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Abstract

Excited states in9Be from 2 to 9 MeV are studied via beta delayed particle emission from9Li. The broad overlapping particl
unbound states are investigated using an extension of an experimental method developed for dealing with three-body
broad isolated levels. The results confirm the existence of a broad state at 5 MeV, with a width of 2 MeV. Angular corr
are used for firm spin determinations for this and other levels.
 2005 Elsevier B.V.
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There has been significant progress in ab initio c
culations applied to the structure of light nuclei, no
reaching the lowest energy states for several s
values in isobars with mass 9 and 10[1]. In partic-
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ular, for 9Be the lowest state for each spin up to 9/2
has been calculated. This development presents a
lenge for experimentalists to complete the knowled
on the excited states. This task gets increasingly ha
as we move into the unbound parts of the spectr
Even for a well studied stable nucleus such as9Be
there are large uncertainties at about 5 MeV exc
tion energy. Ab initio calculations are not yet availab
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here. The different theoretical approaches, shell mo
[2,3], antisymmetrized molecular dynamics (AMD
model[4] as well as microscopic cluster models[5,6]
predict more states than are seen experimentally
particular all calculations coincide in predicting 3/2,
5/2 and 7/2 states of negative parity in the regio
between 5–7 MeV excitation energy in9Be. So far
only the first 7/2− level at 6.38 ± 0.06 MeV has
been firmly established, whereas candidates exis
a 3/2− and 5/2− level (see Refs.[7,8] and reference
therein).

All the levels in question have a width larger th
1 MeV. This, and the fact that they disintegrate int
three-particleααn final state, makes it very difficult t
determine their properties (the history of the equa
wide 1/2− state at 2.78 ± 0.12 MeV illustrates this
point nicely[2]). We recently developed a new meth
whereby analysis of complete kinematics data of
three-body decay gave firm values for spin and pa
of the mirror levels in9Be and9B at about 12 MeV
with widths around 0.4 MeV[9,10]. We here report on
an extension of this work to the broader and overl
ping lower-lying states in9Be.

We note that the previous information on the ten
tive 3/2− level at 5.6±0.1 MeV is very limited. It has
only been reported in a single experiment[11] where
the broad level remained unresolved, and the spin
signment stems from theory. A possible mirror lev
in 9B has been suggested in a recent analysis of b
decay data of9C into9B done using multichannel, an
multistate R-matrix approach[12], but the spin–parity
assignment made there was 1/2−.

Apart from spin–parity assignments, the decay p
terns of these broad levels can also be of interest.
properties of low-lying unbound states in9Be are rel-
evant in the calculation of the4He(αn, γ )9Be reaction
rate in the stellar scenario. In particular, the imp
tance of the5He+α channel has been recently point
out [5,12]. Thus a new experimental survey of the d
cay of the relevant states in9Be through the5He+ α

channel is needed and should be included in the ev
ation of the stellar reaction rate as stressed in Ref.[13].

The experiment was carried out at the ISOLDE
cility at CERN. The mass separated 20 keV9Li ion
beam, produced by impinging an intense 1.4 GeV p
ton beam on a 32 g/cm2 Ta-foil-target coupled to a
surface ion source, was stopped in a 40 µg/cm2 C-
foil. The foil was situated in the centre of a detecti
system composed of two DSSSDs of 60 µm thickn
with an effective dead layer of only 100 nm. The use
these detectors with ultrathin dead layers[14] in com-
bination with the low energy of the9Li beam and the
thin stopping C-foil have allowed us detection of alp
particles in coincidence with energies down to 30
350 keV. The singlesα spectrum was measured lat
with a different setup consisting of a 40 µm thick S
detector, placed at large distance to avoid summ
The solid angle subtended by this detector was 0.1
of 4π . The alpha particles could be separated from
noise at energies higher than 180 keV.

The experimental set-up used did not allow dir
detection of the neutrons, but since the decay oc
at rest energy and momentum conservation allow
deduction of both its energy and direction. Therefo
the complete decay-kinematics can be reconstru
for coincidence events. In the left part ofFig. 1 the
reconstructed data are shown. It has been found co
nient to represent the data in the form of sum energ
the three particles versus the individualα1, α2, n ener-
gies. The observation of events along diagonals in
scatter plot indicates the presence of sequential d
through the different decay channels. The emissio
the first particle from different states through the sa
intermediate state is thus denoted in this scatter
by a diagonal as demonstrated in Ref.[15]. The diag-
onal with lowest slope(9/8) corresponds to the deca
through the8Be(g.s.) channel, the next one with t
same slope and higher energy offset to decays via
8Be(2+) state and the steepest one(9/5) to decays
through the5He(g.s.) channel. This method to sep
rate the contributions of the different channels is v
important since as pointed out in[16] the calculated
phase-space distribution of the two alpha particle
the three channels:

