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Experimental study of the nature of the 1− and 2− excited states
in 10Be using the 11Be(p, d) reaction in inverse kinematics
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The nature of the 1− and 2− excited states in 10Be is studied using the 11Be(p, d ) transfer reaction in
inverse kinematics at 10A MeV at TRIUMF ISAC-II, in particular to assess whether either of them can be
considered as an excited halo state. The angular distributions for both states are extracted using deuteron-γ
coincidences and analyzed using a transfer model taking into account one-step and two-step processes. A good
fit of the angular distributions is obtained considering only the one-step process, whereby an inner p3/2 neutron
of 11Be is removed, leaving the halo neutron intact. Higher-order processes however cannot be rejected. The
small spectroscopic factors extracted suggest that the structure of both states is not uniquely halo-like, but
rather display a more complex configuration mixing cluster and halo structures. Further insights are limited, as
this experiment specifically probed the halo-like (but not cluster-like) 11Be(1/2+) ⊗ (νp3/2)−1 configuration in
both states.

DOI: 10.1103/PhysRevC.104.044601

I. INTRODUCTION

Since the discovery of the extended nature of 11Li [1] and
its interpretation as a halo nucleus [2], a large number of light
(near) drip line nuclei have been found to display similar prop-
erties [3]. A halo nucleus is best defined by the extended tail
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of its probability density distribution arising from the weakly
bound valence nucleon(s) found in low angular momentum or-
bital(s). Traditionally, nuclei displaying halo properties have
been identified by measuring their anomalously large spatial
extent or conversely their narrow longitudinal momentum
distribution through a variety of experimental methods (see
[3] and references therein). The concept of halo, however,
not only applies to the ground states of nuclei, but can be
generalized to loosely bound excited states displaying a strong
single-particle nature dominated by low-orbital angular mo-
mentum radially extended configurations. To date, a number
of excited halo state candidates have been suggested to exist,
but demonstrating their halo nature is difficult since it is not
possible to apply most experimental techniques available for
ground-state studies. Two excited halo states have been firmly

2469-9985/2021/104(4)/044601(10) 044601-1 ©2021 American Physical Society

https://orcid.org/0000-0001-5614-1986
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.104.044601&domain=pdf&date_stamp=2021-10-01
https://doi.org/10.1103/PhysRevC.104.044601


K. KUHN et al. PHYSICAL REVIEW C 104, 044601 (2021)

shown to exist. The first one is the one-neutron halo 1/2−
first excited state in 11Be located about 180 keV below the
one-neutron separation energy (Sn) [4,5]. The second one is
the one-proton halo 1/2+ first excited state in 17F located
105 keV below the one-proton separation energy (Sp) [6].
Among the other candidates, the 2− state in 10Be (about
550 keV below Sn) has been the subject of numerous experi-
mental and theoretical studies (see [7] and references therein).
In this context, there appears to be a solid consensus that
both the 1−

1 and 2−
1 states (later referred to as 1− and 2−

respectively) in 10Be are dominated by a 9Be(3/2−) ⊗ νs1/2

configuration, but the determination of the halo nature of the
more loosely bound 2− state remains largely elusive not only
because of the experimental difficulties cited above, but also
because both the 1− and 2− states have simultaneously been
identified as cluster states [8,9].

Clustering is at the heart of the structure of most states in
beryllium isotopes (see [10,11] and references therein) with
the states most likely to develop strong clustering expected
to be found near and above their relevant cluster thresholds.
When describing states in terms of α-α clustering beyond
8Be, one also needs to take into account the role of the
extra valence neutron(s) and the concept of nuclear clusters
is expanded to one of nuclear molecules. The ground state
of 9Be, located 1.57 MeV below the α + α + n threshold, is
an example of a nuclear molecule, where the p3/2 valence
neutron provides the binding energy that prevents the two α

particles from dissociating. As we move to the more neutron-
rich Beryllium isotopes, the cluster and molecular thresholds
migrate to higher energies above the one- or two-neutron sep-
aration energies, and their ground states display more compact
structures [12], appearing more shell-model-like. Just as this
happens, one-neutron and two-neutron halo configurations de-
velop for 11Be and 14Be respectively. It would therefore not
be surprising that some states in beryllium isotopes would
display hybrid structures born out of the interplay between
cluster and molecular configurations on the one hand and
halos on the other.

