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Abstract: We propose to study low-lying resonances in the two unbound isotopes *Be
and '°Li as well as low-lying resonances in ?Be. This will be done using an ''Be beam
impinging on a tritium target leading to one or two particle transfer reactions. The
decay scheme of the resonances will be studied using the MINIBALL and differential
cross sections will be determined using T-REX.

Requested shifts: 21 shifts, (split into 1 run over 1 year)
Installation: MINIBALL + T-REX



1 Introduction

This proposal is based on the Letter of Intent INTC-I-108. The aim of the experiment is to
study *Be for the first time in a low-energy transfer experiment. We will be using an !Be
beam incident on a tritium target to produce *Be via a 2n-transfer. The T-REX setup
will be used to detect protons, and light charged particles from other reactions, which can
be used to determine the resonance energies and differential cross sections for the lowest
lying levels. The MINIBALL will enable us to study gamma-decays from excited states in
2Be, including the long-lived 05 -state, after the neutron decay. Beside the (t,p)-channel
other interesting channels are open. Of special interest is (t,a) and (t,d), which allows us
to study °Li and ?Be respectively as well. Transfer reactions using the 'Be-beam and
a deuteron target at ISOLDE have already been performed with great success [1]. The
same goes for reaction with the tritium-target, which was initially used in a study of **Mg
[2] and later in several other experiments at MINIBALL and T-REX.

2 Physics cases

13]_3)e

The focus of this experiment is the study of Be. !3Be is a neutron unbound nucleus
and the first unbound isotope among the N = 9 isotones. Systematical studies of the
N = 7 and N = 8 isotone chains have shown a clear lowering of the v2s,/,, and v1ds/,
single-particle orbits with respect to the v1p; s, which leads to the inversion of the 1/2~
and 1/2%-states in "' Be and the breaking of the N = 8 magic number in *Be. Indications
of a similar lowering of especially the v2s;/, orbit have been seen in ground state studies
of 1°C and B.

Furthermore, *Be plays an important role in the understanding of the structure of “Be.
14Be is a Borromean two-neutron halo nucleus, and the ?Be+n interaction is an important
part of the 3-body calculations performed for this isotope. A good knowledge of *Be is
required to theoretically describe “Be. A present the experimental data, like binding
energy and radius, for *Be cannot be reproduced using the existing knowledge on the
13Be energy levels [4, 5].

3Be has been studied in several experiments over the last decades, see [3] and references
therein. This includes a ?Be(d,p) transfer experiment using a 55 AMeV ?Be beam [6].
The level structure of *Be is still not well established despite these efforts. The strucure
of the low-energy levels in '*Be has been discussed in two recent papers [3, 7] based
mainly on three recent knock-out experiments performed at RIKEN, GSI and GANIL
[9, 3, 7]. The existence of two low-energy levels has been established. Those are a narrow
1/27" resonance around 0.5 MeV (E,) above the neutron threshold, and a 5/2% resonance
with an energy around F, = 2 — 2.5 MeV. The width of the latter is still not clear with
experiments suggesting I' = 0.5 MeV and I' = 1.5 MeV. Indications for several other levels
have been seen, the most prominent ones have energies (above the neutron threshold) of
E, = 0.8 MeV (suggested spins and parities are 1/27 or 5/2%), E, = 3.0 MeV (1/2% or
1/27) and E, = 5.2 MeV (5/2%). An overview of the suggested level structures in *Be is
shown in Fig. 1.



5.00 52 (3/2,5/2)

3.04  (1/2) 3.02 (172)

230 (520 29 U2) 555 (sp
200 (512) 195 (5/2)

I 085 (527
051  (1/2) 046 (12 o040 (12

-3.2 fm (1/2') -3.41fm (1/2)

Simon et al. Kondo et al. Aksyutina et al. Randisi et al.

