1.921 2.085 2.029 1.953 1.899 2.0384 1.676
BE /MeV 28.629 31.796 28.296

Based on the validity of the RMF model for ¢®He,
we compare the charge radii of °He listed in Table 1.
On the one hand, it can be seen from the table that
the charge radii corresponding to the Tanihata den-
sity, the Zhukove density and the RMF model are all
much larger than that of *He (Ar. >0.21fm). This
in principle agrees with the experimental fact. On
the other hand, there exist yet significant differences
The RMF charge ra-

dius for ®°He agrees with the experimental one best.

among the results for °He.

The charge radius of °He corresponding to Tanihata
density has the largest deviation from experimental
one. The RMF charge radius for ®He is 2.0384fm
which is slightly larger than that for He. This holds
true for the charge radii of ®®*He corresponding to
the Tanihata density. Whereas the results of ®8He
corresponding to the Zhukov density have opposite
behavior. These differences call for further experi-
mental studies of 8He so that the theoretical mod-
els can be tested. It is well known that electron-

nucleus scattering is one of the most powerful tool to

study the nuclear charge distribution. For the sake of
comparison with the possible experiments in the col-

liding electron-exotic nucleus storage ring[w]

, we fur-
ther calculate the charge form factors of ©®He corre-
sponding to the Tanihata density, the Zhukov density
and the RMF charge distribution within the relativis-
tic Eikonal approximation. The results are shown in
Figs. 1—4.

In Fig. 1 we compare the calculated charge form
factors of ®He with the experimental ones of *He.
The solid and dashed curves are the form factors cor-
responding to the Tanihata density and the Zhukov
density for ®He, respectively. The dotted curve rep-
resents the charge form factor for °He in the RMF
model. The filled circles denote the experimental
charge form factor for *He and the dash-dotted curve
describes the results calculated by using the exper-
imental charge distribution of HeP" 3 Tt is seen
from this figure that there are two important features
about the charge form factors. The first is that the

variational tendency of the changes of the ®He charge
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Fig. 1. Comparison of charge form factors be-
tween ‘He and °He. For “He, the filled
circles are experimental data[%], the dash-
dotted curve is the result from the experimen-

BT or 5He, the solid,

dashed and dotted curves correspond to the

Tanihata density, the Zhukov density and the

RMF charge distribution, respectively.

tal charge distribution

form factors corresponding to different densities are
generally in consistent with each other. They are all
much lower than that of “He. This implies that the
charge radius of °He is much larger than that of “He,
and the charge density near the center of °He is lower
than that of “He. This is in agreement with the ex-
perimental facts. From the viewpoint of few-body
model, this can be understood, because both the mo-
tions of the a-core and the two 1p neutrons with re-
spect to the ®He c.m. have a large spatial expan-
sion. The differences in charge form factor between
5He and *He can also be explained by the many-body
theory. Since there exist correlations among the nu-
cleons within a nucleus, the two 1p halo neutrons in
SHe will ‘drag’ the two 1s protons outward and this
leads to a large charge extension and a large charge
radius. Thus, it could be concluded that no mat-
ter whether the few-body model or the many-body
model is used, the difference of the charge form fac-
tors between He and “He reflects the correlations
between the halo neutrons and the «-core or the 1s
protons in ®He. The second important feature is that
there exist significant discrepancies among the charge
form factors of °He in different density cases. Firstly,
in the RMF model, there is a minimum around ¢ =
3.25fm ™!, which is similar to that of *He. Whereas
for charge form factors in the Tanihata density and
Zhukov density cases, no minimum appear in the
charge form factor curve within the range of the con-
sidered momentum transfer. This shows that the sur-

face of the charge distribution produced in the RMF

model is sharper than those in the Tanihata density
and Zhukov density cases. Secondly, the charge form
factor curve corresponding to the Zhukov density is
much lower than that corresponding to the Tanihata
density. This indicates that around the center of nu-
clei, the charge density given by Zhukov is lower than
that given by Tanihata. These differences imply that
the correlations between the halo neutrons and the
o-core or the 1s protons in different density cases are
quite different.

Figure 2 shows the comparison of the charge form
factors for 8He calculated by using the Tanihata den-
sity, the Zhukov density and the RMF model charge
density and the experimental ones of “He. The same
conclusions as we have made about Fig. 1 hold for
Fig. 2 except the following fact. In Fig. 1 the ®He
charge form factor curve corresponding to the Zhukov
density is much lower than that calculated by using
the Tanihata density. While for ®He, the results in
these two density cases are very close, but the order
of the curves is reversed (see Fig. 2). This difference
shows that for ®He the strengths of the correlation
between the halo neutrons and the x-core in the Tani-
hata density and Zhukov density cases are very close,
while that for He the corresponding strengths have

relatively larger difference and even opposite effects.

10°
1072 F Ny
é 10~ | ¢ ‘He(Expt) RAN o,
& E 8He(Tanihata) !
1076 F 8He(Zhukov)
i $He(RMF)
10—8 L 1
0 1 2 3 +
g/fm™!
Fig. 2. Comparison of charge form factors be-

tween *He and ®He. For *He, the filled cir-
cles are experimental data[%]7 the dash-dotted
curve is the results from the experimental
[37]. For ®He, the solid
curve corresponds to the Tanihata density, the

charge distribution

dashed curve corresponds to the Zhukov den-
sity, and the dotted curve corresponds to the
RMF charge distribution.