In the particular case of the 1− and 2− states in 10Be, we are
seeking to probe the halo nature of these states by using the
proximity of one-neutron halo 11Be to our advantage. One at-
tractive way indeed to populate the 1− and 2− states in 10Be is
to use the 11Be(p, d ) transfer reaction. In this case, both states
may be populated through the transfer of an inner p3/2 neutron
from the 10Be core, thereby preserving the 11Be halo neutron
in the final configuration. Using such reaction, we would
expect the spectroscopic factors to reflect the overlap between
those states and the 11Be ground-state wave function, includ-
ing its characteristic one-neutron halo feature. This reaction
has been shown to strongly populate excited states around
6 MeV in 10Be. There are four excited states in relatively close
proximity from each other in this energy region: a second
2+

2 at 5958.4 keV, the 1− at 5959.9 keV, a second 0+
2 at

6179.3 keV and the 2− at 6263.3 keV [13]. As a result, until
very recently, the states being populated in the 11Be(p, d )
reaction could only be inferred due to the lack of energy
resolution afforded by experiments relying exclusively on
charged-particle detection. A fit of the 6-MeV angular distri-
bution obtained in the first 11Be(p, d ) experiment performed

at GANIL [14,15] is found to be consistent with a � = 1
transfer, suggesting that the states being populated are mainly
the 1− and 2− states through the transfer of an inner p3/2 neu-
tron from the 10Be core of 11Be. The summed spectroscopic
factor was found to be quite large (1.4), suggesting a strongly
dominant 9Be(3/2−) ⊗ νs1/2 configuration for both states,
consistent with an earlier one-neutron knockout reaction at
the National Superconducting Cyclotron Laboratory (NSCL)
facility [16].

Recently however, two experiments have extracted smaller
spectroscopic factors. First, a 11Be(p, d ) experiment run at
RCNP at a similar energy yielded a summed spectroscopic
factor about two times lower using similar assumptions
[17]. Second, a lower-energy 11Be(d, t ) experiment per-
formed at ISOLDE-CERN at 2.8A MeV was able to
extract individual spectroscopic factors for the states popu-
lated at 6 MeV using coincidences between charged-particle
and γ -ray detectors [18]. Johansen et al. find that the
2+

2 state in 10Be is also populated together with the
1− and 2− states. The sum of the 1− and 2− spectroscopic
factors [S = 0.31(11) and S = 0.40(10) respectively] is found
to be about 0.7, also much lower than [14] and in agreement
with [17]. The population of the 2+

2 is postulated to be due to
a two-step process, which may not contribute significantly at
higher energies. Given the low energy at which the ISOLDE
experiment was performed, the authors caution that their one-
step neutron transfer model may not be completely reliable,
hence an experiment in an intermediate energy range is war-
ranted to evaluate the spectroscopic factors of the 1− and 2−
states in particular.

In what follows, we present the results of a 11Be(p, d )
transfer reaction at about 10A MeV performed in inverse
kinematics at TRIUMF ISAC-II [19] using a combination of
charged-particle and γ -ray detectors. In Sec. II, we describe
the experimental setup and data analysis. In Sec. III, a short
description of the reaction model is provided. In Sec. IV,
we present the angular distributions extracted from this work
together with their analysis using a single-particle model.
Finally, we discuss the results in Sec. V before providing a
summary.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

Given that the energy of the 2+
2 , 1−, 0+

2 , and 2− states
in 10Be are within 300 keV of each other, it is not possible
to separate those states using charged-particle detectors only,
hence the need to use deuteron-γ coincidences for proper
identification. The assignment of the individual contribution
from the 2+

2 and 1− states is further complicated since they
are less than 2 keV apart. In this context, the 11Be(p, d )10Be
transfer reaction was performed using a combination of
highly segmented charged-particle detectors placed inside the
TRIUMF-ISAC Gamma-Ray Escape Suppressed Spectrome-
ter (TIGRESS) [20].

The 11Be beam was produced by impinging a 45 μA
479 MeV proton beam produced by the TRIUMF cyclotron on
a tantalum target and extracted using the TRIUMF Resonant
Ionization Laser Ion Source (TRILIS) [19]. The beam was
then post-accelerated to 9.93A MeV through the ISAC-I and
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FIG. 1. Left: Charged-particle setup comprising two �E1-�E2-E
telescopes and one side detector mounted on a custom-made
detector PCB board. Right: The back of the base board supporting
the detector PCB with all the connectors taking the signals out of the
SHARC vacuum chamber.

ISAC-II accelerators and delivered to the TIGRESS beam line
with an intensity of about 1×105 pps, where it impinged a
638 μg/cm2 CH2 target located at the center of TIGRESS.

