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The s-wave neutron fraction of the 0% levels in '2Be has been investigated for the first time through
the "'Be(d, p) transfer reaction using a 5A MeV '1Be beam at TRIUMF, Canada. The reaction populated
all the known bound states of '?Be. The ground state s-wave spectroscopic factor was determined to be
0.2870:93 while that for the long-lived 03 excited state was 0.737327. This observation, together with the
smaller effective separation energy indicates enhanced probability for an extended density tail beyond
the 1°Be core for the 03’ excited state compared to the ground state.

© 2009 Elsevier B.V. Open access under CC BY license.
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Understanding the structure evolution from stable to halo nu-
clei requires systematic studies of changes in orbital occupancies.
So far only Borromean nuclei, with unbound core +n clusters, have
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shown a two-neutron halo structure, such as in ''Li [1]. The exis-
tence of such a structure in a non-Borromean nucleus is not yet
established and investigating this in '2Be is of particular inter-
est. The disappearance of the conventional N = 8 magic number
in 1?Be is suggested from the lowering of the 2] state [2]. This
is associated with the 2s1,; and 1ds/, orbitals intruding into the
p-shell. 11Be is known to be a one-neutron halo with the neutron
dominantly occupying the 2s1,, orbital with spectroscopic factor
S ~0.74 in agreement with the one-neutron removal cross-section
[3]. This is also in agreement with the observations from transfer
reactions [4-6].

The one-neutron separation energy (S,) of 12Be is 3169(16) keV,
while that of 1'Be is 504(6) keV [7], and ''Li has a two-neutron
separation energy of 369.15(65) keV [8]. An important question
is how the increase in neutron separation energy due to pairing
influences the neutron distribution in the 251/, orbital.

Here we report the first measurement that determines the s-
wave neutron occupancy of the 01 bound states in ?Be through
the 'Be(d, p)'?Be neutron-transfer reaction. Since the ground
state of 11Be is 1/2F, the selectivity of this reaction offers a clean
way to disentangle the s-wave occupancies for the 0T levels. The
results are therefore the first clean determination of the !2Begs
spectroscopic factor without any influence of the isomeric 01 ex-
cited state. The observations also show the s-wave composition of
the 0" excited state.

The first excited state (21) in 12Be was observed at 2.11(2) MeV
through inelastic scattering [2,9] and heavy ion transfer [10].
A state at 2.68(3) MeV, was interpreted as an [ =1 excitation [9,
12] which is considered to be the same state as observed in the
10Be(t, p)!2Be reaction at 2.73(3) MeV [11]. Recently, a long-lived
0" state at 2.24(2) MeV [13] was populated in the production of
a 12Be secondary beam. The mean lifetime of the state was deter-
mined to be 331(12) ns [14]. The presence of this state makes it
important to investigate the s-wave configuration in the two bound
0% levels of 1?Be.

The spectroscopic factor (S) for the ”Begs +n(2s1,2) configu-
ration in 12BegS was found to be 0.42 £+ 0.06 from a one-neutron
removal reaction [15]. This is smaller than the 2si,, component
in 1'Be as expected due to larger neutron separation energy. The
]2Beg5 has p-wave and d-wave spectroscopic factors of 0.37 &+ 0.06
[15] and 0.48 £ 0.06 [16], respectively. The small s-wave probabil-
ity in 12Be makes it necessary to explore whether any of the bound
excited levels have a 11BegS +n(2s1,2) configuration. It should be
mentioned here that in the neutron removal reactions the !2Be
beam cannot be distinguished as being in its ground state or its
02+ long-lived state. It is therefore of utmost importance to find
the s-wave strength through a different method that is free from
this problem. In this work, the ''Be(d, p)!®Be reaction provides the
first clean signature of the s-wave strength for the ground state
and the 05 state.

