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Existence of a proton halo in 23Al and its significance
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Reaction cross sectionsR of proton-rich isotones (N510) near23Al and Al isotopes (23228Al) on C target
have been measured at intermediate energies around 30 MeV/nucleon. An abnormal increase of the experi-
mentalsR is observed for23Al and it suggests that there is an anomalously large matter rms radius in23Al.
Together with the very weakly binding of the last proton (Sp50.125 MeV), it indicates that there is a proton
halo in 23Al. This conclusion is also supported by the difference factord which is deduced from the measured
and theoreticalsR in the Glauber or Boltzmann-Uehling-Uhlenbeck model and is used for the manifest of halo
phenomena. The theoretical calculation based on the relativistic density dependent Hartree model shows that
there is a proton halo when the last proton is in the 2s1/2 orbit in 23Al. The significance of the proton halo in
23Al is discussed.
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The experimental progress of radioactive ion beams
made it possible to study the phenomena of nuclei far fr
the b stability. Since the pioneering work by Tanihataet al.
in 1985 @1#, it is well known that there are neutron halos
light neutron-rich nuclei. The first experimental result
neutron halo is from the measurement of reaction cross
tion sR of Li isotopes where an abnormally largesR was
observed for11Li @1# and it indicates there is neutron halo
11Li. Further experiments onsR confirm the neutron halo in
11Li and also show the existence of neutron halo in ot
neutron-rich nuclei@1–11#. However, the experiments on th
proton halo are relatively less as compared with those
neutron halo. Recently experimental evidence for pro
halo or proton skin in very proton-rich nuclei has becom
available. Some experiments show that there is a pygme
ton halo in a proton-rich nucleus8B @10–15#. Ozawaet al.
@16# found that the radius of17Ne is larger than that of its
mirror nucleus17N by measuring the interaction cross se
tion of theA517 isobars. It indicates that there is a prot
halo in 17Ne @16#. For its neighboring nuclei there may exi
proton skins or halos@17–20#, such as the existence of pro
ton halo in the first excited state of17F. Some theoreticians
using the relativistic mean-field~RMF! model and a shel
model, predicted that there are one-proton halos in26,27,28P
and two-proton halos in27,28,29S @21–23#. The measuremen
of the momentum distribution confirms the existence o
proton halo in26,27,28P @24#. Based on an empirical formula
for matter root-mean-square~rms! radii of nuclei and RMF
calculations, Wang and Shenet al. @25# predict one-proton
halo in 23Al. In this paper we report an experimental me
surement of reaction cross section for proton-rich nuc
around 23Al ( N510 isotones andZ513 isotopes! and an
abnormally large increase ofsR for 23Al is observed in the
experiment. It is concluded that there is a proton halo in23Al
based on the systematic analysis of experimental data.
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The experiment was performed at the Heavy Ion Resea
Facility ~HIRFL! of the Institute of Modern Physics~IMP! at
Lanzhou. Secondary radioactive ion beams were produ
by Radioactive Ion Beam Line~RIBLL ! in HIRFL through
the projectile fragmentation of a 69 MeV/nucleon36Ar pri-
mary beam. The carbon target of the thickness 109.7 mg/2

was used. The isotopes were separated by means of mag
rigidity (Br) and energy degrader (DE) as described in Ref
@9#. The selected isotopes were further identified by the ti
of fight ~TOF! and energy loss (DE) in a transmission Si
surface barrier detector before incidence on a reaction ta
Behind the reaction target a telescope was installed, wh
consisted of five transmission Si surface barrier detectors
gave the energy losses (DE’s! and total energy of the reac
tion products. The thicknesses of the six Si detectors w
150, 150, 150, 700, 700, and 2000mm, respectively, and the
energy resolutions were not greater than 1.8%. The de
can be found in Ref.@9#

The reaction cross sectionsR is measured by the
transmission-type experimental method, which relates
number of ions incident on the target (Ninc) to the ions pass-
ing the target without interaction (Nout) @1,10,9#

sR5
A

NAt
lnFNinc

Nout
G , ~1!