The charged-particle detector setup used in this experiment
consisted mainly of two forward silicon telescopes designed
to detect and identify deuterons. To minimize the deuteron
identification energy threshold, the first element of the tele-
scopes was a thin 40 μm detector. The thicknesses of the
other two stages of the left (right) telescope were respectively
295 μm (499 μm) and 500 μm (505 μm). This allowed for
the detection and identification of deuterons with energies
greater than 2 MeV and up to 14 MeV (17 MeV) in the left
(right) telescope respectively. Beside the telescopes, one thick
(1 mm) side detector was also used to measure the elastically-
scattered protons to determine the entrance channel optical
model parameters and overall cross-section normalization. All
the detectors used were double-sided silicon strip detectors,
except for the last element of the telescopes.

Kinematics considerations were all that was required to
identify the elastically scattered protons in the side detec-
tor. The charged-particle detectors were mounted inside the
vacuum chamber on a set of specially designed multilayered
printed circuit boards (PCBs), similar to the ones used in [21].
Figure 1 (left) shows the detectors mounted on the top PCB
inside the SHARC [22] vacuum chamber together with the
target assembly, and (right) all the connections at the back of
the bottom PCB to collect the signals from the detectors.

When used with the SHARC vacuum chamber, the
TIGRESS γ -array consists of 12 HPGe detectors with eight
high-purity germanium (HPGe) clovers at 90◦ and four (up-
stream of the target) at 135◦ with respect to the beam axis.
For this experiment, the TIGRESS array was configured in
high-efficiency mode and, given the high-energy γ rays being
detected, the signals collected by each clover were read out
in addback. The overall laboratory angular coverage of the
charged-particle detectors (in black) and the HPGe clovers (in
red) is shown in Fig. 2.

Figure 3(a) shows the identification of the deuterons in
one of the telescopes. Upon selection, the characteristically
folded kinematics of the 11Be(p, d ) transfer reaction is clearly
visible on Fig. 3(b), where the expected kinematic lines for
the states of interest are also shown. Figure 3(c) shows the

FIG. 2. Nominal angular coverage of the experimental setup. In
black, the nominal angular coverage of the charged-particle silicon
detectors shown as collections of individual pixels. In red is the
nominal angular coverage of the TIGRESS clovers, including the
core positions (squares). This figure does not reflect missing channels
taken into account in the analysis.

reconstructed 10Be excitation spectrum and Fig. 3(d) the
Doppler-corrected γ -ray spectrum above 1 MeV. Notably ab-
sent from the γ spectrum are the 0+

2 → 1− 219.4 keV and
0+

2 → 2+
1 2811 keV transitions. Given the high-efficiency

of TIGRESS at 200 keV (about 25% in this configuration),
the resolution of the expected peak after Doppler correction
and relatively large 0+

2 → 1− branching ratio (34%) [23], the
low-energy transition, if present, should have been clearly
visible. This indicates that the 0+

2 state is not (or very weakly)
populated. This is consistent with the expectation that the
0+

2 should not display much single-particle strength [14]. It
was also not observed in the ISOLDE (d, t ) experiment [18].
All the other expected transitions from the populated excited
states in 10Be are clearly seen in the spectrum. As expected,
it is not possible to separate the individual contributions to
the (2+

2 , 1−) doublet transitions due to the TIGRESS energy
resolution even after Doppler correction.

III. REACTION MODEL

Often, 11Be has been described in a collective core (10Be)
+ particle (neutron) model (see for example [24]). Based on
that, the description of the 11Be(p, d ) reaction would typi-
cally require a three-body treatment explicitly including the
excitation of 10Be in a collective model [25]. However, in the
present work, the states being populated in 10Be are essentially
single-hole states in the 11Be core. These states are not de-
scribed in a collective model of 10Be. One could then consider
a four-body model p + (n + n + 9Be) potentially including
core excitation of 9Be. The development of that model is
difficult and beyond the scope of this work. Instead, in order
to have a practical way to analyze this data, we take a more
phenomenological approach. We assume the states in 11Be can
be mapped into a collective model. We introduce a dipole (β1)
and a quadrupole (β2) deformation taking into account the
properties of the 1/2− (320 keV) and 5/2+ (1783 keV) excited
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FIG. 3. (a) Particle identification spectrum using the first two stages of the right telescope. The selection of the deuterons is shown as well.
(b) Deuteron kinematics from 11Be(p, d ) as reconstructed by the telescopes. (c) Corresponding 10Be excitation spectrum with the 6-MeV peak
containing contributions from the 2+

