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Abstract. Measurements of reaction cross-sections (σR’s) for some proton-rich nuclei (N = 11–15 isotones)
on carbon target at intermediate energies have been performed on RIBLL of HIRFL. A larger enhancement
of the σR for 27P has been observed than for its neighboring nuclei. A large difference between the proton
and neutron density distributions (proton halo) is necessary to explain the enhanced cross-section for 27P
within the framework of the Glauber model. Density distributions with HO-type core plus Yukawa-square
tail and rms radii for 27P have been deduced from the measured σR data for the first time, which conform
the long tail in its densities as predicted by RMF calculations.

PACS. 25.60.Dz Interaction and reaction cross-sections – 27.30.+t 20 ≤ A ≤ 38 – 24.10.-i Nuclear-reaction
models and methods

1 Introduction

Since the pioneering work at LBL [1], radioactive ion beam
(RIB) physics has become one of the frontiers in nuclear
physics. Study on the structure for nuclei far from the val-
ley of stability is of particular interest regarding the pos-
sible existence of new skin and halo nuclei. The structure
of exotic neutron-rich or proton-rich nuclei has been in-
vestigated in considerable details through measurements
of reaction cross-section (σR), fragment momentum dis-
tribution of fragmentation reaction, quadrupole moment
and Coulomb dissociation. The neutron skin or halo nu-
clei 6He, 8He, 11Li, 11Be, 14Be, 19C etc. [1–10], have been
identified by these experimental methods. A monotonic in-
crease in the neutron skin thickness has been observed as
the neutron number increases in Na and Mg isotopes [11].
However, discrepancies have been found in experiments
performed at intermediate and high energies for some
neutron-rich nuclei such as 14B and 15C [3,12–15]. Due
to the centrifugal and Coulomb barriers, the formation
of a proton halo is more difficult compared to a neutron
halo. The quadrupole moment, momentum distribution
and σR measurements indicate a proton halo in 8B [16–
20], whereas other σR measurements at relativistic ener-
gies are not in favor of this conclusion [3,21]. For the pro-

a e-mail: dqfang@mailcity.com

ton halo candidate 17F, no anomalous increase is shown
in the experimental σR data [22,23] though a very clear
signature of the proton halo in the first excited state of
17F has been demonstrated in the capture cross-section
measurement of the reaction 16O(p, γ)17F [24]. An anoma-
lous structure has been observed in 17Ne, which has been
demonstrated to be an inversion of the s and d orbitals in
this nucleus [22,25].

Up to now, the heaviest well-established halo nucleus
is 19C [6–10]. However, the proton halo in 26,27,28P and
27,28,29S has been proposed within the framework of shell
model and relativistic mean-field (RMF) calculations [26–
29]. Giant neutron halo formed by up to six neutrons has
also been predicted by the relativistic Hartree-Bogoliubov
theory [30]. The experimental search for heavy halo nu-
clei plays a significant role for the investigation of nuclear
structure and the improvement of the nuclear theory. Re-
cently, the measurement of the momentum distribution
shows a proton halo character in the ground states of
26,27,28P [31]. Motivated by a search for proton halo nuclei,
we report the experimental measurement of the reaction
cross-sections for nuclei (N = 11–15 isotones) close to the
proton drip-line in this paper. Using the Glauber model,
the density distributions and rms radii of 27P are obtained
from the measured σR data for the first time which provide
evidence for its proton halo structure.
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2 Experimental description and results

The reaction cross-section is measured by a transmission
experiment and determined by relating the number of ions
incident on the target (Ninc) to the ions passing the target
without interaction (Nout)

σR =
A

NAt
ln

[
Ninc

Nout

]
(1)

where A is the mass number of the target, NA, the Avo-
gadro’s number and t the thickness of the target in units
of g/cm2.

