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Abstract

The first measurement of the two proton removal, cross section and momentum distribution, with a Be targeM&\66
are reported. The momentum distribution shows a width of 183 MeV/c (FWHM) that is much narrower than the width
expected from a normal nucleus 90 MeV/c). The proton removal cross-section has been determined to bg 48Imb.
Analysis of present data together with interaction cross section indicates signifieaavte probability of the two valence
protons. This suggests a two-proton hald fie.

0 2003 Published by Elsevier B.V.

Keywords: 17Ne; Proton halo; Momentum distribution; Proton removal cross section; Interaction cross section; Glauber model

Over the past decade studies of unstable nuclei led Coulomb barrier of course is a main hindrance to the
to the discovery of nuclear halo structures close to formation of a proton halo. So even if, a one-proton
neutron drip line [1]. Investigations around the proton halo might be visualized to be formed, existence of a
drip line in search of such structures are however two-proton halo seemed to be a rare possibility.
few. One-proton halo formation ifB, 2’P [2,3] has The ’Ne nucleus is an attractive candidate for
been discussed but so far there has been no conclusivesearch for a possible two-proton halo with its Bor-
evidence for a two-proton halo. The presence of the romean character and small two-proton separation en-

ergy Sz, = 0.94 MeV. Previous experimental studies
like the measured interaction cross section systemat-
E-mail address: ritu@postman.riken.go.jp (R. Kanungo). ics for the Ne isotopes and thie= 17 isobars suggest
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a probable halo formation [4]. The large beta-decay
asymmetry observed betweéfNe and!’N is also
suggestive of an abnormal orbital for the valence pro-
tons in1’Ne [5]. From a reaction cross section mea-
surement at intermediate energies, Warner et al., how-
ever, concludes that a halo does not exist'ie [6].

Recent theoretical efforts also present a contradic-
tory picture as a dominance of protons occupying the
1ds,> orbital is suggested by Fortune and Sherr from
a consideration of Coulomb energy [7]. The work of
Millener [8] in addressing the beta decay asymmetry
also reaches the same conclusion af-wave dom-
inance. The possibility of a proton halo #{Ne is
discussed however, from Glauber calculations with
Hartree—Fock wavefunctions in Ref. [9]. A calcula-
tion based on Faddeev model wavefunctions [10,11]
also suggests a two-proton halo fdNe and predicts
momentum distributions, whose measurement should
confirm the existence of a two-proton halo.

The situation regarding halo formation #Ne is
thus not clear. Theoretical models of nuclear struc-
ture need to be used to interpret the observed large
interaction cross section, in order to estimate the rela-
tive contribution of the - andd-orbital occupancies of
the protons and to comment on a possible halo struc-
ture. Furthermore, it must be noted that an enhance-
ment of the interaction cross section alone does not
necessarily confirm the existence of a halo. Large de-
formation at times, could also be reflected in large
cross sections. The formation of a halo structure is
confirmed only when one observes a relatively nar-
row momentum distribution coupled with a large in-
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Fig. 1. Particle identification spectrum after the reaction target. The
spectrum is already charge selecteti= 8). The inset shows the
Nal(Tl) projection of the spectrum after correcting for the TOF-E
correlation.

thus suggestive of two-proton halo formation in this
nucleus.

The experiment, with a 138 MeV ?°Ne primary
beam, was performed using the RIKEN Projectile
Fragment Separator (RIPS). The secondaxe beam
with an average intensity of 120 pps and energy of
66 A MeV interacted with a 0.5 mm Be reaction target
placed at the second focus, F2, (achromatic) of RIPS.

The fragments produced after the reaction target
were transported to the final achromatic focus (F3),
through focusing magnets. The angular acceptance of
the fragments after the reaction targetis-32 mrad.

It has been confirmed that there is no distortion

teraction cross section under a consistent descriptionin the shape of the momentum distribution in this

of both on the same footing. The shape of the momen-
tum distribution portrays the valence nucleon orbital
and is hence a reliable probe in search of exotic struc-
tures.