In Fig. 3, we compare the charge form factors
of %%He calculated by using the Tanihata density
and the RMF charge distribution.

the charge form factors of SHe (solid curve) and ®He

It is seen that
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(dashed curve) in the Tanihata density case are very
close. The charge form factor curves of He are only
slightly lower than those of ®He. This indicates that

10°
r
1072 |
N: 3 N’\”v\..\
T 107* | —— ®He(Tanihata) “™\
5 b oo-e- SHe(Tanihata)
107 | ==~ *He(RMF)
A sHe(RMF)
10-% ; . . \
0 1 2 3 4
g/fm™!

Fig. 3.
tween ®He and ®He. For %He, the solid curve

Comparison of charge form factors be-

corresponds to the Tanihata density, the dash-
dotted curve corresponds to the RMF charge
distribution. For 8He, the dashed curve corre-
sponds to the Tanihata density and the dotted
curve corresponds to the RMF charge distri-
bution.

the charge distributions for He and ®He given by
Tanihata are almost the same. This means that when
two 1p neutrons are added to ®He, the motions of two
1s protons are not much disturbed. The same con-
clusion can be drawn by comparing the charge form
factors by using the RMF model charge distribution
for ®He and 8He. But this conclusion does not hold for
%He and ®He with the Zhukov density, because a large
discrepancy between the charge form factors of °He
and ®He is not only in the magnitude but also in their
order (see Figs. 4 and 5). In Fig. 5, we contrast the
charge form factors for *He and ®He. The solid and
dashed curves are the results with the Tanihata den-
sity for °He and ®He, respectively, and the dotted and
short-dash dotted curves correspond, respectively, to
the results for °He and ®He with the Zhukov density.
At first sight, we can see that the curves are divided
into two groups, one group consists of three curves
(the solid, dashed, and short-dash dotted curves, cor-
responding respectively to the charge form factors of
®He and ®He given in the Tanihata density case and
that of ®He given in the Zhukov density case), and an-
other is composed of the dotted curve only. Namely,
the charge form factors for *He given by the Tanihata
density and Zhukov density and for °He given by the
While for
5He, those with the Tanihata density and Zhukov den-
sity are different. One can further find that the charge

Tanihata density are roughly the same.

form factor curve for 8He given by the Tanihata den-
sity is slightly lower than that for He with the same
density distribution. Whereas in the Zhukov density
case, the tendency of the changes of the charge form
factors for *He and 3He with respect to the momen-
tum transfer are very different. The charge form fac-

tor curve for ®He is much higher than that for ®He,

10°
1072 :
o r "\,\.\\
S 107tk ®He(Zhukov)
& b 8He(Zhukov) k
1076 f ---- *He(RMF)
b SHC(RMF) .
10*8 L Il
0 1 2 3 4
g/fm™!

Fig. 4. Comparison of charge form factors be-
tween °He and ®He. For ®He, the solid curve
corresponds to the Zhukov density, the dash-
dotted curve corresponds to the RMF charge
distribution. For ®He, the dashed curve corre-
sponds to the Zhukov density and the dotted
curve corresponds to the RMF' charge distri-

bution.
10°
1072 §
:S 10—+ | — He(Tanihata) "™
= Po-e- 8He(Tanihata)
10—¢ | " *He(Zhukov)
P 8He(Zhukov)
10—8 1 1 1 5
0 1 2 3 4
g/fm™!

Fig. 5. Comparison of charge form factors for
SHe and ®He. For ®He, the solid curve corre-
sponds to the Tanihata density and the dot-
ted curve corresponds to the Zhukov charge
distribution. For ®He, the dashed curve corre-
sponds to the Tanihata density and the short-
dash dotted curve corresponds to the Zhukov
charge distribution.

which is in great contrast with the results in the Tani-
hata density case. The difference between the Tani-
hata and Zhukov densities can also be noticed from
the expressions (1) and (2) presented in the Introduc-
tion. The models used by Tanihata and Zhukov for
5He and 3He happen to be exactly the same, but the
values taken by the only parameter a are different.
The values of a for ®*He in these two densities cases

are respectively 1.431fm and 1.38fm and for *He given
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by Tanihata is 1.397fm, and they do not differ much.
But the value of a for ®He given by Zhukov, which is
1.55fm, is much greater than that given by Tanihata.
This large contrast between the charge densities, and
consequently, the charge form factors show that both
densities may contain opposite effects of the correla-
tion between the halo neutrons and the o-core on the
charge density distributions in *He and ®*He.
Besides, the one-parameter gaussian model is
somewhat too simple for describing the density dis-
tributions for real nuclei like *He and 3He because the
gaussian model can not produce the minimums of the
form factors which appear in all of the nuclei whose
charge form factors have experimentally been mea-
sured except for the nucleus of hydrogen, the proton.
Therefore, it is necessary to investigate °He and 3He

to clear up these contradictions.

4 Conclusion

In summary, we calculate the charge radii and

charge form factors for *He and ®He by using the

Tanihata density, the Zhukov density and the RMF
model. Comparisons and discussions are made. It
is found that the charge form factor curves for ®*He
are much lower than the experimental ones of “He.
This is in principle consistent with experiments. But
there is still much left to be clarified. The charge
radii and charge form factors with different models for
the same nucleus differ from each other very much.
There may exist even opposite effect of the correla-
tion between the halo neutrons and the o«-core on the
charge density distributions in *He and ®He. Thus,
it is desirable to carry out more accurate investiga-
tions on *He and ®He. Electron scattering is one of
the most effective tools to provide information on nu-
clear charge density distributions. Therefore, it will
be of interest to study %®He on the next-generation

18—22]

electron-nucleus collider! and compare the ex-

perimental data with the results given in this work.

Z. R thanks Professor W. Q. Shen, Professor H.
Q. Zhang, and Professor Z. Y. Ma for discussions on

electron scattering.
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