Theoretically, the s-wave spectroscopic factor for the O;’ level
was predicted in [17] to be 1.34, but it is stated that these numbers
should not be taken too seriously, since the matrix elements used
are appropriate to a 2C core. Ref. [18], with different wavefunc-
tions, discusses an increased s-wave spectroscopic factor of 1.06
for the ground state while that for the excited 0; state is predicted
to be 0.54.! Models of '12Be based on a deformed potential [19]
consider the ground state and the 02+ excited state to be linear
combinations of 1/2[220]%> and 1/2[101]?> two-neutron configu-
rations with equal amplitudes. A study based on a '°Be +n +n

! This value is considering the s> wavefunction probability to be 0.27 instead of
0.17 which is likely a misprint in [18] because it does not lead to a total probability
of unity.
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Fig. 1. (a) The kinematic loci of the protons identified in the upstream silicon de-
tector in coincidence with '2Be in the downstream silicon detector. (b) The Q-value
spectrum integrated over the full angular range. The different states of '2Be are la-
beled in the figure.

three-body structure model discussed the second 01 excited state
to have two neutrons in the 1py/; orbital [20]. No experimental in-
forrrzlation exists on the detailed configuration of the excited states
in 12Be.

The experiment was performed at the ISAC-II facility, TRIUMF,
Canada. The radioactive ''Be beam was extracted from the TRILIS
laser ion source [21], and accelerated to 5A MeV by the ISAC-I
room-temperature RFQ and DTL [22] accelerators, followed by the
new ISAC-II superconducting linear accelerator. The uncertainty in
the average beam energy was < 10A keV. An accelerated beam
intensity of typically 10° ions/s was delivered to a 40 pg/cm? self
supporting (CD;), reaction target whose thickness was measured
from energy-loss using a standard alpha source. The beam spot
size at the target was < 3 mm in diameter.

A 140 pm thick annular S3 type double-sided silicon strip de-
tector detected the protons in the backward direction covering
laboratory angles of 130°-160°. The 24 ring segments of the detec-
tor defined the scattering angle. The reverse side of the detector is
segmented azimuthally into 32 sectors. The scattered !2Be along
with 1'Be from elastic scattering were detected in another an-
nular silicon detector placed 75 cm downstream of the reaction
target with laboratory angular coverage of 0.8°-2.7°. This coverage
ensured detection of the protons and 2Be nuclei in coincidence.
The coincident detection suppressed nearly all the background
events making it possible to identify the kinematic loci for the
1Be(d, p)1?Be reaction through proton energy and angle correla-
tions (Fig. 1a). The coincidence efficiency was determined from a
Monte Carlo simulation and the region with efficiency > 70% is
shown in Fig. 3.

The Q-value spectrum constructed from the energy and angle
of the detected protons is shown in Fig. 1b integrated over the



R. Kanungo et al. / Physics Letters B 682 (2010) 391-395 393

0.13
r B 12Begs

S I ® 12Be doublet

[0

=0 A 12Be(l-)

£ - o 0.12%) +0.7(02™)

8 009 [ -B- 0.19(2+)+0.33(02™)

2 I

© L

S 007 L f

8 L

2 I g %
0_05-...I...I...I...I...I......

9 10 11 12 13 14 15 16
Ocm (deg)

Fig. 2. Gaussian width (o) of the Q-value peaks for 12Bey; (filled squares), ?Be(2* +
07) (filled circles) and 2Be(1~) (filled triangles) states for different center-of-mass
angles. The dashed-line connecting the open diamonds shows the simulated width
for a mixture of 0.10(2%) + 0.73(0}'). The solid line connecting the open squares
shows the simulated width for 0.19(2%) + 0.33(0).

full angular range. The kinematic curves and Q-value peaks la-
beled as (1), (2), (3) in Figs. 1a and 1b correspond to the '?Begs,
a doublet consisting of the 2* and 0; excited states and the 1~
excited state respectively. The Q-value resolution on an average
was around 65 keV (o) observed for the 12Beg5 peak at a fixed 6.,
bin. The detailed resolution for each angle bin is shown in Fig. 2.