2 , 1−, and 2− states in 10Be. (d) Doppler-corrected γ -ray spectrum gated on the deuterons in the region of
interest with specific transitions highlighted.

states in 11Be. We then couple this system to a single-hole
state (corresponding to the neutron-hole in the 11Be core).
With this structure model, it is then possible to use standard
one-step distorted wave Born approximation (DWBA) to de-
scribe the (p, d ) reaction and populate the relevant negative
parity states. Elastic, inelastic and transfer scattering calcu-
lations can then be performed consistently. Calculations are
performed with the code FRESCO [26].

IV. RESULTS

A. Elastic and inelastic scattering angular distributions

The 11Be(p, p′) elastic and inelastic scattering (to the
1/2− first excited state) angular distributions were extracted
from the side detector between θlab = 55◦ and 75◦. A gate on
the 1/2− → 1/2+ 320 keV γ ray was first used to extract the
inelastic scattering cross section. The elastic scattering angu-
lar distribution was then obtained by subtracting the inelastic
scattering contribution from the total angular distribution.

The optical potential for the p + 11Be entrance channel
was determined by fitting simultaneously both the elastic and

inelastic scattering data. The absolute cross sections were
obtained by normalizing the elastic angular distribution to the
prediction from FRESCO. By varying the optical parameters
within reasonable bounds, we found two sets (labeled A and
B) of significantly different optical parameters that yielded
similar χ2. This result is not surprising considering the few
data points available to constrain the optical potential parame-
ters. While one could argue that the depth of the real potential
for set B is too large (see Table I presented later), we decided
to keep both sets of parameters to study how they affected
the spectroscopic factors extracted from the transfer angular
distributions. The fits of the elastic and inelastic scattering
angular distributions using model A (solid lines) and model
B (dashed lines) can be seen in Fig. 4, where the black circles
and red squares show the angular distributions of the elastic
and inelastic scattering respectively.

In principle, one would want to normalize the angular
distributions on the Coulomb-dominated part of the elastic
angular distribution, which is not possible in this case. In the
range of θCM angles covered by this experiment, the Coulomb
contribution to the cross section is small and the determination
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TABLE I. Optical potential parameters for the entrance and exit
channels. Models A and B are the p + 11Be entrance channels re-
sulting from the SFRESCO minimization (see text) and potential D
is the d + 10Be exit channel calculated from the RIPL database.
Potential depths are in MeV while reduced radii (rx) and diffuseness
(ax) are in fm. Radii are defined in terms of the reduced radii as Rx

= rx×(A1/3
T + A1/3

P ) with AT and AP the numbers of nucleons in the
target and projectile respectively. Parameters δ1 and δ2 are as defined
in the text and are in fm.

Label V0 r0 a0 Wv Ws rs as δ1 δ2

A 27.2 1.76 0.50 2.00 5.45 1.55 0.50 1.67 2.5
B 108.2 1.40 0.81 3.21 4.14 1.40 0.52 1.67 2.5
D 89.0 1.20 0.77 0.0 20.3 1.35 0.62

of the normalization arises from the constraints placed by
the fit of the nuclear potential optical model parameters. As
seen in Fig. 4, there is little difference between the angular
distributions obtained with model A and model B at small
θCM angles (using the same Coulomb radius rC = 1.14 fm),
so we estimate that the systematic error on the normalization
coefficient is relatively small, but probably not smaller than
10%. This is taken into consideration in our analysis.

Table I shows the input channel parameters for models A
and B together with the d + 10Be exit channel parameters
(potential D) extrapolated from the RIPL database [27,28].
The first three parameters (V0, r0, a0) define the real part of the
interaction, namely the standard depth, reduced radius and dif-
fuseness for a Woods-Saxon shape. The remaining parameters
concern the imaginary component: Wv and Ws for the depths
of the imaginary volume term and the imaginary surface term
respectively, both with rs reduced radius and as diffuseness.
No spin orbit term is included in these calculations as the
data does not constrain this part of the interaction, except
for potential D for which spin-orbit potential parameters are
provided in RIPL. As discussed in Sec. III, we introduce the
deformation length parameters δ1 = β1R and δ2 = β2R for

 (deg)c.m.�
0 20 40 60 80 100 120 140 160 180
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m

b/
sr

)
�d�d
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1

10

210

310

410
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Inelastic data

Model A: Elastic fit

Model B: Elastic fit
Model A: Inelastic fit
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FIG. 4. Elastic (black full circle) and inelastic (red full square)
angular distributions (statistical errors only) shown with the best fits
obtained using Model A (solid lines) and Model B (dashed lines).