The experiment was performed at the Radioactive
Ion Beam Line in Lanzhou (RIBLL) using beams of 69
MeV/nucleon 36Ar which were delivered by the Heavy
Ion Research Facility in Lanzhou (HIRFL). A maximum
intensity of 60 enA for 36Ar beam was used to produce
the fragments. The isotopes were produced in a produc-
tion target of Ni (92.3 mg/cm2) and separated by means
of magnetic rigidity (Bρ) and energy degrader (∆E) in
the doubly achromatic secondary beam line (RIBLL) as
described in refs. [14,15]. Optimal settings for selecting
proton-rich isotones were used. The selected isotopes were
further identified by the time of flight (TOF) that was
measured by two scintillator detectors installed at the first
and second achromatic focal planes with a flight path of
16.8 m and energy loss (∆E) in a transmission Si surface
barrier detector before incidence on a reaction target of
C (109.7 mg/cm2). Behind the reaction target a telescope
was installed, which consisted of five transmission Si sur-
face barrier detectors and gave the energy losses (∆E’s)
and total energy of the reaction products. The thicknesses
of the six Si detectors were 150, 150, 150, 700, 700, and
2000 µm, respectively and the energy resolutions were not
greater than 1.8%.

The data analysis method is the same as that used in
refs. [14,15,32]. The Si detectors were calibrated in energy
by a Monte Carlo simulation based on the energy-range
relationship of energetic ions [14]. The error for the en-
ergy of the incident ions was determinated to be less than
1 MeV/nucleon. In order to derive the experimental σR

data, the energy deposition spectra after the reaction tar-
get is used to extract the non-interacting particles pass-
ing the target. The detailed description of the procedure
is given in ref. [14]. The obtained σR are listed in table 1.
The energy for the obtained σR corresponds to the inci-
dent ion’s energy in the middle of the carbon target. The
errors of σR refer to the statistical error plus the estimated
±4% systematic error.

3 Evidence for a proton halo in 27P

For consistent comparison, all the obtained σR data are
converted to the same energy point 30 MeV/nucleon us-
ing the parameterized formula [33]. The radius parameter
in this formula is fitted to the original σR and then the
corresponding σR at 30 MeV/nucleon is calculated with
the fitted parameter. In this transformation, the minimum

Table 1. Reaction cross-sections for some nuclei with 12C tar-
get at intermediate energies.

Projectile Energy (MeV/n) σR (mb)

19O 18.8 1619 ± 89
20F 21.2 1630 ± 78
21F 17.6 1682 ± 96

19Ne 32.5 1616 ± 86
20Ne 28.4 1637 ± 94
21Ne 25.0 1573 ± 67
22Ne 21.0 1677 ± 87
22Na 27.8 1709 ± 79
23Na 23.7 1618 ± 76
24Na 20.6 1769 ± 113
23Mg 30.0 1569 ± 84
24Mg 26.5 1682 ± 105
25Mg 22.9 1813 ± 97
26Mg 20.0 1743 ± 117
24Al 32.8 1774 ± 94
25Al 27.4 1629 ± 80
26Al 24.7 1627 ± 108
27Al 22.0 1733 ± 100
28Al 19.0 1866 ± 121
26Si 30.2 1623 ± 80
27Si 26.8 1710 ± 99
28Si 23.8 1897 ± 125
29Si 21.0 1800 ± 112
27P 32.4 2089 ± 119
28P 28.7 1719 ± 103
29S 30.1 1912 ± 129

correction to the original data is less than 1% and the
maximum correction is comparable to its error depend-
ing on the energy of the σR relative to 30 MeV/nucleon.
For neutron-rich nuclei, the isospin dependences of σR for
nuclei with the same atomic number are often used. How-
ever, the isospin dependences of σR for nuclei with the
same neutron number should be better to search for pro-
ton halo nuclei. The (N − Z) dependences of the trans-
formed σR for N = 11–15 isotones are shown in fig. 1. For
comparison, other available experimental results are pre-
sented [34–36]. The σR data not on carbon target and at
different energies are converted to σR on carbon target at
30 MeV/nucleon using the above method [33]. Reasonable
agreement between our data and previous experimental re-
sults are seen for these nuclei. The solid lines in the figure
are the σR calculated by

σR = π[r0A
1/3 + RI(12C)]2 , (2)

where RI(12C) is the interaction radius of 12C calculated
using r0A

1/3 and r0 is the radius parameter. This equa-
tion is always used to calculate the interaction cross-
sections at relativistic energies [1,2]. However, the σR at
intermediate energies is larger than that at high energies
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Fig. 1. The (N − Z) dependence of σR. The solid circles are
the transformed σR data at 30 MeV/nucleon from the origi-
nal experimental data obtained in the present work using the
parameterized formula [33]. The solid uptriangles are previous
measurements from ref. [34], open uptriangles from ref. [35]
and open square from ref. [36]. The solid lines show the σR

calculated by eq. (2). For details see the text.