The width (o) of the Q-value peak, for the different states
obtained from a single Gaussian fit to each peak is shown in
Fig. 2. The centroid, width and amplitude of the Gaussian were
free parameters in the fit. The widths of the 12BegS and the 1~
state are found to be similar to each other. However, the sec-
ond Q-value peak (2) is much wider than the ground state peak
for 6. = 10°-13°, indicating that this peak is a mixture of two
states. The different distribution of the widths over angles from
that of other states, suggests the admixture of different angular
momentum transitions. This clearly shows that the second peak
(2) is not a pure 27 state or a pure 02+ state. The statistical uncer-
tainties shown in Fig. 2 are larger for 6, = 10° and 11° because
of smaller statistics due to lower coincidence efficiency. The peak
at Ocm = 15° is at the limit of detection in excitation energy and
therefore has a lower efficiency for the higher excitation energy
(i.e. smaller Q-value) direction of the peak, which probably leads
to its smaller observed width. We clarify here that the Q-value
peaks shown in Fig. 1b are angle integrated and their widths con-
tain combined effects of varying resolutions for different strips in
the detector and small shifts in centroids with angles. The maxi-
mum shift in centroid is ~ 50 keV. Therefore, the overall width of
the peak (2) in Fig. 1b though slightly larger than the ground state
is not an accurate way to view the presence of a doublet; rather
the presence is more clearly indicated in the peaks widths of indi-
vidual angle spectra shown in Fig. 2. The simulated open diamond
points (Fig. 2) are shown with the spectroscopic factors for the
best fit to the angular distribution in Fig. 3b (0.10(2%) +0.73(0;)).
The open square points (Fig. 2) use the spectroscopic factor from
the upper-error bar for (2*) and lower-error bar for (O;r) obtained
from the chisquare fit to the angular distribution in Fig. 3b.

The intensity of the 'Be beam was determined in two ways
throughout the experiment. The beam passing through the hole
in the annular silicon detector was stopped and counted using a
30 mm x 30 mm YAP:Ce radiation hard inorganic scintillator. In ad-
dition, the Rutherford scattering from carbon in the target provided
an independent measure of the beam intensity. The two methods
were in agreement which adds further support to the target thick-
ness being used in the experiment. The deuteron component in
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Fig. 3. (a) The angular distribution data for 12Begs, Q-value peak (1). The dia-
monds(cross marks) represent the DWBA calculation with S = 0.23 for a neutron
in the 2sq/, orbital using potential Set1(Set2) and a Woods-Saxon form factor. The
solid line is that with S = 0.28 using a Reid soft core form factor. (b) The com-
bined angular distribution for the '>Be(2*) and '2Be(05 ) states Q-value peak (2).
The solid line is the best fit with s-wave (S = 0.73) + d-wave (S = 0.10) with po-
tential Set1 and Reid soft core form factor. With the same form factor, the dashed
and dotted lines are s-wave (S =1) and d-wave (S = 0.25) respectively. Using the
Woods-Saxon form factor, the d-wave (S = 0.25) is shown by triangles (squares)
and the s-wave (S =1) is shown by diamonds(cross marks) for potential Set1(Set2).
The inset shows the chisquare minimum and the joint 68% confidence level region.
(c) Angular distribution of the 1~ state Q-value peak (3) compared to a DWBA cal-
culation(Set1) with spectroscopic factor 0.35.

the target relative to carbon is fixed by the chemical composition
of the (CD;), material. The uncertainty in the beam intensity was
considered to be 5%.

The differential cross-section as a function of center of mass
scattering angle (Fig. 3) was obtained by selecting the respective
Q-value peak. The small background under the peak was estimated
using a linear shape for the background and a Gaussian shape for
the peak. The error bars shown in Fig. 3 are the statistical errors.
The systematic error includes an overall 10% uncertainty due the
target thickness, and angle dependent uncertainties due to the co-
incidence efficiency that range from 1%-10%.

Obeying the selection rules, the 'Be(d, p) reaction can popu-
late the 07 states in 12Be only if the transferred neutron occupies
the 2s1,, orbital. The population of the 2% and 1~ states are pos-
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Table 1

Optical potential parameters used.
Channel Vo o ap wy Wy ] ar Vso Tso Gso

(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

d(Set1) 80.53 1.17 0.80 5.19 4.71 1.56 0.80 3.54 1.23 0.81
d(Set2) 118.0 0.87 0.91 0.00 5.80 1.57 0.78 5.80 0.87 0.91
p(Set1) 58.59 1.12 0.67 0.85 5.26 1.3 0.51 5.53 0.90 0.59
p(Set2) 57.8 1.25 0.25 0.00 8.08 1.4 0.22 6.5 1.25 0.25

sible with the transferred neutron occupying the 1ds,; and 1pq,2
orbitals, respectively.