9Be∗ → α + 5He(3/2−) → α + n+ α,

9Be∗ → n+ 8Be(2+) → n + α + α,

and direct9Be∗ → n + α + α are very similar. The
right-hand side ofFig. 1 shows the low energy re
gion of the scatter plot ofEsum versusα1, α2 and n.
There is an increase of beta feeding at low energy
responding to the contribution of the 2.43 MeV (5/2−)
stateE(9Be∗) = Esum+ 1.57 MeV (break-up energy)
Along the diagonal, corresponding to the break
through the5He(g.s.) channel, rather strong feedi
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n).
s: (1) via
ted
Fig. 1. Left: the deducedα +α + n sum energy is plotted versus the individual particle energies (En is deduced from momentum conservatio
Right: blow-up of the scatter plot shown on the left. The continuous lines indicate the region where the first emitted particle goe
5He(g.s.) channel. (2) via8Be(2+) or (3) via8Be(0+). The width of the interval is given by theΓ of these intermediate states. An unexpec
increase of strength is observed in the diagonal 1 between 3 and 4 MeV in sum energy along the5He(g.s.).
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can be observed, but there is no report in the com
lations[7,8] of such a decay branch.

First, let us here review what is known about t
low energy states of negative parity in9Be i.e., the lev-
els accessible in allowed beta transitions, and their
cays. The energy, spin and decay modes of the na
2.43 MeV state in9Be are well known and the differ
ent experiments agree about the partial decay bra
to the8Be(g.s.) giving a global average of 7± 1% [7].
The properties of the broad 2.78 MeV state are
so well known. The existence of a level at 2.78 M
in 9Be was found in the work of Chen et al.[17] by
studying theβ-delayed time-of-flight neutron spe
trum. The spin of the state was assigned as 1/2− since
both the rotational model[18] and the shell model[3,
19] predicted a 1/2− level around this excitation en
ergy in 9Be. The energy and width of the level ha
been confirmed in subsequent experiments[20–22].
Unfortunately, the partial decay branches of this bro
level are more controversial as pointed out by Miko
et al.[2] and summarized in their Table 2. In the ori
inal work of Ref.[17] it is stated that the 2.78 MeV
level decays mainly to the8Be(g.s.). This conclusion
is based on the reaction data[23] where neutrons com
ing from the excitation energy region 2.9–3.5 Me
were seen to feed the8Be(g.s.) with a branch o
87± 13%. That work[23] was, however, based on th
3.049±0.009 5/2+ level in9Be. This statement there
fore lacks experimental proof but it has anyhow be
quoted in the literature[7,8]. From the assumption tha
the 2.78 MeV level decays mainly via the8Be(g.s.), a
β-feeding of only 3% was found by Chen et al.[17] for
this level. However, in the followingβ-decay experi-
ment at CERN[21] an equivalent feeding was deduc
for the 2.43 MeV level and the delayed alpha sp
trum gave an additional 7%β-feeding to the 2.78 MeV
state decaying toααn through the8Be(2+) and the
5He(g.s.) states. The latter results have been confir
by Nyman et al.[22] who carefully measured the lo
energy neutrons from the9Li decay giving a ratio of
2:1 for these two partial branches.

We have decided to check the decay of the 2
MeV state in our analysis, partly to resolve this qu
tion, partly to demonstrate that our method works a
for very broad levels. The scatter plot indicates c
siderable intensity through the5He(g.s.) and8Be(2+)-
channels at low energy. To investigate this further
studied the angular distribution of the alphas which
sensitive to the spin of the states involved.

It is known that radiation or particles emitted
cascade by a nucleus are correlated in their rela
direction of propagation. Biedenharn and Rose p
metrized these correlations in Ref.[24]. In the presen
case, the states populated in allowed beta transit
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the
state at
Fig. 2. Angular distribution of the data gating on the5He(g.s.) channel. Left: sum energy region 0.9 MeV � Esum� 1.3 MeV. The angular
distribution observed is typical of a 1/2 state decaying by alpha emission to the5He(g.s.) Right: the angular distribution of the data in
6 � Esum� 7 MeV region (black line) is compared with the angular distribution coming from Monte Carlo simulations assuming a
7.9 MeV with a width of 1 MeV and a spin equal to 5/2− (dashed line). The fit excludes the previous assignment of spin 1/2− for the decaying
level [7,21]. Our analysis strongly supports the tentative value given in the last compilation of Tilley et al.[8].
l