and the parameter r0 used at high energies is not suit-
able at intermediate energies. We have calculated the ra-
tio σR(exp;medium energy)/σR(cal;high energy) for stable
nuclei, where σR(exp;medium energy) is the experimen-
tal σR at intermediate energies from the present experi-
ment and σR(cal;high energy) is the σR at relativistic en-
ergies calculated using the parameterized formula [33]. It
is found that the ratio is constant within the error band of
the σR’s. To see the mass dependence of σR, the param-
eter r0 is selected as to reproduce the σR data of 24Mg
measured in this experiment. In fig. 1, the σR data can
be roughly reproduced by eq. (2) except for the proton
halo candidate 27P with the last proton separation energy
0.9 MeV [37], which shows signature for an anomalous nu-
clear structure and supports the assumption of a proton
halo in 27P as predicted by theoretical calculations [26,28,
29]. However, our experimental results have no clear sig-
nature for the predicted proton halo in 28P and 29S with
their last proton separation energies 2.065 and 3.290 MeV,
respectively [37].

In the investigation of the reaction cross-section, it is
known that the Glauber model is a simple and useful mi-
croscopic model which works well at high energies. More-

over information on the halo or skin structure in some
exotic nuclei could be deduced from this model by relat-
ing the experimental σR data at high energies to the den-
sity distributions or rms radii [1]. However, a systematic
underestimation of the experimental σR in the Glauber
calculation at intermediate energies has been found [12].
This discrepancy cannot be simply explained by a possible
change of the range of nucleon-nucleon interaction. To ex-
tract more reliable information for the proton halo struc-
ture in 27P, we have corrected the Glauber calculation at
intermediate energies phenomenologically by multiplying
an enhancement factor ε(E)

σR = σR(Gl) · ε(E) , (3)

where σR(Gl) is the reaction cross-section calculated by
the Glauber model at intermediate energies and the fac-
tor ε(E) = 1.229–6.475 × 10−4 · [E(MeV/nucleon)] is ob-
tained by a linear fit to the ratio σR(exp)/σR(Gl) at en-
ergies around several tens MeV/nucleon with σR(exp) be-
ing the experimental σR data obtained from transmission-
type measurements [20].

In the study of the density distribution for halo nuclei,
it has been found that the Yukawa-square tail is a good
approximation to the shape of a single-particle density
at the outer region with small separation energy [4,5,20].
The wave function of a nucleon with separation energy
ε has a tail with the form exp(−kr)/r, where k2 = 2µε
and µ is the reduced mass [5]. To investigate the density
distribution of 27P within the framework of the Glauber
model, we assume that the functional shape for proton
density in 27P is composed of HO-type core plus Yukawa-
square tail at the outer region [20]

ρ(r) =
{

HO type (r < rc)
Y exp(−λr)/r2 (r ≥ rc)

, (4)

where rc is the crossing point of these two functions, the
factor Y is to keep the equality of the two distributions
at rc. In the Glauber calculation, the neutron and pro-
ton density distributions are treated separately although
they are HO-type distributions and the same width pa-
rameter is used. Thus, the HO-type distribution has only
one size parameter. The width parameter of the HO-type
core is fitted to the original σR of 26Si. Then the parame-
ters λ and rc are fitted to the original σR of 27P with an
additional condition

∫
ρ(r)d3r = Z and Z is the charge

number of 27P.
Figure 2 shows the extracted density distributions. For

comparison, the density distributions calculated by the
RMF theory are plotted. In this RMF calculation, the
two-body correlation effects among the core and halo par-
ticles are taken into account respectively in the relativis-
tic density-dependent Hartree approach (RDDH) [38,39].
The scalar meson coupling constant between the core and
halo nucleons is adjusted in the vicinity of the empiri-
cal value to reproduce the last proton separation energy
of 27P. The last proton in 27P is assumed to be in the
2s1/2 state according to the prediction of shell model. A
long tail is exhibited in the extracted proton and matter
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Fig. 2. Density distribution of 27P. The solid and dotted lines
are the matter and neutron density distributions calculated
by the RMF theory. The thick solid, dashed and dot-dashed
lines are the matter, proton and neutron density distributions
extracted from the Glauber model with HO-type core plus
Yukawa-square tail for the proton density distribution. The
shaded region shows the uncertainty due to the error of the σR

for 27P.

density distributions of 27P which is consistent with the
distributions calculated by the RMF theory.

