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Existence of a proton halo in 2°Al and its significance
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Reaction cross sectiamg of proton-rich isotonesN=10) near?’Al and Al isotopes 3~ 28Al) on C target
have been measured at intermediate energies around 30 MeV/nucleon. An abnormal increase of the experi-
mentalor, is observed for®Al and it suggests that there is an anomalously large matter rms radfiglin
Together with the very weakly binding of the last prot@®y£0.125 MeV), it indicates that there is a proton
halo in 2%Al. This conclusion is also supported by the difference fadtarich is deduced from the measured
and theoreticabrg 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 tisg2orbit in 23Al. The significance of the proton halo in
2l is discussed.
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The experimental progress of radioactive ion beams has The experiment was performed at the Heavy lon Research
made it possible to study the phenomena of nuclei far fronFacility (HIRFL) of the Institute of Modern PhysidéMP) at
the B stability. Since the pioneering work by Tanihatal. = Lanzhou. Secondary radioactive ion beams were produced
in 1985[1], it is well known that there are neutron halos in by Radioactive lon Beam LinéRIBLL) in HIRFL through
light neutron-rich nuclei. The first experimental result onthe projectile fragmentation of a 69 MeV/nucledfAr pri-
neutron halo is from the measurement of reaction cross seeaary beam. The carbon target of the thickness 109.7 nfg/cm
tion o of Li isotopes where an abnormally large; was  was used. The isotopes were separated by means of magnetic
observed fort’Li [1] and it indicates there is neutron halo in rigidity (Bp) and energy degradeA€) as described in Ref.
1 i. Further experiments onrg confirm the neutron halo in  [9]. The selected isotopes were further identified by the time
i and also show the existence of neutron halo in othewf fight (TOF) and energy lossXE) in a transmission Si
neutron-rich nuclef1-11]. However, the experiments on the surface barrier detector before incidence on a reaction target.
proton halo are relatively less as compared with those oBehind the reaction target a telescope was installed, which
neutron halo. Recently experimental evidence for protorconsisted of five transmission Si surface barrier detectors and
halo or proton skin in very proton-rich nuclei has becomegave the energy lossedAE’s) and total energy of the reac-
available. Some experiments show that there is a pygme praion products. The thicknesses of the six Si detectors were
ton halo in a proton-rich nucleu®B [10-15. Ozawaet al. 150, 150, 150, 700, 700, and 20@0n, respectively, and the
[16] found that the radius of’Ne is larger than that of its energy resolutions were not greater than 1.8%. The details
mirror nucleus!’N by measuring the interaction cross sec-can be found in Ref(9]
tion of the A=17 isobars. It indicates that there is a proton The reaction cross sectiowg is measured by the
halo in 1’Ne [16]. For its neighboring nuclei there may exist transmission-type experimental method, which relates the
proton skins or halof17-20, such as the existence of pro- number of ions incident on the targed,.) to the ions pass-
ton halo in the first excited state dfF. Some theoreticians, ing the target without interactiorN(,) [1,10,9
using the relativistic mean-fielRMF) model and a shell
model, predicted that there are one-proton halo$®iff - _ A
and two-proton halos if"?82%5 [21-23. The measurement TRTNLL
of the momentum distribution confirms the existence of a
proton halo in?%27:2% [24]. Based on an empirical formulas whereA is the mass number, of the targht, is Avogadro’s
for matter root-mean-squakems) radii of nuclei and RMF  number, and is the thickness of the target in units of gkm
calculations, Wang and Shest al. [25] predict one-proton The incident energies of secondary ion beams in the middle
halo in 2%Al. In this paper we report an experimental mea- of the carbon target vary from 25 MeV/nucleon to 36 MeV/
surement of reaction cross section for proton-rich nuclenucleon. The total energy-deposition spectra after the reac-
around Al (N=10 isotones an@=13 isotopes and an tion target is used to extract the noninteraction particles pass-
abnormally large increase ofg for 23Al is observed in the ing the target, where the peak near total incident energy is
experiment. It is concluded that there is a proton halé®X defined as the noninteraction peak. Here inelastic scattering
based on the systematic analysis of experimental data. ~ or any reaction not changeing proton and/or neutron number
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TABLE |. Reaction cross section foN=10 isotones an  data at different energies are convertedrfoon °C target at
=13 isotopes with*?C target at intermediate energies. 30 MeV/nucleon using the parametrized form{i28]. oy
can be calculated byr=m[R(p)+R(t)]?> where R(p) is