whereA is the mass number, of the target,NA is Avogadro’s
number, andt is the thickness of the target in units of g/cm2.
The incident energies of secondary ion beams in the mid
of the carbon target vary from 25 MeV/nucleon to 36 Me
nucleon. The total energy-deposition spectra after the re
tion target is used to extract the noninteraction particles p
ing the target, where the peak near total incident energ
defined as the noninteraction peak. Here inelastic scatte
or any reaction not changeing proton and/or neutron num
©2002 The American Physical Society10-1
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in the incident nucleus are not included in the measuredsR .
The fragment with different chargeZ could be separated an
the isotope could not be identified by this detector syste
But in this case, we just extract the number of ions pass
the target without interaction and the fragment is not ide
fied uniquely. The experimental data ofsR for N510 iso-
tones andZ513 isotopes are presented in Table I. It is se
that there is a sudden increase ofsR for 23Al. In the table the
errors ofsR refer to the statistical error plus the mean sy
tematic error (64%) of extrapolating the reaction events
low-Q-value reactions into the middle of the nonreact
ion’s peak. In order to see the variation ofsR with the proton
number, we draw the experimental data ofN510 isotones in
Fig. 1~b!, where the old data of Li isotopes from Taniha
et al. @1# are also plotted for comparison@Fig. 1~a!#. ThesR

TABLE I. Reaction cross section forN510 isotones andZ
513 isotopes with12C target at intermediate energies.

Projectile energy (MeV/nucleon) sR(mb)

19F 25.0 16206126
20Ne 28.6 1668687
21Na 31.0 15796100
22Mg 33.4 15316125
23Al 35.9 18926145
24Al 32.8 1774694
25Al 27.4 1629680
26Al 24.7 16276108
27Al 22.0 17336100
28Al 19.0 18666121

FIG. 1. The variation ofsR with proton numberZ for N510
isotones where the old result of Li isotopes as a function of neu
number is also shown for comparison@1#. The dotted line shows the
calculatedsR8 .
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data at different energies are converted tosR on 12C target at
30 MeV/nucleon using the parametrized formula@28#. sR
can be calculated bysR5p@R(p)1R(t)#2 where R(p) is
the projectile radius andR(t) is the target radius which ar
calculated usingr 0A1/3 and r 0 is the radius parameter. Thi
equation is always used to calculate the interaction cross
tions at relativistic energies@1,3#. However, thesR at inter-
mediate energies is larger than that at high energies and
parameterr 0 used at high energies is not suitable at interm
diate energies. The ratio5sR(exp;medium)/sR(cal;high) for
stable nuclei is calculated, wheresR(exp;medium) is the ex-
perimentalsR at intermediate energies andsR(cal;high) is
the sR at relativistic energies calculated using the abo
equation. It is found that the ratio is constant within the er
bar of the experimentalsR’s. To see the mass dependence
sR , sR85sR3ratio is plotted in the figure by a dotted line
From Fig. 1 thesR data can be roughly reproduced bysR8
except for 23Al. It is seen more clearly that there is a
anomalously large increase ofsR for 23Al. This behavior of
sR is very similar to that of Li isotopes. Tanihataet al. @1#
concluded that there is an abnormally large radius of11Li
and the neutron halo appears in this nucleus. In view of
very similar behavior for the Li isotope@Fig. 1~a!# and the
N510 isotone@Fig. 1~b!#, we conclude that the abnormall
large cross section in23Al may indicate an appearance o
proton halo in this nucleus. If we review the experimen
proton separation energy of23Al, we notice its proton sepa
ration energy is very smallSp50.125 MeV@26#. This dem-
onstrates the last proton is very weakly bound in t
nucleus. The proton separation energy in its neighbor
nucleus22Mg is as high asSp55.497 MeV@26#. So 22Mg is
possibly a good inert core in23Al. This supports that there
can be a proton halo in23Al.