In this Letter we report the first measurements of
the longitudinal momentum distributioP() for two-
proton removal front’Ne using the newly developed
time-of-flight (TOF) technique [12]. The observed
momentum distribution has a narrow width compared
to the Goldhaber width for atPO core. Furthermore,
the few-body Glauber-model [16] analysis of the
measured distribution and the two-proton removal
(0—2p) as well as interaction cross sectioag)(taken

method, even for nuclei with Goldhaber broadening.
Two scintillators placed 5.2 m apart after the reaction
target provided the TOF information of the breakup
fragments. A 60 cm long ion chamber, operated with
Ar gas at 1 atm. at room temperature, was used as an
energy-loss AE) detector after the scintillators. The
total energy (E) information was obtained from a 6 cm
thick Nal(Tl) detector placed further downstream.

The fragments were mass separated using the E
and TOF information after the target (Fig. 1). The
charge separation was achieved by usingAlteand
TOF information. The momentum of the incidérie
nucleus could be obtained from position sensitive

together, suggests the valence protons to have a largedetectors placed at the dispersive focus (F1) of RIPS.

probability of occupying the 4,, orbital. This is

The TOF after target provided the momentum of the
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Fig. 2. Thel’Ne — 150 longitudinal momentum distribution data. The shaded regions in (b)—(d) show the uncertainty of the overall
normalisation ino_»,,. (&) The solid (long-dashed) lines are Lorentzian (Gaussian) fits to the data. The dash-dotted line shows the predictions

of Ref. [10]. (b) The solid curve indicates the prediction of the model-1 for pew@ve configuration of two-valence proton$; (= 1), and
the long-dashed curve present that for pdrevave configuration§; = 0). TheS; = O.Qfgés gives momentum distribution consistent with

the experimental data. The short-dashed curve shows the momentum distribution that is consistent with the data with the smallesst value of
(= 0.65). (c) The lines show calculations considering model-2 (see text). (d) The lines represent results considering model-3 (see text). The

solid/long-dashed/short-dashed lines represent proton emission fitfp orbitals.

The background-subtracted momentum distribu-
tion is shown in Fig. 2 fitted by a Lorentzian (solid
line) and Gaussian (long-dashed line) (Fig. 2(a)). The
bution of 1’Ne — %0 was primarily due to'’Ne spectrum appears asymmetric having a low momen-
reacting in the scintillator at F3. This small back- tum tail which is expected due to multistep reac-
ground was subtracted using the procedure describedtions that become important at energies under dis-
in Ref. [12] and also reconfirmed from subtraction cussion. Such asymmetry has been discussed recently
with target out data. The othef = 8 fragments ob- by Tostevin et al. [13]. The data with error bars (if
served in Fig. 1 aré*0 and!%0 on the left and right ~ connected by smooth line) has a FWHM of 168
side of1°0, respectively. 17 MeV/c. The FWHM of this distribution from a

breakup fragments. The momentum resolution in the
present experiment was 18.8 MaVFWHM.
The main source of background in thRy distri-
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Lorentzian (Gaussian) fit is 158 3 MeV/c (183+

2 MeV/c) which when unfolded by the system res-
olution yields a value of 15% 3 MeV/c (181+

2 MeV/c). The two-proton removal from the core nu-
cleus'®0O shows a Goldhaber width 290 MeV/c.

A comparison therefore, suggests a halo formation in
17Ne. The measuredl », was 191+ 48 mb where the
large uncertainty reflects mainly the estimates of trans-
port efficiency and the acceptance.

The ground state configuration dfNe, is consid-
ered to be &°0 core+p + p structure. In this arti-
cle we assume thdPO core coupled to two protons
either in 31,2 or 1ds/> are the main configurations.
The aim of this analysis is to see qualitatively the rel-
ative contributions of the3,> and Us/, wavefunc-
tions in the ground state. One can thus write the wave-
function of 'Ne asiie(r) = a1vc (N3 (e, r2) +
azwc(r)¢1’d=sg(rl, r.), wherey¢ is the core wave-
function andp (r1, ro) is the proton wavefunction. The
densities of thé®O core and the protons are individ-
ually normalised to the respective particle numbers.
Thus, the two-proton spectroscopic factdis= |a1|?
and S, = |az|?, satisfy the relatiors, + S» = 1.

