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Reaction cross sections on a deuteron as a probe of nuclear radii†

W. Horiuchi,∗1 Y. Suzuki,∗2,∗3 T. Uesaka,∗3,∗4 and M. Miwa∗3,∗4

Total reaction or interaction cross section measure-
ment has been used as a standard tool to determine
the nuclear radii of unstable nuclei. The total reaction
cross section of a proton target is known to exhibit
strong incident energy dependence that can be used to
deduce both the neutron and proton radii.1,2) A neu-
tron target may also be useful for the structual study
of the unstable nuclei as it has a different sensitivity
compared to that of the proton target but no neutron
target exists. Since the deuteron is composed of neu-
trons and protons, the total reaction cross section on
a deuteron target must include both information on
the nucleus-neutron and the nucleus-proton scattering
profiles.

To describe high-energy nucleus-deuteron reactions,
we employ the Glauber model,3) wherein the nucleus-
nucleon total reaction cross section σN (N = n, p) can

be obtained by σN =
∫
db (1 −

∣∣eiχP
N (b)

∣∣2). Under
the optical-limit approximation, the optical phase-shift

function eiχ
P
N (b) at the impact parameter vector b can

be evaluated using the projectile’s density and nucleon-
nucleon (NN ) scattering profiles. A unique advantage
of the deuteron target is that one can calculate the
phase-shift function accurately using its ground-state
wave function ϕd(r). The nucleus-deuteron total reac-
tion cross section σd =

∫
db (1− Pd(b)), and it can be

obtained with

Pd(b) =
∣∣∣
∫

dr |ϕd(r)|2eiχ
P
p (b+ 1

2s)+iχP
n (b− 1

2s)
∣∣∣
2

, (1)

where r = (s, z) with z being the beam direction.
In most measurements, the interaction cross section

σd:I is observed but not σd. Since σd includes all inelas-
tic cross sections, σd > σd:I always holds. However, a
calculation of σd:I demands all bound-state wave func-
tions of the projectile, which is difficult in general. For
the deuteron target, provided the projectile has only
one bound state, i.e., its ground state, one can evalu-
ate σd−σd:I with the same inputs required to evaluate
σd as ∆0σ =

∫
db (P0(b)− Pd(b)) with

P0(b) =

∫
dr |ϕd(r)|2

∣∣∣eiχP
p (b+ 1

2s)+iχP
n (b− 1

2s)
∣∣∣
2

. (2)

If the projectile has more than one bound state, ∆0σ
gives the lower bound of σd − σd:I .
Figure 1 displays σd, σp, and σn for 30Ne as a
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Fig. 1. Various cross sections for 30Ne adopted from the

original paper. See text for details.

function of incident energy. σd is always significantly
smaller than σp + σn by about 70–90% of σp + σn due
to the “eclipse” of the constituent neutron and pro-
ton.3) The energy dependence of these cross sections
follows that of the NN total cross section. The in-
formation of the nucleus-neutron scattering profile is
included in σd. As already mentioned, the deuteron
target has the advantages that the upper bound of the
interaction cross section can be evaluated reliably us-
ing the deuteron wave function. Further, Fig. 1 dis-
plays the upper bound of the interaction cross section
σd:I and ∆0σ for 30Ne. ∆0σ has at maximum 60–
70 mb at around 80 MeV/nucleon, which is about 6%
of σd. In addition, ∆0σ decreases with increasing inci-
dent energy. The ratio ∆0σ/σd becomes at most few
percent beyond 300 MeV/nucleon. For the unstable
nuclei near the dripline that has only one bound state,
a reliable interaction cross section can be obtained,
and this greatly improves the accuracy of the radius
extraction. We conclude that measuring the total re-
action cross sections on both deuteron and proton tar-
gets is the most unambiguous and promising approach
to determine the neutron and proton radii of unstable
nuclei.
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Mean-square radius of the neutron distribution and skin thickness
derived from electron scattering†

H. Kurasawa,∗1 T. Suda,∗2,∗3 and T. Suzuki∗2

To the authors’ knowledge, this is the first study to
deduce the neutron distribution from electron scatter-
ing data in the history of nuclear physics.1)

The question how neutrons are distributed in nuclei
has been a longstanding problem. Although it is one
of the most fundamental problems in nuclear physics,
the neutron distribution has not been well determined
yet, because there is no simple and reliable method to
explore it experimentally.2) In contrast to the neutron
distribution, the proton distribution has been widely
investigated through the nuclear charge density de-
duced from electron scattering.3) Electron scattering
is an unambiguous and unique tool to examine the
charge distribution, because the electromagnetic inter-
action is well understood and allows reactions that do
not disturb the nuclear ground-state properties.4)

So far, electron scattering has been believed to be
useful for the study of the only proton distribution and
has not been discussed in the context of the neutron
distribution in nuclei.4) The SCRIT in RIKEN5) also
constructed with the primary objective of exploring
the proton distribution in unstable nuclei, although the
neutron distribution plays a crucial role in the stability
of neutron-rich nuclei. Such dogma is based on the
fact that the neutron charge density is approximately
1% of the total nuclear charge density and oscillates
as a function of the nuclear coordinate, yielding zero
integrated charge.

Recently, the precise expressions for the moments of
the nuclear charge density were derived according to
relativistic quantum mechanics.6) It has been shown
that the second-order moment of the nuclear charge
density(R2

c) is dominated by the mean-square radius
(msr) of the point proton distribution (R2

p), while the
nth (≥ 4)-order moment depends on the (n-2)th-order
moment of the point neutron distribution also. For
example, the fourth-order moment (Q4

c) of the charge
density depends on the msr of the point neutron dis-
tribution (R2

n). The contribution of R2
n to Q4

c is dom-
inated by the number of excess neutrons.

The present authors have analyzed experimental
data of R2

c and Q4
c deduced from the electron scatter-

ing off 40Ca, 48Ca, and 208Pb, which are available at
present.3) First, using relativistic and non-relativistic
mean field models accumulated over the last 50 years
in nuclear physics, the linear relationship between the
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various moments are explored with the use of the least-
squares method. Next, from the intersection of the
predicted least-square lines and the lines of the exper-
imental value for R2

c or Q4
c , the values of R2

n together
with R2

p of those nuclei have been estimated. They are
obtained within 1% accuracy, including both experi-
mental error and the standard deviation of the least-
square lines.1)

This paper opens a new possibility of electron scat-
tering as a clean and practical probe to extract neutron
density information. As the contributions from the
neutron density to the charge density are expected to
increase in neutron-rich nuclei, the new electron scat-
tering facilities in the world5) which are led by the
SCRIT7) would make the forthcoming study of unsta-
ble nuclei more efficient and stimulating, both experi-
mentally and theoretically.
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