In order to quantitatively analyze the possibility o
nucleon halo in exotic light nuclei from the measuredsR ,
Ozawaet al. @27# propose a difference factord to manifest
the appearance of halo. Ifd in a nucleus is evidently large
than that in its neighboring nuclei, there will appear nucle
halo in this nucleus. Ozawaet al. successfully apply this
difference factord to explain the appearance of an anom
lous nucleon distributions such as neutron halo and neu
skin for 15C in C isotopes and others. Here we use the d
ference factord to see whether there is a proton halo in23Al.
The difference factord is defined@27# as

d5
sR~exp!2sR~cal!

sR~cal!
, ~2!

wheresR(exp) is the experimental data at intermediate e
ergy and the theoretical valuesR(cal) at intermediate energ
is calculated with the width parameter obtained by fitting t
experimentalsR data at relativistic energy or the calculate
sR data by using the parametrized formula@28# for those
nuclei with no experimental data at relativistic energy.

Ozawaet al. calculated the difference factord of C iso-
topes by the Glauber model@29#. Here we calculate the dif-
ference factor d by both the Glauber model and th
Boltzmann-Uehling-Uhlenbeck~BUU! model @30–33#. Ac-

n
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EXISTENCE OF A PROTON HALO IN23Al AND ITS . . . PHYSICAL REVIEW C 65 024610
cording to our experiences@32,33#, the BUU model is better
than the Glauber model for the description ofsR at interme-
diate energy. The factord of halo nuclei is also larger tha
that of an ordinary nucleus in the BUU model. Thus it
considered that the difference factord is sensitive to the ex-
otic structure such as halo or skin phenomena. For a con
tent comparison, the experimental values are converted to
values at 30 MeV/nucleon by using the parametrized form
@28#. The variation of the difference factord with the neutron
~or proton! excess (N2Z) is plotted in Fig. 2 forN510
isotones@Fig. 2~b!#, where the variation ofd with (N2Z) for
C isotopes from Ozawaet al. @27# is also drawn for compari-
son@Fig. 2~a!#. From Fig. 2 it is seen again thatd for 23Al is
deviated from the normal trend and is remarkably larger t
its neighbor nuclei. Here the results from the two mod
BUU and Glauber give the same trend forN510 isotones.
Ozawaet al. conclude that there is a neutron halo in15C
@Fig. 2~a!#. We can draw the similar conclusion that there
a proton halo in23Al. Very recently the GANIL experiment
with another method confirms that there is a neutron halo
15C @34#. This demonstrates that the analysis method of
difference factord is reliable for halo phenomena of exot
nuclei@27#. Therefore the conclusion of a proton halo in23Al
should be reliable.

So as to further elucidate the existence of proton halo
23Al, we measuredsR of the secondary Al beams (23228Al)
under the same experimental condition as listed in Tabl
The data are also plotted in Fig. 3. UsuallysR increases
smoothly with the mass numberA for an isotope series be
causesR is proportion to the square of the matter rms rad
of a nucleus. This is seen from Fig. 3 for nuclei26,27,28Al,
where the cross sections increase with the increase of m

FIG. 2. The (N2Z) dependence ofd for N510 isotones where
the old result of C isotopes is drawn also for comparison@27#. The
solid curve connecting the open square indicates the result
Glauber calculations. The solid curve connecting the open cir
indicates the results of BUU calculations.
02461
is-
he
la

n
s

in
e

n

I.

s

ss

number. When it approaches to the proton drip line~from
25Al to 23Al), sR increases with the decrease of the ma
number. This contrary trend to the expected one is an in
cation of the appearance of proton skins or halos in th
proton-rich nuclei. The cross section of24Al increases for a
reference nucleus25Al. This indicates there is possibly
proton skin in24Al. The proton separation energy of24Al is
1.871 MeV. This agrees with the assumption of proton ski
But for the nucleus23Al, the cross section enhanced strong
compared with its neighboring nuclei. Especially this ha
pens even if its mass number is the smallest in this isot
series. This evidences that there is a proton halo in23Al. Its
proton separation energy is also smallSp50.125 MeV. This
is consistent with the picture of a proton halo.