To interpret theP;; distribution and the measured
o_2p in a few-body Glauber model we consider
three different possibilities. Firstly,/Ne is visualized
as having al®O core plus two uncorrelated proton
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obtained forS; = O.Qfgés. In addition to the curve
corresponding to the upper limit ofy (= 1.0), the
curve corresponding to the lower limit 8§ (= 0.65)

is also shown in the figure by short-dashed curve to
visualize the fitting.

Fig. 3(a) (solid line) shows the calculated values
of the two-proton removal cross section in model-1.
The values are also listed in Table 1. It is seen that
both the momentum distribution and the,, are
reproduced with§; = 0.9733.. In normal shell model
ordering these protons should occupy ierbital
which however yields a much wider distribution and
smaller proton removal cross section that is well
outside experimental errors.

In model-2, we look into the possibility of a di-
proton configuration with the total angular momentum
of the protons coupled to zero. Here the protons could
once again either be in theorbital (solid line in
Fig. 2(c)) or in thed-orbital (dashed line in Fig. 2(c)).
Consideration of a di-proton, however, leads to a
much less extended wavefunction than the former
due to increased Coulomb barrier and separation
energy. This results in an extremely smaill;,
(Table 1). Thus, although the width of the calculated
momentum distribution appears fairly consistent with
the measured one, the value of cross section is far
below the experimental data (Fig. 2(c)).

structure, where two uncorrelated protons are emitted  In model-3, we consider three different paths. (a) In
simultaneously (model-1). Secondly, we adopt the the first path, one proton from the s-orbital is knocked
possibility of al°0 core plus a di-proton configuration out and results in the lowest-Oresonance intéF
and knockout of a di-proton cluster (model-2) and which then decays to the ground staté3 by proton

thirdly, we explore the possibility of two proton
emission through the decay of unbound state$°Bf
(model-3). In this model, a proton is knocked out
by the collision leaving the pre-fragment®F) in
unbound states. Then another proton is emitted from
the excited states.

In model-1, the two protons are treated as identical,
each having a separation enerdy,X equal to half
the two-proton separation energgzf). This is a

reasonable choice and has been used in Refs. [14,15]

for borromean nuclei. The prediction from model-1
is shown in Fig. 2(b), where the solid line indicates
S1 =1 (pures-wave) case and the long-dashed line
indicatesS1 = 0 case. As can be seen in the figure,
S1 = 1.0 is consistent with the data atSgd = O is not.

Varying the ;1 value, a consistent fit to the data is

emission. Sd'Ne in this possibility can be modeled
as 16F* + p where the effective separation energy
is S,(1'Ne) = 1.479 MeV. The proton is in &,
orbital. Here 15F* acts as a core for the Glauber model
calculation. This core, is described BO (harmonic
oscillator density) plus proton (is-orbital with S, =

S;NE/Z). The momentum distribution in this process
(Fig. 2(d), solid line) is much narrower than the data.
The calculated” ,  is shown in Table 1.

(b) In the second path, one proton is emitted from
the d-orbital and produce$F in its lowest 2 state
(424 keV), S, = 1.903 MeV. Here, the'SF* core

is described by®O (harmonic oscillator density)
plus proton (ind-orbital with S, = S;;NE/Z). The
momentum distribution from such a process is shown
by the long-dashed curve in Fig. 2(d). The calculated



R. Kanungo et al. / Physics Letters B 571 (2003) 21-28 25
250 300
r Sz.=1
250%
: &150/
so f (@) 100//
I7Ne+%Be 664 Mev e = [}
0 :nuIn||I|u||uulu||I||||In||I||||Iu||||||| 50:_ 3 (b)
0 02 04 06 08 1 F
s-wave probability (S1) (]IS VT FORT PPN TVET FEUPE SV PO PP PO
0O 02 04 06 08 1
250 s-wave probability (S1)
: 1200
: 1 UNe+l2C  680A MeV
< 2001 ]
Z 1100 L
= = ]
& 150F © 1000
: ] (d)
C i S1=0.7810.21
10 ES3 - 900 -0....1...0.|2....|...c;|....|.n.|..,.l....l....l....1
60 14 180 s-wave probability (S1)