TABLE II. Spectroscopic factors predicted by the shell model
considering different 11Be initial configurations.

Excited Neutron
Initial configuration

state removed 11Be(1/2+) 11Be(5/2+) 11Be(1/2−)

2+
2 p3/2 1.107

d5/2 0.007 0.0012
1− p3/2 0.693 0.037
2− p3/2 0.580 0.345

11Be (with R the interaction radius). The parameter δ1 was
obtained from the fit of the inelastic angular distribution to
the 1/2− 0.320 MeV first excited state (shown in Fig. 4).
The parameter δ2 was then deduced from the δ2/δ1 ratio
given in [29].

B. Angular distributions of the 1− and 2− states in 10Be

As stated earlier, the population of the 1− and 2− states in
the 11Be(p,d) reaction is believed to mainly proceed through
the (one-step) transfer of a p3/2 inner neutron from the 10Be
core of 11Be leaving the halo neutron in its original s1/2

configuration. Hence, the model for these states considers all
states to be hole states created from a deformed 11Be nucleus
mimicking the halo structure (see Sec. III).

There are other possible contributions, which are expected
to be smaller. First, one should in principle account for
the fact that the full 11Be wave function includes a small
10Be(2+) ⊗ νd5/2 component (see for example [30] and refer-
ences therein), which is difficult to model and would require
extensive theoretical work beyond the scope of this work.
Second, as pointed out by Johansen et al. [18], two-step
processes may also contribute at relatively low energy. Per-
haps the simplest two-step process to consider for the
1− and 2− states is if the transfer proceeds through the
11Be(5/2+, 1.783 MeV) excited state, where the s1/2 halo
neutron is first promoted to the d5/2 orbital. In what follows,
we include this possible two-step process in our analysis. As
a result, we write the 1− and 2− wave functions as

�[10Be(1−/2−)] = αψ[11Be(1/2+) ⊗ (νp3/2)−1]

+ βψ[11Be(5/2+) ⊗ (νp3/2)−1]. (1)

Table II gives the spectroscopic factors extracted from shell
model calculations in the 0p1s0d space [31] for the single-
particle configurations that may contribute to the population
of the 2+

2 , 1−, and 2− states. As can be seen, the contribution
of a two-step process may turn out to be significant, at least
for the 2− state according to this calculation. Interestingly, the
shell model calculation also predicts another 2− state around
9 MeV with a large 11Be(1/2+) ⊗ (νp3/2)−1 configuration.
This state has not been observed yet, possibly because of its
broad width. The case of the 2+

2 state will be briefly discussed
at the end of this section.

Given the experimental angular distributions deduced for
both states, we can find out the optimum α and β parameters
by varying the FRESCO spectroscopic amplitudes As and Ad

of the 11Be(1/2+) ⊗ (νp3/2)−1 and 11Be(5/2+) ⊗ (νp3/2)−1
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FIG. 5. χ 2 (ndf = 7) surface obtained when varying the spectroscopic amplitudes of the initial s1/2 (x axis) and d5/2 (y axis) components
to fit the 2− angular distribution for model A (left) and model B (right). The white cross shows the location of the minimum χ2 and the black
dashed line indicates the 1σ limit.

components respectively, with α = As/
√

A2
s + A2

d and β =
Ad/

√
A2

s + A2
d . The corresponding individual (Ss and Sd ) and

total spectroscopic (Stot) factors can then also be deduced from
the same spectroscopic amplitudes using

Ss/d = A2
s/d/N, (2)

Stot = Ss + Sd , (3)

where N is the occupancy number of the p3/2 orbital (N = 4)
prior to the neutron transfer.

To ensure the entire spectroscopic amplitude parameter
space is explored, spectroscopic amplitudes As/d up to about
2.8 (equivalent to spectroscopic factors of about 2) are consid-
ered in the χ2 scan for both 1− and 2− states.

In order to extract the angular distributions of the 1− and
2− states in 10Be from deuteron-γ coincidences, extensive
GEANT4 (G4) [32,33] simulations were necessary to account
for the effects due to the kinematics of the reaction and the ge-
ometrical efficiency of the experimental setup (including dead
strips and edge effects). Prior to extracting the experimental
angular distributions, the G4 simulations were thoroughly
benchmarked using various fictitious simulated angular distri-
butions. The extraction of the 1− angular distribution presents
the additional challenge of needing to be separated from a
contribution of the 2+

2 state. For this reason, it will be dis-
cussed second.