After we analyze the experimental data around23Al and
conclude there is a proton halo in it, we now investigate
possible cause for the appearance of proton halo. In
ground state of23Al, the last proton can occupy the leve
1d5/2 or 2s1/2 in the spherical shell model. When the la
proton occupies 1d5/2, a large centrifugal barrier will tend to
suppress the formation of a halo. This effect might be imp
tant for the formation of a halo in proton-rich nuclei. It
same for neutron-rich nuclei that a halo neutron may fa
an orbit 2s1/2 in a spherical shell model~such as in11Li,
14Be, 15C). If there exist deformations in nuclei, the situ
tion can become complex because both prolate and ob
deformations can appear. The configuration of the grou
state changes for different values of deformation paramet
In this case the theoretical description of a halo will be co
plicate ~such as in11Be and 19C). Here it is unclear which
case the nucleus23Al will belong to. The experimental
ground state spin and parity of this nucleus is not availa
now. For its neighboring nucleus22Mg, there is a strong
quadrupole deformationb250.56 @35#. This may suggest
that the case of23Al is similar to that in 11Be and 19C. The
core nuclei10Be and 18C in both 11Be and 19C are strongly
deformed according to experimental data and theoretical
culations. At present a complete description of the neut
halo for both 11Be and 19C is still pending. So a correc
description of the proton halo in23Al may bring a new chal-
lenge to the present theoretical models. Here we use a sim
relativistic density dependent Hartree~RDDH! model to in-
vestigate the proton halo in23Al @36#. We assume the las

of
s

FIG. 3. The variation of the measuredsR with the mass number
A for Al isotopes.
0-3



.
pe
d
io

to

e-

l
r,

in
ta
-

x

ar

H

n
p
R
ad
-
i o

ia

u

ro-
for
ton
e

f
-
e

pin

ith
i-

n

r-

pole
its
of

ents
nd

f
u-
ra-
s-
s
x-

ter-

lso

-

el

n
en
e

iled

e-
No.
da-

y

tri

X. Z. CAI et al. PHYSICAL REVIEW C 65 024610
proton occupies the spherical levels 1d5/2 or 2s1/2, then we
obtain the matter density distributions of23Al, with the inert
core 22Mg, and the last proton which fills in 1d5/2 or 2s1/2.
The results of density distributions are depicted in Fig
where the proton separation energy is adjusted to the ex
mental valueSp50.125 MeV and a spherical code is use
It is seen from Fig. 4 that an extended density distribut
~i.e., a long tail! appears when the last proton occupies 2s1/2.
The D rms, which equals to the difference between pro
rms radius and neutron rms radius, of the last proton in 2s1/2
and in 1d5/2 is 0.42 and 0.28 fm, respectively. This corr
sponds to a proton halo in the 2s1/2 in 23Al.

Due to the systematic underestimation ofsR in the
Glauber model at intermediate energies@27#, sR is calculated
by sR5sR(Gl)3e(E) in order to extract the experimenta
density distribution.e(E) is an energy dependent facto
which is obtained by a linear fit to the ratiosR(exp)/sR(Gl)
at energy around several tens MeV/nucleon@37#. We assume
that the functional shape for proton density distribution
23Al is composed of HO-type core plus Yukawa-square
at the outer region@7,37#. The width parameter of the HO
type core is fitted tosR of 22Mg. The only parameter of the
Yukawa-square tail distribution is obtained by fitting the e
perimental data of23Al. Then the rms radii of23Al are ob-
tained from the experimental density distributions, which
extracted from experimentalsR using the above modified
Glauber model. The extractedD rms of 23Al is 0.463
60.150 fm, which is consistent with the result of RDD
calculation with the last proton occupying the 2s1/2 orbital.
Therefore the proton halo will appear when the last proto
in 2s1/2. It should be mentioned that we have used a sim
Glauber model and a BUU model to analyze the data.
cently an improvement on a simple Glauber model is m
by Al-Khalili and Tostevin@38,39#. They introduced an ap
propriate cluster-Glauber theory to extract the matter radi
halo nuclei 11Li, 11Be, and8B, by considering the intrinsic
few-body structure of these exotic projectiles and the ad
batic nature of the projectile-target interaction@38,39#. They
showed that the significantly larger matter radii of halo n