To extract the spectroscopic strength the experimental angu-
lar distributions were compared to finite range distorted wave
Born approximation (DWBA) calculations using the code DWUCK5
[23]. The entrance and exit channel optical potentials were based
on global parametrizations (Setl) of deuteron-nucleus [24] and
proton-nucleus [25] interactions. The interactions were of the
Woods-Saxon form [23]

df (xp)
dX[

V(r)=—Vof(x0) — i<va(X1) —4Wy

2
+Vso(i> ldf(xso)

L3
r dr (L-5)

where

fx)=1/[1+exp(x)], xi=(r—riA"?)/a;, i=0,1,s0.
Calculations using potential parameters (Set2) from °Be +d [4]
and '2C + p [26] are close to the results obtained with Setl in
our region of interest (Fig. 3). The parameters are listed in Table 1.
VS’?, = —4V,, MeVim? is used for DWUCK. The bound-state poten-
tial for ''Be —n was of Woods-Saxon form where the depth of the

potential was adjusted to reproduce the effective separation en-

ergies (S = s, — E*(12Be)) for each state. For the p-n potential
we investigated using both the microscopic Reid soft core potential
and the Woods-Saxon form. The uncertainty in the spectroscopic
factors includes the result from both these types of p-n form fac-
tors. The experimental spectroscopic factors (S) for the 2Be states

are obtained through the relation

EARECTERREY
ds2 exp ds2 DWUCK

Qi+ 1)
where Sy is considered to be 1.0 [23]. J; and Jf are the spins of
the initial and final nuclei.
The solid line in Fig. 3a shows the DWBA result for the 2Beg;.
The s-wave parentage extracted from a y 2 minimization with both
statistical and systematic errors is S = 0.28f8:83 in the 68% confi-

dence level (x2, + 1). This is reduced compared to ''Be showing
the effect of pairing. This spectroscopic factor derived from the
1TBe(d, p) reaction is free from any influence of the 0J state. The
present result is therefore an important finding that can provide
some guidance to the theoretical models.

Fig. 3b shows the angular distribution that is the sum of 1?Be
in its 27 and 02+ states. The dotted curve is the DWBA prediction
for the '2Be(2%) with the neutron in the ds/, orbital and a spec-
troscopic factor of 0.25. The dashed curve shows the result for the
12Be(05) excited state with the neutron in the 2s1/; orbital with
S = 1. The data are then fitted with S1- ("'Be x n(1ds/2)) + S2 -
(1Be x n(2s1,2)), where S1 and S2 are the spectroscopic factors
for the d-wave and s-wave neutron in the 2+ and 0; states in
12Be respectively. The best fit (solid line) with a joint 68% con-
fidence level uncertainty ( x%in + 2.3) results in s-wave strength

of 52 =0.73%337 for the 0] state, while the d-wave strength is
found to be S1= 0.10f8:8? for the 27 state weighted by the statis-
tical uncertainties. The uncertainties considering X%m +1 results in
$1=10.10"59% and $2 =0.737522. The 2 sigma limit of the joint
probability could theoretically suggest a pure 27 contribution with
S1=0.25 to the angular distribution. However, the width of the
Q-value peaks show the 2+—0;r doublet nature suggesting contrary
to this. Further experiments towards a more precise determination
of the parentage for the 2% and 0; states might be undertaken in
the future.

The s-wave component of the two-neutron density for the 05
state with the spectroscopic factor of 0.73-0.33, has the probability
of 60%-27% of being found outside the 1°Be core radius of 3.3 fm,
which is the point within which 90% of the core probability den-
sity is found. In comparison, the fraction of the s-wave component
of the two-neutron density in the 12Begs outside the core is only
14%-20% for a spectroscopic factor of 0.21-0.31. This radial extent
supports the indication of a halo-like structure in the 02+ state. Fur-
ther experimental and theoretical investigations to understand this
in more details will be useful in future.