Projectile energy (MeV/nucleon) or(mb) the projectile radius an&(t) is the target radius which are
19F 25.0 1626126 calculated using,AY® andr, is the radius parameter. This
2ONe 28.6 1668 87 equation is always used to calculate the interaction cross sec-
2INa 31.0 1579 100 tions at relativistic energigldl,3]. However, theoy at inter-
2Mg 33.4 1531 125 mediate energies is larger than that at high energies and the
23 35.9 1892+ 145 parameter, used at high energies is not suitable at interme-
24p 32.8 177494 diate energies. The ratioog(exp;medium)ég(cal;high) for
25 27.4 1629+ 80 stable nuclei is calculated, whewsg(exp;medium) is the ex-
26| 24.7 1627 108 perimentalog at intermediate energies anck(cal;high) is
27p 220 1733+ 100 the o at relativistic energies calculated using the above
28 19.0 1866+ 121 equation. It is found that the ratio is constant within the error

bar of the experimentatg’s. To see the mass dependence of
oRr, OpR=ogXratio is plotted in the figure by a dotted line.

in the incident nucleus are not included in the measargd ~ FomM Fig. 123the‘TR data can be roughly reproduced by

The fragment with different charggcould be separated and €xcept for “Al. It is seen more clearly that there is an
the isotope could not be identified by this detector system@nomalously large increase of for ““Al. This behavior of
But in this case, we just extract the number of ions passingr iS Very similar to that of Li isotopes. Tanihaed al. [1]

the target without interaction and the fragment is not identi-concluded that there is an abnormally large radius"f

fied uniquely. The experimental data of;, for N=10 iso- ~ and the neutron halo appears in this nucleus. In view of the
tones andZ= 13 isotopes are presented in Table I. It is seerVery similar behavior for the Li isotopfFig. 1a)] and the
that there is a sudden increasevgffor 2%Al. In the table the ~N=10 isotone[Fig. 1(b)], we conclude that the abnormally
errors ofog refer to the statistical error plus the mean sys-large cross section if°Al may indicate an appearance of
tematic error (-4%) of extrapolating the reaction events of proton halo in .th|s nucleus. If we rev!ew.the experimental
low-Q-value reactions into the middle of the nonreactedProton separation energy SfAl, we notice its proton sepa-
ion’s peak. In order to see the variatione§ with the proton ~ ration energy is very sma,=0.125 MeV[26]. This dem-
number, we draw the experimental data\bf 10 isotones in ~ Onstrates the last proton is very weakly bound in this
Fig. 1(b), where the old data of Li isotopes from Tanihata nucleus. The proton separation energy in its neighboring

et al.[1] are also plotted for comparisdfig. 1(a)]. The og ”UClGj‘USZZMg is as high a§p_=§>.497 MeV[26]. So Mg is
possibly a good inert core iR°Al. This supports that there

can be a proton halo iR°Al.
N In order to quantitatively analyze the possibility of

? ‘I‘ ? ? ? ? nucleon halo in exotic light nuclei from the measured,
1400 . Ozawaet al. [27] propose a difference factal to manifest

Z=3 isotope (@) the appearance of halo. d¢fin a nucleus is evidently larger
1200 | "L than that in its neighboring nuclei, there will appear nucleon
I halo in this nucleus. Ozawat al. successfully apply this
I difference factord to explain the appearance of an anoma-
800 |- lous nucleon distributions such as neutron halo and neutron
A skin for °C in C isotopes and others. Here we use the dif-
600 - ference factod to see whether there is a proton halo’il.
1 The difference factod is defined[27] as

2200 | N=10 isotone (b)

or(exp —og(cal)

d= , @

og(cal)

where ag(exp) is the experimental data at intermediate en-
ergy and the theoretical valusy(cal) at intermediate energy

is calculated with the width parameter obtained by fitting the
experimentalrg data at relativistic energy or the calculated

9 10 11 12 13 14

7 or data by using the parametrized formul8] for those
nuclei with no experimental data at relativistic energy.
FIG. 1. The variation ofrg with proton numberZ for N=10 Ozawaet al. calculated the difference factar of C iso-

isotones where the old result of Li isotopes as a function of neutroiopes by the Glauber modg29]. Here we calculate the dif-
number is also shown for comparisg. The dotted line shows the ference factord by both the Glauber model and the
calculatedoy . Boltzmann-Uehling-UhlenbeckBUU) model [30-33. Ac-
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FIG. 3. The variation of the measureg, with the mass number

20} ﬁ . A for Al isotopes.