Figure 1: An overview of the current knowledge on *Be. Left: The level structure taken
from [3] including the decay scheme. Right: The level structure of "*Be extracted in four
different knock-out reaction experiments. The illustration is taken from [7] and the level
structures are taken from [8, 9, 3, 7]

The energy spectra calculated for the three knock-out experiments were based on
invariant-mass calculations using the energy of the emitted neutron and '2Be. This
method requires knowledge of the excitation energy of the daughter nucleus, since ex-
citation energy shifts the energy determined by the invariant mass. Detection of gamma
decays is therefore required to properly identify the resonance energies in *Be. Gamma
decays were measured in the experiment at RIKEN, but only from decays of the 2] - and
the 17 -states in ?Be. The first one was populated from the 5/27 resonance at E, = 2 MeV
and the latter by the resonance at E, = 5.2 MeV. A third excited state is present in 'Be,
a long lived (7 = 330 ns) 05 -state at E* = 2.2 MeV. None of the experiments were able
to detect this state, due to its long lifetime, but it is likely to be populated in decays from
states above 2 MeV.

Our proposed experiment will provide a complimentary way to study these low-energy
levels in ®Be including their decays to ?Be. This experiment will probe *Be from the
low-mass side rather than the high mass, which will enable us to probe other single-particle
structures in ¥Be. The suggestion of a 1/2% ground state and a 1/2~ slightly above, see
Fig. 1, is strikingly similar to the situation in ''Be. The 2n-transfer reaction is expected
to proceed via a one- or a two-step process, with the one-step being the dominating one.
In the one step process the two neutrons will be transfered together, which will lead to a
population of 1/27-states, since the ground state of 'Be is a 1/2-state as well. There
are two types of two-step processes to consider, either a sequential transfer of the two
neutrons, or the excitation of the "'Be nucleus along with the 2n-transfer. The prior is
expected to lead to the population of 1/2%, 1/27 and 5/2% states, while the latter should
populate a 1/2~ state, if present.

We determine the resonance energies using the energy and momentum of the proton, a
method independent of the decay of '3Be. This experiment will therefore provide a cleaner
excitation energy spectrum and we do not rely on the detection of the decay from the
isomeric 0 -state in 12Be. The expected resolution of the determined excitation energy
will be 300 keV (o) based on experience from previous experiments at ISOLDE. This
should be sufficient to separate the 2 MeV, 3 MeV and 5.2 MeV resonances depending
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Figure 2: Energy vs. laboratory angle for emitted protons at three different excitation
energies: 0 MeV, 2 MeV and 5 MeV.

on their width, but not sufficient to separate the 0.5 MeV from the proposed 0.8 MeV
resonance.

The Q-value of the reaction is Q = -5821.1 MeV, hence we will be able to populate
all the states up to the 5.2 MeV with a beam energy of 5 MeV/u. Fig. 2 shows the
energy as a function of the laboratory angle for the outgoing proton in reactions at three
different energies in *Be. It is clear from this figure, that we will be able to detect
reactions populating all these states, but the angular range, both in laboratory and
center of mass, will be very limited as soon as we go above 2 MeV excitation energy. We
will therefore only aim at measuring differential cross sections for the lowest resonances.
Additionally we will focus on studying the width of the resonances and the decay scheme
of ¥Be. The width of most of the resonances is not well determined and some of
them vary significantly between the different experiments. The decay scheme plays an
important role in the analysis of the knock-out experiments as mentioned before and will
provide further insight into the structure of the nucleus. We will use the MINIBALL
to detect gamma decays in '2Be. All known gamma lines in '?Be, including decays
from the long-lived isomeric 05 -state, have already been detected using the MINIBALL [1].