rti-
uct

ns

or-
the
-

in

y
on
eed
tal

e.
as

i-

nt
n-
the

ed

d
ue

eV
he
nt
own

d

ur
d-
t

as-
from the decay of9Li have spin and parity 1/2−, 3/2−
and 5/2−. The decay through the5He(g.s.) channe
will be: 9Be∗ → α + 5He(3/2−) → α + n + α. Thus
the angular correlation between the first emitted pa
cle and the direction of the composite decay prod
(5He) is given by the expression 1+ A2(3 cos2 θ −
1)/2. The parameterA2 very different for the three
possible spins, allows theα–α angular distribution to
trace the spin of the initial state in9Be. We have ex-
ploited this technique and studied different regio
along the5He diagonal inFig. 1. We first selected the
region 0.9 MeV � Esum� 1.3 MeV, along the diag-
onal 1 corresponding to the5He channel (seeFig. 1)
in the decay of the 2.78 MeV state. The angular c
relation between one alpha and the direction of
centre of mass of the n+ α system gives the distribu
tion shown on the left part ofFig. 2. This is the typical
distribution corresponding to an initial state of sp
1/2− with a minimum at around 90◦ and two maxima
at around 50◦ and 130◦, respectively. We have thereb
not only shown that there is a significant contributi
of the break up of the 2.78 MeV state that does not f
the 8Be(g.s.), but also obtained the first experimen
evidence for the 1/2− character of the 2.78 MeV stat

A small beta feeding to the 7.94 MeV state w
proposed by Langevin et al.[21]. An analysis of the
α–α angular distribution of the region of interest ind
cates that the spin of the initial state in9Be is not 1/2
as suggested previously[7]. A spin of 5/2 is deduced
from the fit of the angular distributions for the differe
spins and theα–α correlation data. The data (conti
uous line) and the fit (broken line) are shown on
right-hand side ofFig. 2. This new spin value for the
7.94 MeV state is in agreement with the unpublish
results of10B(e, e′p)9Be [25] cited in the compilation
of Tilley et al. [8]. One should, however, bear in min
that the feeding observed in this region might be d
to the tail of the 11.8 MeV state.

Returning now to the central energy region (3 M
� Esum� 4 MeV), for the same selected channel t
α–α angular distribution obtained is very differe
from the one observed for the 2.78 MeV state as sh
on the left-hand side ofFig. 3. This angular distribu-
tion excludes spin 1/2 for the initial state, and is fitte
assuming spins 3/2 (a-red line) and spin 5/2 (b-blue
line) for the decaying state in9Be through the ground
state of5He. As shown in the figure our data favo
spin 3/2 for the initial state. Proton scattering stu
ies of the structure of9Be [11] suggest a new level a
5.6(1) MeV excitation energy in9Be with a tentative
spin–parity assignment of 3/2−. Such a level could be
fed in beta decay, but before making any definite
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ed
lo
ly
Fig. 3. Characterization of an unknown level from data gated on the5He(g.s.) channel between 3 MeV� Esum� 4 MeV. Left: theα–α angular
distribution favoured spin 3/2 (a-red laine) for the state. Right: the alpha energy spectrum for events corresponding to the selectEsum
and with the most energetic alpha particle in the interval 1 MeV� Eα1 � 1.8 MeV. Theα energy distribution is compared to Monte Car
simulations assuming a level at 5 MeV withΓ = 2 MeV and spins equal to 5/2− (b-blue line) and to 3/2− (a-red line). The data consistent
favours a spin–parity 3/2− for the decaying level.
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signments we shall investigate further whether the d
require the contribution of a new level.