0% Fol number. When it approaches to the proton drip lifrem
w Al to 2%Al), oy increases with the decrease of the mass
1 0 1 2 3 number. This contrary trend to the expected one is an indi-

(N—Z) cation of the appearance of proton skins or halos in these
proton-rich nuclei. The cross section &fAl increases for a
FIG. 2. The (\—Z) dependence a for N= 10 isotones where reference. ngt:zlfu§5AI. This indicates -there is possiply a
the old result of C isotopes is drawn also for compariEa#. The ~ Proton skin in*%Al. The proton separation energy &fAlis -
solid curve connecting the open square indicates the results ck-871 MeV. This agrees with the assumption of proton skins.
Glauber calculations. The solid curve connecting the open circle8Ut for the nucleus™Al, the cross section enhanced strongly,
indicates the results of BUU calculations. compared with its neighboring nuclei. Especially this hap-
pens even if its mass number is the smallest in this isotope
cording to our experiencd82,33, the BUU model is better ~series. This evidences that there is a proton hal&®Al. Its
than the Glauber model for the descriptionagf at interme-  proton separation energy is also sng=0.125 MeV. This
diate energy. The factat of halo nuclei is also larger than is consistent with the picture of a proton halo.
that of an ordinary nucleus in the BUU model. Thus it is  After we analyze the experimental data arouiidl and
considered that the difference factbis sensitive to the ex- conclude there is a proton halo in it, we now investigate the
otic structure such as halo or skin phenomena. For a consipossible cause for the appearance of proton halo. In the
tent comparison, the experimental values are converted to tlground state of?®Al, the last proton can occupy the level
values at 30 MeV/nucleon by using the parametrized formuld.ds;, or 2s,,, in the spherical shell model. When the last
[28]. The variation of the difference factdwith the neutron  proton occupies ds),, a large centrifugal barrier will tend to
(or proton) excess N—2Z) is plotted in Fig. 2 forN=10  suppress the formation of a halo. This effect might be impor-
isotoneq Fig. 2(b)], where the variation afl with (N—Z) for ~ tant for the formation of a halo in proton-rich nuclei. It is
C isotopes from Ozawaet al.[27] is also drawn for compari- same for neutron-rich nuclei that a halo neutron may favor
son[Fig. 2(@]. From Fig. 2 it is seen again thdtfor 2°Alis  an orbit %,,, in a spherical shell modelsuch as inLi,
deviated from the normal trend and is remarkably larger thart’Be, 1°C). If there exist deformations in nuclei, the situa-
its neighbor nuclei. Here the results from the two modelstion can become complex because both prolate and oblate
BUU and Glauber give the same trend fdr=10 isotones. deformations can appear. The configuration of the ground
Ozawaet al. conclude that there is a neutron halo fC  state changes for different values of deformation parameters.
[Fig. 2@)]. We can draw the similar conclusion that there isIn this case the theoretical description of a halo will be com-
a proton halo in?3Al. Very recently the GANIL experiment plicate (such as in''Be and !°C). Here it is unclear which
with another method confirms that there is a neutron halo irtase the nucleusAl will belong to. The experimental
15C [34]. This demonstrates that the analysis method of thground state spin and parity of this nucleus is not available
difference factord is reliable for halo phenomena of exotic now. For its neighboring nucleu$Mg, there is a strong
nuclei[27]. Therefore the conclusion of a proton halo?i guadrupole deformatiom,=0.56 [35]. This may suggest
should be reliable. that the case of®Al is similar to that in *!Be and°C. The
So as to further elucidate the existence of proton halo ircore nuclei'®Be and*C in both 'Be and°C are strongly
231, we measuredry of the secondary Al beamgY 28Al)  deformed according to experimental data and theoretical cal-
under the same experimental condition as listed in Table Iculations. At present a complete description of the neutron
The data are also plotted in Fig. 3. Usually increases halo for both 'Be and '°C is still pending. So a correct
smoothly with the mass numbé for an isotope series be- description of the proton halo if°Al may bring a new chal-
causeop is proportion to the square of the matter rms radiuslenge to the present theoretical models. Here we use a simple
of a nucleus. This is seen from Fig. 3 for nucf&i?"?Al,  relativistic density dependent Hartré@DDH) model to in-
where the cross sections increase with the increase of masestigate the proton halo iA°Al [36]. We assume the last

N=10 isotone
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FIG. 4. Density distributions of*Al and 22Mg. The solid and
dashed curves are the matter density distribution&alfwhere the
last proton occupies thes2, or 1ds;, orbits, respectively. The
dotted-dotted-dashed and dotted-dashed curves are the density
tributions of the last proton where the last proton occupies #ig 2
or 1ds, orbits, respectively. The dotted curve is the matter distri-
bution of 2Mg, the core of?2Al.

proton occupies the spherical leveldsk or 2s,,,, then we
obtain the matter density distributions &%Al, with the inert
core 2Mg, and the last proton which fills indk,, or 2s,,.