1. 2−, 6.263 MeV state

The χ2 exploration of the spectroscopic amplitude phase
space, shown in Fig. 5 for both models, yields an opti-
mum solution corresponding to a pure (α � 1) 11Be(1/2+) ⊗
(νp3/2)−1 configuration. The χ2 surfaces however display a
strong correlation between As and Ad . This can be attributed
to the fact that the number of data points in the experimental
angular distribution does not allow for a strong discrimination
between both processes. While a small contribution from the
two-step process cannot be entirely rejected, one would expect

the one-step process to dominate the reaction mechanism,
which is what is seen here.

Figure 6 shows the angular distribution of the 2− state
together with the fits corresponding to the lowest χ2 con-
figurations found for models A and B. Shown in black are
the data points that were used for the search of the best fit.
The extra red data point was extracted for relatively high
energy deuterons beyond the fold of the kinematics shown
in Fig. 3(b), where the information from two distinct θCM

angles can again be separated from the same θlab data. The
extraction of this data point requires significantly more geo-
metrical corrections based on simulations and could have still
contained some residual bias. It is shown in the figure for
completeness. This data point is found to be consistent with
the best fit of the angular distribution for both models. The
extracted spectroscopic factors for all the angular distributions
will be discussed together in Sec. V.

 (deg)c.m.�
0 20 40 60 80 100 120 140 160 180

 (
m

b/
sr

)
�d�d

1

10

 )
1/2

Model A: Best Fit (Pure s

 )
1/2

Model B: Best Fit (Pure s

FIG. 6. Best fits obtained for the 2− angular distribution with
model A (solid blue line) and model B (dashed blue line). In this
case, the best fits were obtained using a pure s1/2 component.
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FIG. 7. χ 2 (ndf = 7) surface obtained when varying the spectroscopic amplitudes of the initial s1/2 (x axis) and d5/2 (y axis) components
to fit the 1− angular distribution for Model A (left) and Model B (right). The white cross shows the location of the minimum χ2 and the black
dashed line indicates the 1σ limit.

2. 1−, 5.960 MeV state

The 1− state in 10Be is believed to have a structure similar
to the 2− state, hence the neutron transfer is modeled exactly
the same way [see Eq. (1)]. Extracting the angular distribution
for the 1− state does present an additional experimental diffi-
culty due to its close proximity to the 2+

2 state. Considering the
γ -ray intensities extracted for the (2+

2 , 1−) → 2+
1 , 2.59 MeV

and (2+
2 , 1−) → 0+

1 , 5.96 MeV transitions and taking into
account the branching ratios of the 2+

2 and 1− states [23] to
the first 2+ and ground states, we find that the relative popu-
lations of the 2+

2 and 1− states are P2+
2

= 21% and P1− = 79%
respectively. This means in particular that less than 4% of the
(2+

2 , 1−) → 0+
1 , 5.96 MeV intensity arises from a contribution

from the 2+
2 state decay. In what follows, we assume this

contribution to be negligible.
Given the relatively low efficiency of TIGRESS at 6 MeV

(about 3.5% photopeak efficiency), we use a similar approach
to Johansen et al. in the ISOLDE (d, t ) experiment [18],
which consists of including part of the Compton background
of the 6 MeV photopeak and recalculating the detection effi-
ciency to account for the larger number of events detected. As
a minor refinement of the method, we accounted for the fact
that the detection efficiency is not constant in the used Eγ =
4.8–6.0 MeV range. We therefore weighted the total number
of events in the Compton region using 200 keV sections of
constant efficiency (NCompton = ∑

i
1
εi

Ni). Equation (4) gives a
total efficiency of εtot = 15(2)% in the given energy range for
TIGRESS.

εtot = ε5958

(
1 + ε5958

Nphotopeak

∑
i

Ni

εi

)
(4)

where Nphotopeak is the number of events recorded in the
5.96 MeV photopeak and ε5958 is the estimated TIGRESS
efficiency at 5958 keV.