A projection of theα1, α2 spectrum has been fitte
using the contribution of the previously known le
els in 9Be fed in theβ-decay of9Li [21,22]: 2.43,
2.78, 7.9 and 11.8 MeV. We have performed Mo
Carlo simulations to account for the different geom
rical factors and thresholds of the particle detection
the different decay branches. The R-matrix formali
as explained in Appendix A of Ref.[22] was applied
for the simulation of the primary and secondary de
branches. The position and width of the excited sta
were taken from[7,8]. A very detailed description o
the method followed is given in[9]. The channel radi
used in the R-matrix calculations were 6.2 fm for t
5He(g.s.) and 6.1 fm for the2Be(2+). For the decay
of the excited states in9Be into these channels w
have chosen channel radii of 4.2 fm and 4.5 fm
the more narrow and wider state, respectively. We
not include the 11.3 MeV state since it has been p
viously demonstrated[10] that it does not contribut
significantly to the decay.Fig. 4shows the compariso
between the alpha spectrum obtained in coincide
data (black line) and a Monte Carlo simulation of t
contributions of the breakup of the 2.43 MeV (a-gre
line), 2.78 MeV (b-dark blue line), 7.94 MeV (c-ligh
blue line) and 11.81 MeV (d-red line) states. The c
tribution of the 2.43 MeV level was modelled usin
the prescription of Bochkarev et al.[26, p. 965]. The
decay of the 2.78 MeV level through the8Be ground
state could not be detected as the energies of the a
from the breakup are below the threshold of the co
cidence setup. Contributions from the8Be(2+) and the
5He(g.s.) channels are taken as 0.75 and 0.25, res
tively. These values were obtained from the best fi
the singles spectrum. The 7.94 MeV level has b
found to decay mainly through5He(g.s.) with 10%
contribution to8Be(g.s.). Contributions from8Be(2+)
are found to be small (<20%). This is consisten
with the intensity distribution seen inFig. 1 for Esum
around 6 MeV. For the 11.8 MeV state the five dec
branches with the relative values given in Table 1
Ref. [10] have been considered. The contributions
the different 5/2− levels at 2.43, 7.95 and 11.81 Me
have been added incoherently. As shown on the u
part of Fig. 4, the contributions from these levels a
not sufficient to completely describe the projectedα-
spectrum. Their summed contribution is given by
e-fuchsia line ofFig. 4. When compared with the ex
perimentalα-spectrum, the simulation shows missi
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.81 MeV
m of the
. On
Fig. 4. On the top the known excited states at 2.43 MeV (a-green line), 2.78 MeV (b-dark blue line), 7.94 MeV (c-light blue line) and 11
(d-red line) in9Be are used to fit the projected alpha spectrum obtained from coincidences (black line). The e-fuchsia line is the su
contributions of the simulations of the excited states in9Be. On the inset the same fit including the contribution of the new state at 5 MeV
the bottom the fit of the singles alpha spectrum where the contribution of the known levels plus the 5 MeV one are included.
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intensity in the region of theα-spectrum between 1
3 MeV, the difference indicated by the grey region
Fig. 4.

Consequently, we need to introduce a new leve
spin 3/2 to completely reproduce the data. We sh
deduce its properties in two different ways. First,
making use of the extra intensity observed in the s
ter plot and, second, by looking at the projection
the alpha spectrum. To explain and characterize
intensity observed in the sum energy region betw
3–4 MeV along the5He(g.s.) channel and trying t
avoid the contribution from the 2.78 MeV state a
gion was selected to perform the data analysis w
3 MeV� Esum� 4 MeV and restricting theα-particle
with highest energy to a narrow area around the5He-
diagonal, 1.8Eα1 + 0.7 � Esum � 1.8Eα1 + 1.1 in
MeV. The projected alpha spectrum was fitted
ing the R-matrix formalism assuming spin–parities
3/2− and 5/2− for the initial state. On the right-han
side ofFig. 3 the selected alpha energy projection a
the fits assuming 3/2− (a-red line) and 5/2− (b-blue
line) for the spin–parity of the initial state are show
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Table 1
Branching ratios of the beta-decay of9Li to the excited states of9Be

E∗(9Be) (MeV) Iπ Γ (keV) B.R. (%)

Coinca Singles Ref.[21] Ref. [22]

g.s. 3/2− 49.2±0.9b 49.2±0.9b 50.5±5 50±3
2.43 5/2− 0.77±0.15 29.6±1.3c 31.9±3.4c 34±4 30±3
2.78 1/2− 1080±110 15.7±0.8d 11.6±2.2d 10±2 16±3
5.0 3/2− 2000±500 3.2±1.0 3.15±0.4
7.94 5/2− ≈ 1000 0.68±0.12 1.5±0.4 1.5±0.5 < 2

11.81 5/2− 400±30 1.62±0.07 2.7±0.4 –e 2.7±0.2f

a Error bars are purely statistical, a conservative estimate of the systematic error is 2–3%.
b Taken from Ref.[8].
c Calculated assuming that 7% of the total decay branch of the 2.43 MeV state decays via8Be(g.s.).
d Calculated assuming that 3% of the9Li β-decay goes to the 2.78 MeV state and decay via8Be(g.s.).
e A beta feeding of 4.0(9)% was assigned to the 11.28 MeV state.
f A beta feeding of 1.1(2)% was assigned to the 11.28 MeV state.
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The best fit corresponds to a new state characterize
a spin–parity of 3/2− at an energy of 5.0 ± 0.5 MeV
and a width of 2.0 ± 0.5 MeV. The error bars give
the limiting values for the centroid and width beyo
which the fit deteriorates. The contribution of the d
ferent partial branches is deduced to be mainly thro
the5He(g.s.)-channel with a maximum of 10% for d
cay through the8Be(g.s.).