With the density distributions extracted from the ex-
perimental σR data and calculated by the RMF theory, the
rms radii of 27P are obtained through simple integrations.
The deduced rms radii of 27P from the Glauber analysis
and the RMF calculation, and the results from ref. [29] are
given in table 2. It is found that the experimental neutron,
proton and matter rms radii are larger than the RMF cal-
culations by about 0.2 fm. But the difference between the
experimental proton and neutron rms radii (Rp − Rn) is
0.38 fm which is consistent with the RMF results.

Since the nonapplicability of the Glauber model in
intermediate-energy range, the extracted density distri-
bution and rms radii may become model dependent. Al-
though a correction factor of ε(E) is multiplied to the cal-
culated results, the model dependence in the conclusions
cannot be removed completely. So the experimental rms
radii are larger than the calculated values. But the differ-
ence between the proton and neutron density distributions
(also rms radii) is mainly dependent on the anomalous in-
crease in the experimental σR data of 27P compared to the
core and the assumed density distribution as HO-type core
plus a Yukawa-square tail. It does not rely so much on the
calculation model. Thus, the large experimental (Rp−Rn)
is less model dependent and provides evidence for the halo
structure of 27P. From the above discussions, we conclude
that a large difference between the proton and neutron
density distributions (proton halo) is necessary to explain
the enhanced cross-section for 27P.

Due to the mirror symmetry, comparison in mirror pair
is a very interesting topic. It is believed that almost all
mirror nuclei show the same size and the same reaction

Table 2. The neutron, proton and matter rms radii for 27P,
in fm.

Rn Rp Rm

RMF [29]a 2.85 3.11 3.00

RMF [38]b 2.846 3.147 3.017

Experimental 3.00 ± 0.17 3.38 ± 0.26 3.22 ± 0.23

a Using the parameter set NL3 and without the Pauli blocking
effect.
b Calculated by the RMF theory as described in the text.

cross-section. Concerning the discussion on the 27P pro-
ton halo, it is important to compare with the observation
in its mirror nucleus 27Mg. The interaction cross-section
at relativistic energy has been measured for 27Mg [11],
no enhancement of interaction cross-section was observed
compared with the neighboring nuclei. The spin parities
of 27Mg and 27P are both 1/2+. Therefore, they are iso-
baric analog states. Difference has also been observed in
17Ne-17N pair. But it is shown that these ground states are
not analog states because of the intruder of s1/2 orbital
in 17Ne [22,25]. In 27P and 27Mg the last nucleon occu-
pies the s state, contribution from the centrifugal barrier
could be considered to be the same. However, the differ-
ence between the separation energy of the last nucleon
is quite large in this pair. Sp is 0.9 MeV for 27P while
Sn is 6.443 MeV for 27Mg [37]. Therefore, the last neu-
tron in 27Mg is bound by the core closely but the last
proton in 27P is bound by the core very loosely which re-
sults in the formation of a proton halo by extending the
wave function. Although the density of the halo is very
low, it strongly affects the reaction cross-section. Thus,
the different separation energy may account for the differ-
ent reaction cross-section observed in 27P and 27Mg mirror
pair.

4 Summary and conclusions

In summary, the reaction cross-sections for 19O, 20,21F,
21,22Ne, 22-24Na, 23-26Mg, 24-28Al, 26-29Si, 27,28P and 29S
at intermediate energies were measured. An anomalous
enhancement of the σR for 27P was observed than for its
neighboring nuclei. It is demonstrated that a large differ-
ence between the proton and neutron density distributions
is necessary to explain the enhanced cross-section for 27P.
The long tail of the proton density distribution and the
large value of (Rp − Rn) support the assumption of the
proton halo structure in 27P and conforms the conclusion
from the momentum distribution measurement [31]. How-
ever, no signature for the halo structure in 28P has been
seen in our experiment, which is in disagreement with
the experimental results from the momentum distribu-
tion measurement [31]. No clear evidence is shown for the
halo structure in 29S. The observation in 27P-27Mg mirror
pair is compared. It is pointed out that the discrepancy
in the size of this pair may be due to the different sep-
aration energy of the last nucleon. Further experimental
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measurements of the reaction cross-sections at both inter-
mediate and high energies are needed for a better under-
standing of the structure of 26,27,28P and 27,28,29S.
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