To deduce the best fit for the 1− state angular distribution,
we perform a scan of the spectroscopic amplitudes As and Ad

as done previously for the 2− state. The result of the scan is
shown in Fig. 7. The χ2 “valleys” obtained for models A and

B resemble the ones obtained in the case of the 2− state. This
is not surprising given the fact that both states are expected to
share a similar structure. We do see however that the minima
are found to be for mixed configurations with nonzero Ad .
Considering the 1σ contours, we note that the 1− angular
distribution can still be described satisfactorily by the one-step
process only in both models. The 1σ contours reflect the weak
constraints placed on the fits due to the small number of data
points and the relatively low statistics. Figure 8 shows the an-
gular distribution of the 1− state deduced from the 1− → 0+
transition together with the fits corresponding to the lowest
χ2 configurations found for models A and B (in blue). Also
shown in orange are the fits obtained considering only the
one-step process (pure s). Similarly to the 2− case, the search
for best fits was carried out using only the black data points,
while the red point was excluded due to the large amount of
geometrical corrections required. We note in retrospect that,

 (deg)c.m.�
0 20 40 60 80 100 120 140 160 180

 (
m

b/
sr

)
�d�d

1

10

Model A: Best fit
Model B: Best fit

 component1/2Model A: Pure s
 component1/2Model B: Pure s

FIG. 8. Best fits obtained for the 1− angular distribution with
Model A (solid blue line) and Model B (dashed blue line). Also
shown with solid (dashed) orange lines the fits obtained considering
a pure s1/2 component for Model A (Model B).
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TABLE III. Spectroscopic factors Sx extracted for the 1− and 2−

states in 10Be using models A and B. For the 1− state, both the
optimum solution and the one resulting from the one-step process
only are given. To the statistical-only error bars given in the table, an
additional 20% systematic uncertainty needs to be added (see text for
details).

State Model Reaction Ss Sd Stot

1− A incl. 2-step 0.04a 0.40a 0.44a

B incl. 2-step 0.06a 0.09a 0.15(2)
A 1-step 0.09(2) 0.09(2)
B 1-step 0.16(2) 0.16(2)

2− A 1-step 0.18(2) 0.18(2)
B 1-step 0.32(4) 0.32(4)

aLarge uncertainty.

in the case of model B, the pure one-step process appears
to be more favored considering the full angular distribution
(including the red data point), while, in the case of model A,
the additional data point does not appear to constrain the fit
further. The conclusion, similar to the case of the 2− state, is
that the 1− angular distribution can be described by a one-step
process without the need to consider higher order processes
(which however cannot be rejected).

3. 2+
2 , 5.958 MeV state

Knowing the 1− angular distribution, it is in principle
possible to extract the 2+

2 angular distribution from the
(2+

2 , 1−) → 2+
1 transition given their relative population and

their respective branching ratios to the 2+
1 state. The 2+

2
state is expected to exhibit single-particle strength, given its
small B(E2) [7]. We did extract an angular distribution for
the 2+

2 state and attempted to fit it using a two-step pro-
cess, whereas the 11Be halo neutron is first excited to the
11Be(1/2−, 0.320 MeV) excited state (see Table II). The re-
sult of this analysis is inconclusive given the large error bars
associated with the data points. We do note, however, that the
spectroscopic factor required to fit the angular distribution has
to be unusually large, possibly suggesting that a different reac-
tion mechanism should be considered to describe the neutron
transfer. This is interesting considering that a one-step process
(assuming the removal of a d5/2 neutron) is not predicted to be
significant and appears to also give unsatisfactory results [18].

V. DISCUSSION

Table III summarizes the spectroscopic factors Sx extracted
for the 1− and 2− states in 10Be. For the 1− state, they
are given considering the one-step process (pure s) only and
including a two-step contribution (best fit). For the one-step
processes, it is reasonably straightforward to assign an un-
certainty on the spectroscopic factor Ss by propagating the
spectroscopic amplitude As uncertainty obtained from the 1σ

contour limits intersecting the x axis in Figs. 5 and 7. For
the two-step process cases, the highly correlated nature of the
spectroscopic amplitudes As and Ad makes it impossible to
estimate individual uncertainties on Ss and Sd , and one can
only infer that the uncertainties are large. In the case of model

TABLE IV. Spectroscopic factors extracted from this work for
the 2− state (model A / model B) and compared to previous experi-
ments and theoretical predictions.

Experiment
This work Johansen Jiang Winfield Aumann

[18] [17] [14] [16]
0.18/0.32 0.40 0.7a 1.4a 0.58

Theory
This work Al-Khalili Negoita

[7] [34]
0.58b 0.7 0.58

aAll 6 MeV excited states.
b11Be(1/2+) initial configuration in Table II.