Including the contribution of this new level the
of the projected coincidence alpha spectrum is sho
on the inset of upper part ofFig. 4. On the lower part
of Fig. 4 the fit to the singles data obtained with t
40 µm thick Si detector is shown. The beta branch
ratios deduced in this fit are given inTable 1and com-
pared with previous values existing in the literatu
Note that the branching ratio to the9Be ground state
is now 49.2± 0.9%[8]. In the comparison with previ
ous results we keep their normalization values for
β-feeding to the ground state as given inTable 1. We
have two independent data sets from two different
tups that agree nicely in the main branch to the nar
level at 2.43 MeV in9Be. The uncertainties inTable 1
are obtained from the width of the parabolic variati
of theχ2-distribution with each parameter. The dec
of the 2.43 and 2.78 MeV states through the8Be(g.s.)
channel could not be determined in this work sin
theα-particles from the break-up of8Be(g.s.) have too
low energy to be detected in our setup.

The influence of the tail of the 11.8 MeV state
low energies induces systematic errors in the de
mined value of the beta-feeding of 1–2%. Therefo
at low energies it is very difficult to get reliable va
ues for the beta-feeding. One should further bea
mind that a small systematic trend in the accepta
corrections could influence the extracted beta-feed
Therefore, we recommend for the beta-feeding the
ues obtained from the singles analysis. One sho
also keep in mind that interferences among the st
of equal spin–parity were not included in the R-mat
calculations.

The structure of9Be together with other isotope
of Be and odd mass isotopes of Li have been s
ied with the antisymmetrized molecular dynam
(AMD) model using three body interaction[4]. It
predicts the three low energy levels in the right
der(3/2−,5/2−,1/2−) and three more with the sam
spins between 4 and 6 MeV. Shell model predictio
of the A = 9 system within the p-shell have be
summarized in the work of Mikolas et al.[2] who
used the OXBASH code with four different intera
tions two from[3] and the other two from Ref.[27,
28]. Within the microscopic cluster model the res
nance structure of9Be and9B has been investigate
[5,6]. They calculate energy and width of the states
well as their spectroscopic factors for the decays
neutron to the8Be ground and first excited state a
by alpha to5He(3/2−). Their calculations favour th
latter channel for the states of higher spin. The b
overall agreement with the experimentalβ-feeding
values is obtained using the original (6-16)2BM2
teractions of Cohen and Kurath[3]. They predict a
3/2− level with energy 5.09 MeV, with width aroun
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1.5 MeV, and with equivalent spectroscopic factors
the8Be(2+)+ n andα + 5He decay channels. A 5/2−
state is predicted at higher energy, 7.5 MeV, with s
ilar ratios for the different channels. The excelle
agreement of these calculations with our experim
tal results is remarkable.

Considering that9Be is a well studied nucleus,
is surprising, at first glance, that new information
states fed in beta-decay is found at such a low
ergy as 5 MeV. The incomplete knowledge is due
the low Z of the nucleus implying that the levels a
very broad which leads to overlapping contributio
in a single spectrum study. To make it worse one
a three particle final state with one of them beein
neutron. The combined use of a selective and cl
probe, theβ-delayed particle emission of the sho
lived nucleus9Li, and state of art detection set-up wi
essentially full kinematical coverage allowing for
complete characterization of the three-body final st

It is striking that the determination of beta branc
ing ratios to broad states is more demanding t
determination of nuclear structure parameters of
states such as their spins, energies and widths. The
son is that theBGT strength to a broad state is distri
uted over a large energy range due to the enhance
of the tail by theβ-decay statistical rate function[9,
10].

The spin of 3/2− deduced for the level at 5 MeV
in 9Be differs from the 1/2− tentatively assigned in
[12] as possible mirror level in9B. This underlines
that even sophisticated fits to singles spectra are p
to systematic uncertainties when multi-particle co
tinua are involved and that confirmation of spin assi
ments through angular distributions, as done here
mandatory.
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