The results of density distributions are depicted in Fig. 4

where the proton separation energy is adjusted to the expe
mental valueS;=0.125 MeV and a spherical code is used.
It is seen from Fig. 4 that an extended density distributio
(i.e., along tail appears when the last proton occupisg 2
The A rms, which equals to the difference between proto
rms radius and neutron rms radius, of the last protonsif,2
and in 1dg;, is 0.42 and 0.28 fm, respectively. This corre-
sponds to a proton halo in thesg, in 23Al.

Due to the systematic underestimation of in the
Glauber model at intermediate enerdi2g], o is calculated
by or=o0Rr(Gl) X €(E) in order to extract the experimental
density distribution.e(E) is an energy dependent factor,
which is obtained by a linear fit to the ratiz(exp)/or(Gl)
at energy around several tens MeV/nucléd®]. We assume
that the functional shape for proton density distribution in

Z3Al is composed of HO-type core plus Yukawa-square tail

at the outer regiofi7,37]. The width parameter of the HO-
type core is fitted targ of 22Mg. The only parameter of the
Yukawa-square tail distribution is obtained by fitting the ex-
perimental data ofAl. Then the rms radii oAl are ob-
tained from the experimental density distributions, which ar
extracted from experimentatgy using the above modified
Glauber model. The extracted rms of ZAl is 0.463
+0.150 fm, which is consistent with the result of RDDH
calculation with the last proton occupying the;2 orbital.
Therefore the proton halo will appear when the last proton i

in 2sq5,. It should be mentioned that we have used a simplegNe an
Glauber model and a BUU model to analyze the data. Re

cently an improvement on a simple Glauber model is mad
by Al-Khalili and Tostevin[38,39. They introduced an ap-

propriate cluster-Glauber theory to extract the matter radii o

halo nuclei''Li, 'Be, and®B, by considering the intrinsic

n
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clei than previously reported are needed in order to repro-
duce the experimental data. If their method is used for
proton-rich nuclei in this paper, it is expected that the proton
halo in 23Al will be more evident than here reported. The
conclusion that there is a proton halo3#Al will not change
even if another analysis method is used.
The proton halo nucleu$’Al is between halo nuclet’Ne

and 26272 _ |t may play an important role for the study of
proton halos in 8-1d shell nuclei. It bridges the gap be-
tween ’Ne and?%?”-2P This is very useful to elucidate the
mechanism of the appearance of proton halosrld shell.
Very recently Ozaweet al. proposed thalN=16 is a new
magic number for some neutron-rich nuclei with the isospin
T45=3 [40]. It is unknown whether it is true for proton-rich
ischlei. The proton halo appears for proton-rich nuclei with
proton numbeZ=<16. The isospin of these nuclei is approxi-
matelyT;=3. These may indicate thZt=16 could be a new
magic humber for these proton-rich nuclei. It is also known
that there is a level inversion betweenshb and ,,, for
N=9 neutron-rich isotonegt1]. It is interesting to study if
this inversion occurs foN=10 proton-rich isotones oZ
=13 proton-rich isotopes. In the future it is also very inter-
esting to measure the spin and parity?dAl to elucidate its
round state properties. The measurement of its quadrupole
noments and magnetic moments will shed the light on its
ground state deformation. No matter what, the error bars of

Tthe present experiment are large. Thus more measurements

of o at high or intermediate energies by more reliable and
accurate method are necessary.

In summary, reaction cross sectiamg of N=10 isotones
(*)F-23Al) and Z=13 isotopes {°AI-28Al) were measured
at intermediate energies. An remarkable enhancemeat of
for 23Al was observed as compared with its neighboring nu-
clei. This result, together with the very small proton separa-
tion energy §,=0.125 MeV), strongly suggests the exis-
tence of proton halo irf?Al. o at intermediate energy was
calculated with Glauber and BUU model by fitting the ex-
perimental one at relativistic energy. The different faador
(another quantity for the signature of halo phenomemas
deduced from the experimental and calculated data at inter-
mediate energy. The difference factdrof 23Al shows an
abnormal increase compared to its neighbors, which also
supports the existence of a proton halc?fAl. Further mea-
surement ofog for Al isotopes was carried out and it con-

Sirms the abnormally large cross section f3Al. This shows

again that there is a proton halo fiAl. The calculation of
23Al with the relativistic density dependent Hartree model
manifests the existence of proton haloZAl when the last
roton occupies the £, level. The appearance of proton
alo in 23Al bridges the gap of halo phenomena between
d 262, This is very important for elucidating the
mechanism of the appearance of halo 812 shell. Further

%xperiments and calculations will be necessary for a detailed

study of the halo structure iR°Al.
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