B, the serendipitous almost-circular nature of the correlation
implies that the total spectroscopic factor Stot is somewhat
better constrained, and allows for a reasonable overall uncer-
tainty to be extracted in this particular case only. To the quoted
uncertainties in Table III, one needs to add a systematic error
of about 20% (propagated to the spectroscopic factors) due
to the uncertainties on the elastic scattering normalization, as
discussed earlier.

While the spectroscopic factors obtained for both the 1−
and 2− states from both models do not always overlap within
their uncertainties, they are consistent in pointing to smaller
than expected spectroscopic factors and in reasonable agree-
ment with [18]. This confirms the discrepancies observed with
the original results obtained by the first 11Be(p, d ) experi-
ment, as also pointed out by [17]. These small spectroscopic
factors do contrast with other experimental findings and the-
oretical calculations (see Table IV for the 2− state), and this
appears to call into question the excited halo state nature of
both states, and of the 2− state in particular. As stated be-
fore, the reaction mechanism populating both negative parity
states involves removing a p3/2 neutron from the 10Be core
of 11Be, leaving the halo neutron untouched. In this process,
it is assumed that the configuration produced corresponds
to 9Be(3/2−, gs) ⊗ νs1/2. However, in reality we know this
mapping is only approximate. For one, there is a d-wave
component in the halo of 11Be. In addition, even the s-wave
configuration could involve a 9Be(3/2−) state different from
the 9Be(3/2−, gs).

In this respect, the clustered or molecular nature of beryl-
lium isotopes plays a very significant role here. The 1− and
2− states in 10Be are part of a group of states, together with
the 2+

2 and 0+
2 states, that are located simultaneously near the

one-neutron separation energy (6.81 MeV) and the α + 6He
energy threshold (7.41 MeV), making them prime candidates
for a hybrid structure mixing molecular and halo configura-
tions. There is a vast body of evidence both experimental and
theoretical (see [10] and references therein) that the 1− state
can be understood as a molecular bandhead, which second
member is the 2− state. Antisymmetrized molecular dynamics
(AMD) calculations have long predicted that those states are
built upon two relatively distant α particles bound by two va-
lence neutrons (p3/2, s1/2) forming a hybrid σ -π bond [12,35].
Given that the valence neutrons are on separate orbitals, one
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expect both states to display single-particle strengths. It is
indeed very possible that both the bound negative parity states
in 10Be are hybrid states displaying a complex mix of cluster
and halo properties. The small spectroscopic factors extracted
in this reaction could result from the mismatch between
the 11Be(1/2+) ⊗ (νp3/2)−1 and the 9Be(3/2−, gs) ⊗ νs1/2

configurations, which very likely display a vastly different
amount of clusterization. In this context, the 11Be(p, d ) reac-
tion could only provide insights on a well-developed excited
halo coupled to a shell-model-like 10Be(gs) ⊗ (νp3/2)−1 core.
If one assumes that a halo configuration does exist in the 1−
and 2− states, then the small measured spectroscopic factors
are indicative of the poor overlap between the existing core
configuration and the one probed by this transfer reaction.
This strongly suggests that this core is built upon a more
complex and clustered configuration, such as 9Be(3/2−, gs).

We note here that these hybrid states would not be the only
ones to show such a mix of cluster and halo configurations.
The unbound 8.81 MeV state in 11Be, sitting very close to
the 8Be +3n and 2α + 3n thresholds, likely displays similar
properties [23,36–38]. As ab initio techniques progress [39],
one can expect these will be able to shed light on these issues.

VI. SUMMARY

We have studied the nature of the 1− and 2− bound states
in 10Be using the 11Be(p, d ) reaction at about 10A MeV
in inverse kinematics. Spectroscopic factors for both states
were extracted and found to be considerably smaller than
the combined one extracted from the original 11Be(p, d )
experiment. This result is consistent with two recent exper-
iments performed at RCNP and ISOLDE. While the result
of our analysis does appear to support a likely dominant
9Be(3/2−) ⊗ νs1/2 configuration for both states, we suggest

that the smaller spectroscopic factors extracted from this ex-
periment do not preclude the existence of an excited halo
configuration in both states, but rather point to a more com-
plex core than the 10Be(gs) ⊗ (νp3/2)−1 configuration probed
with this reaction. With both states simultaneously in close
proximity to the 6He +α threshold and to the one-neutron
separation energy Sn, they can be identified as “hybrid” states,
where the halo neutron also acts as a valence neutron (σ bond)
in the molecular framework.
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