FIG. 4. Density distributions of23Al and 22Mg. The solid and
dashed curves are the matter density distributions of23Al where the
last proton occupies the 2s1/2 or 1d5/2 orbits, respectively. The
dotted-dotted-dashed and dotted-dashed curves are the densit
tributions of the last proton where the last proton occupies the 2s1/2

or 1d5/2 orbits, respectively. The dotted curve is the matter dis
bution of 22Mg, the core of23Al.
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clei than previously reported are needed in order to rep
duce the experimental data. If their method is used
proton-rich nuclei in this paper, it is expected that the pro
halo in 23Al will be more evident than here reported. Th
conclusion that there is a proton halo in23Al will not change
even if another analysis method is used.

The proton halo nucleus23Al is between halo nuclei17Ne
and 26,27,28P. It may play an important role for the study o
proton halos in 2s-1d shell nuclei. It bridges the gap be
tween 17Ne and26,27,28P. This is very useful to elucidate th
mechanism of the appearance of proton halo in 2s-1d shell.
Very recently Ozawaet al. proposed thatN516 is a new
magic number for some neutron-rich nuclei with the isos
T3>3 @40#. It is unknown whether it is true for proton-rich
nuclei. The proton halo appears for proton-rich nuclei w
proton numberZ<16. The isospin of these nuclei is approx
matelyT3> 3

2 . These may indicate thatZ516 could be a new
magic number for these proton-rich nuclei. It is also know
that there is a level inversion between 1d5/2 and 2s1/2 for
N59 neutron-rich isotones@41#. It is interesting to study if
this inversion occurs forN510 proton-rich isotones orZ
513 proton-rich isotopes. In the future it is also very inte
esting to measure the spin and parity of23Al to elucidate its
ground state properties. The measurement of its quadru
moments and magnetic moments will shed the light on
ground state deformation. No matter what, the error bars
the present experiment are large. Thus more measurem
of sR at high or intermediate energies by more reliable a
accurate method are necessary.

In summary, reaction cross sectionssR of N510 isotones
(19F –23Al) and Z513 isotopes (23Al– 28Al) were measured
at intermediate energies. An remarkable enhancement osR
for 23Al was observed as compared with its neighboring n
clei. This result, together with the very small proton sepa
tion energy (Sp50.125 MeV), strongly suggests the exi
tence of proton halo in23Al. sR at intermediate energy wa
calculated with Glauber and BUU model by fitting the e
perimental one at relativistic energy. The different factord
~another quantity for the signature of halo phenomena! was
deduced from the experimental and calculated data at in
mediate energy. The difference factord of 23Al shows an
abnormal increase compared to its neighbors, which a
supports the existence of a proton halo in23Al. Further mea-
surement ofsR for Al isotopes was carried out and it con
firms the abnormally large cross section for23Al. This shows
again that there is a proton halo in23Al. The calculation of
23Al with the relativistic density dependent Hartree mod
manifests the existence of proton halo in23Al when the last
proton occupies the 2s1/2 level. The appearance of proto
halo in 23Al bridges the gap of halo phenomena betwe
17Ne and 26,27P. This is very important for elucidating th
mechanism of the appearance of halo in 2s-1d shell. Further
experiments and calculations will be necessary for a deta
study of the halo structure in23Al.

This work was supported by the Major State Basic R
search Development Program in China under Contract
G200077400 and by the National Natural Science Foun
tion of China.
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