Fig. 3. (@) The shaded region is the measured two-proton removal

cross sectléNdor 9Be at 664 MeV. The solid line is the few body

Glauber calculation for model-1. (b) The shaded region is as in (a). The solid lines are Glauber calculations for model-3 as explained in the text.
The lines are for different values 6% from 0 to 1 in steps of 26. (c) The shaded region indicates the obsegavidth ando;,. The solid

lines are the calculated loci for different valuesSaf From left to rightS3 = 0.0-1.0 in steps of 46. The dots along each locus shows values

of §1 =0.0,0.1, 0.2, 0.4, 0.6, 0.8, 1.0 from top to bottom. (d) The interaction cross section data (shaded region) shown is the weighted mean of
two data from Ref. [4] for"Ne + 12C at 6804 MeV. The solid line is a few body Glauber calculation for model-1.

cross section oLz ) is shown in Table 1. It may
be mentioned that thig-wave distribution shows an
improved fit to the high-momentum tail of the data as
compared to Fig. 2(b).

(c) In the third path we consider the emission
of a proton from the ki, and lps/» orbitals in
the core. This leads to the™lresonances at 3.758
and 4.65 MeV, respectively, if®F. Here, thel®F*
core is described b}?O (harmonic oscillator density)
plus proton (inp-orbital with S, = S;;Ne/Z). Since
the excitation energies of the twotlresonances
considered differ only by 1 MeV, it is found that
the one-proton removal cross sections from beifp

and pz/» calculated in a core- p model are similar
(~25 mb). In total there are 6 protons in tpeorbital
therefore, the total removal cross sectiexﬁ2

150 mb (Table 1). The momentum distribution from
such a process is shown by the short-dashed curve in
Fig. 2(d).

None of the three paths can fit the data individually.
Therefore, we consider a mixing of these three paths.
Since the proton removal from the corg-wave) is
not related to a separate ground state configuration as
described above, the two-proton spectroscopic factor
(S3) for it can be any value ranging from 1 (100%
probability of two protons emitted from g, and
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Table 1
Calculated two-proton removal and interaction cross sections for the different proton emission models. The agreement with experimental data
is indicated by = good agreement) = fair agreementx = disagreement within experimental errors of Fig. 2(b)—(d)

Model Proton o7 (mb) o_2p (Mb) P| (FWHM)
orbital 680A MeV 66 A MeV 66 A MeV

Data 1065t 32 191+ 48 168+ 17
Core+ uncorrelated s 10560 1680 125A
protons d 1000x 94x 325x
Core+ diproton s 948x 30x 1350

d 941x 14x 1550
Decay through s 125 100
16+ d 75 225

p 150 210

1p3/2 orbitals) to 0 (no emission of the core protons)
independent of the factogy and S>. Although, such

factors can be calculated from a shell model, we
have no experimental guidance of this factor from

wider. In the limit of unbound®F having a density
with root-mean-square radius larger than that’dfe,
the process of proton emission by model-3 will not ex-
ist. In this context, it may be useful to re-investigate

an inclusive measurement. We thus, consider them asthe two-neutron removal studies from neutron rich nu-

parameters here.

The o_5, calculated in such a mixed emission
is thus given by_2, = S10°, + Sgofzp + 307,
where §1 + S2 =1 and 0< S3 < 1.0 as explained
above. The Fig. 3(b) shows the relation between
the S1 value ando_p,. The shaded area shows
the experimental value of_»,. The different lines
in Fig. 3(b) correspond to different values 6§.

It shows that the inclusion op-wave removal is

clei, e.g.,!Li, 1’B within the framework of neutron
evaporation.