The normalization to the data shows an approximate spectro-
scopic factor of ~ 0.35 for the state at 2.68 MeV (Fig. 3c). This state
being close to the threshold of detection we do not assign confi-
dence bands. One cannot rule out the possibility of population of
a higher 07 state though, the shell model predictions suggest such
a state to be located at much higher excitation energy. This cannot
be confirmed at present since the level is close to the detection
threshold. The nearly similar magnitudes of the cross-sections for
the different states in '2Be provides additional signature for the
presence of intruder orbitals in them as confirmed through the s-
wave component of the states this experiment.

Energies and spectroscopic factors were calculated in the s-p-
sd-pf model space with the WBP Hamiltonian [27], which was de-
signed for configurations confined to a fixed number of harmonic
oscillator excitations. In this limit the 1'Be ground state has a 1hw
configuration, and states in ?Be have Nhw with N =0 for the
pure p-shell configuration. The lowest N=0 and N =2 0" config-
urations are nearly degenerate and have spectroscopic factors of 0
and 0.89, respectively. The mixing between N=0,2 and N=1,3
configurations can be done with an additional gap-energy param-
eter (Apsq) [28]. We choose Apsq = —1.85 MeV to give a ground
state which is 32% N =0 and 68% N = 2 (shelll in Table 2) that
was deduced from the 1?Be knockout experiment [15]. The result-
ing spectroscopic factors are given in Table 2 (Ssh€!l). The WBP
results should be regarded as an extrapolation from the (large) set
of data (mostly for nuclei near stability) used to determine the
WBP Hamiltonian [27]. We can expect uncertainties related to the
gap-energy parameter as well as changes in the Hamiltonian for
these nuclei being near the neutron drip line. A '2Be ground state
with 50% N =0 and 50% N = 2 (shell2 in Table 2) reduces the
s-wave spectroscopic factor for the ground state. Reducing the en-
ergy gap to —1.2 MeV and lowering the 1ds, orbital by 0.8 MeV
with a ground state of 42% N =0 and 58% N =2 (shell3 in Ta-
ble 2) we get a reduced spectroscopic factor for the 2* state and
the ground state.
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Table 2

395

Energies and spectroscopic factors with WBP for the mixed N =0 and 2 and N =1 and 3 configurations. The uncertainties for the excited 0" and 2% states originate from

the statistical error bars in Fig. 3b.

] (l) E)s‘helll Sshelll EihellZ SsheIIZ EihelB sshelB Eexp Sexp
(MeV) (MeV) (MeV) (MeV)

o+ (s) 0.00 0.57 0.00 0.39 0.00 0.29 0.00 0.2810:3
0+ (s) 1.71 0.55 1.65 0.72 1.82 0.45 2.24(2) [13] O
2+ (d) 2.36 0.50 2.59 0.55 2.46 0.41 211(2) [2] 0.101959
1- (p) 3.71 0.55 3.38 0.56 3.38 0.52 2.68(3) [12] (~ 0.35)
0~ (p) 5.91 0.57 5.59 0.62 5.60 0.40 = =

0+ (s) 5.53 0.82 5.79 0.83 5.81 0.86 = =

We mention here that the theoretical calculations presented in
this Letter are only a first attempt to interpret the data. Further
theoretical calculations would certainly be useful but these are be-
yond the scope of this Letter.

In summary, the first determination of the s-wave strength
in 12Be through the ''Be(d, p) one-neutron transfer reaction at
5A MeV is reported. Since the ground state of ''Be has a spin of
1/27" this reaction is selective to the s-wave neutron component
in the 0% levels. The nucleus '*Be was populated in its ground
state as well as the bound excited states. This experiment is the
first clean extraction of 12Begs s-wave spectroscopic factor free

from any influence of the 03’ long-lived state. The ground state of

12Be was found to have an s-wave spectroscopic factor of 0.28fg:8§

while the excited 0T level shows an s-wave spectroscopic factor
of 0.73“_“8%. This result, together with the small effective neutron

separation energy (Sﬁff ~ 930 keV) for the 02+ state provides some
indication that the long-lived 0] state in 'Be may have a neu-
tron halo-like structure. These observations are an important step
to reveal the change of s-wave strength as an effect of pairing.
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