A summary for analysis o, and o_, within
the above three models, thus gives two possibilities.
As one solution, we have a consistent understanding
of the data with a strong probability of the two
protons occupying thesz,, orbital, in model-1. The
other alternative, seems to be the process of proton
evaporation (model-3) which suggest that protons

necessary to explain the cross section. To obtain could have about 50—-20% probability of residing in

a consistent understanding of the width of tig
distribution (AP;) and o_», under this model, we
study the locus on th& P ando_», plane of these

the 21/, orbital and fair amount op-wave knockout
contribution.
As mentioned at the onset, to confirm the existence

calculated values in Fig. 3(c). Again the shaded area of a halo, the Heisenberg’s uncertainty principle must

is the experimental observation. The different solid
lines represent the different values &f from 0 to
1.0 in steps of 16. It is found that only loci for
S3 > 0.3 (i.e., more than two protons ip-orbitals)

be satisfied. So a consistent understanding of the struc-
ture should be achieved from both the momentum dis-
tribution and the interaction cross section measure-
ments. Thus, in the next step, we investigate the ra-

overlap with the one standard deviation experimental dial extent of-’Ne from the measured interaction cross

area. Therefore, proton knockout from the deeply
bound Ips/> orbital is necessary for explaining the
observation. The-wave spectroscopic factor which is
consistent with the experimental region ranges from
S1~05100.2.

It should be mentioned here that the results dis-
cussed with model-3 would change significantl}5F

section 67) [4].

The interaction cross section reflects on the total
size of the nucleus and thus, it is best described by the
most suitable model available for the nucleus. Since,
we have two identical valence protons, the models
1 and 2 (with!’Ne= 10 + p + p) are appropriate
to describeo;. Model-3 differs from the other two

core density is larger than our estimation. In such case, in the mechanism of proton emission only and thus
the calculated proton removal cross sections would has no relevance to a separate interpretatios; ofn

be smaller and the momentum distributions slightly

particular, the value of3 does not contribute to the
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interaction cross section. The knockout process from indicating the possible presence of the first two-proton
p-wave is a single proton removal from the core and halo.

thus is included in the core breakup process in the The present data together with existing interac-
interaction cross section calculations. Therefore, only tion cross section data fdfNe are analyzed in the
S1 contributes to change of interaction cross section. framework of few-body Glauber model. All the data
The prediction of interaction cross section is thus takentogether provide a consistent understanding with

considered to be same as those of model-1.

We thus analyse the; (1’Ne+ 12C at 6804 MeV)
in the models 1 and 2. The coteO is considered to
have a harmonic oscillator density, that includes the
protons in thep-orbitals. The width of the harmonic
oscillator is adjusted to reproduce the experimental
o7 [4] for 10 + 12C. The valence protons are con-
sidered to be either in thesg, or the 15/, orbitals,
as explained above.

The results are shown in Table 1 and Fig. 3(d). The
data can be explained in model-1 By= 0.78+0.21.
Model-2 gives very small cross section compared with
the data (Table 1). The value 6f (0.5-0.2), required
for fragmentation in model-3, does not agree with the
measured; .

Thus, a consistent description @, c_, and
o7 can be obtained only in model-1 (uncorrelated

two proton emission) withs; = 0.9733.. The root-

mean-square (rms) radius &fNe from such a pic-
ture is ~2.75+ 0.03 fm while that of the!®O core

is ~2.42 fm. The rms radius of the halo proton wave-
function is~4.55+ 0.15 fm. It should be mentioned
here that the observed width of momentum distribu-
tion is consistent with the predictions of a proton halo
in Ref. [10] (Fig. 2(a); dash-dotted line).

This is unlike the case of the mirror nucletfgN
where magnetic moment measurements [17] favor
the two neutrons to occupy predominantly theés 2
orbital coupled toJ™ = 0T, with a small admixture
of two neutrons occupyingsz,» orbital. Furthermore,
the necessity of two neutrons coupled 16 = 2+
in 1’N is found to be important for explaining the

a 1°0-plus-two uncorrelated proton picture bfNe.
Within the present models, a largevave occupancy

of the valence protons is suggested. The extent of
the halo is of course somewhat hindered compared to
neutron-rich cases. Quite different ground-state con-
figurations are suggested for the mirror nudiéie
and!’N. A suggested lowering of thes2, orbital for

the protons is thus consistent with the new shell gap
Z =16 reported in Ref. [19]. The present conclusion
is also supported by the fact that the lowest resonance
for the unbound®F is a 0~ one showing its-wave
nature, while the 2 is located above it.
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