Other reactions
Other channels will be open in this experiment. Of special interest are the channels
"Be(t,a)Li (Q = -350.6 keV) and the "Be(t,d)*Be (Q = -3088 keV). Li is, like
13Be, a neutron-unbound nucleus which plays an important role in the understanding of
a Borromean nucleus [10]. The level structure of °Li is better understood than the one
in Be, but we believe this method will provide additional experimental information on
0Li. This channel will also be used to test T-REX’s ability to do particle coincidence
measurements. A large background of a-particles is expected in the experiment, but the
low mass of '°Li leads to a large outgoing angle of the nucleus. The maximum outgoing
angle of °Li after emission breakup is 18°, which is sufficient to detect the nucleus in
the forward CD detector of T-REX. The particle coincidence measurement should be
possible even at an excitation energy of E* =5 MeV. The coincidence measurement will
provide an additional gate that can be used to reduce the a-background. Additionaly the
coincident detection will enable a reconstruction of the neutron emission energy, which
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Figure 3: A DWBA calculation of the 'Be(t,p)!*Be populating the 1/2% resonance at
E, = 0.5 MeV in "Be. The calculations are based on potentials taken from [15].

will improve the determination of the excitation energies.

The " Be(t,d) reaction will allow us to study '?Be. '?Be has been studied previously in
several nucleon transfer experiments including one at ISOLDE. The bound states in ?Be
are well understood, but lately the attention has moved toward low-lying resonances. The
lowest-lying resonance known in ?Be has an excitation energy of E* = 4.5 MeV. This
resonance has been seen in several experiments [11, 12], but the quantum numbers are
not yet known, and theoretical models predict spins between 0 and 3 and both, negative
and positive parity [13, 14]. Our aim is to provide additional experimental information
to this discussion by measuring this state and by determining the branching ratio of the
decay.

3 Setup and beam requirements

We will be using the MINIBALL setup with the T-REX silicon array. T-REX consists
of eight PSD’s in a square barrel covering angles from 30-80° and 105-150°. In addition
we will have a CD detector covering the very forward laboratory angles (7-25°). The
forward CD is crucial to detect particles from the highest-lying resonances as well as for
detecting fragments in coincidence with the light particles, like °Li in the 'Be(t,a)'Li.
An additional hpGe detector will be placed at the beam dump to detect gammas from
the long lived 03 -state in ?Be.

The main target is a tritium-loaded titanium foil with a thickness 40 pg/cm?. Three
additional targets will be used as well: a pure titanium foil, a silver foil and a thick
aluminum foil. The tritium target has been used for transfer reactions at REX-ISOLDE
before (IS470, 1S499, 1S504) and follows CERN specification No 4229RP20070405-GD-
001.

We plan to run on fully ionized Be with an A/q = 11/4 and a beam energy of 5 MeV /u.
The main contaminant is ??Ne, which can be accelerated on A/q = 11/4 as well. We
require therefore purified **Ne as buffer gas in the EBIS. The beam intensity in the
previous 'Be run at REX-ISOLDE was 5 - 10° s7! and we expect a similar or slightly



higher beam intensity with HIE-ISOLDE. DWBA calculations have been made and the
estimated cross section for the population of the ground state resonance is shown in Fig. 3.
The calculated cross section should only be used to estimate the count rate. A much
more detailed calculation is needed to describe the reaction process. The calculation of
transfer reactions to the continuum is currently a very active area, with a lot of ongoing
development [16], and we are collaborating with one of the leading persons, A. Moro.
The calculation gives an estimate of 1 mb/sr, which will lead to a proton detection rate
of 0.1 /s or about 3000 protons per shift. The MINIBALL has a 4% detection efficiency
at 2 MeV, which will lead to 120 proton-gamma coincidences per shift.

We request 15 shifts with "' Be on the primary target, 4 shifts for background measure-
ments (two shifts on the pure titanium foil and two shifts with the neon buffer gas) and
2 shifts for beam intensity measurements and energy and efficiency calibration with '!'Be,
in total 21 shifts.

Summary of requested shifts: 21 shifts in one run. MINIBALL+T-REX installation.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fized-ISOLDE installations, as well as
flexible elements of the experiment)

Part of the

Availability

Design and manufacturing

MINIBALL + T-REX

X Existing

X To be used without any modification

HAZARDS GENERATED BY THE EXPERIMENT
Hazards named in the document relevant for the fixed MINIBALL + T-REX installation.

Additional hazards:

Hazards [Part 1 of experiment/ | [Part 2 of experiment/ | [Part 3 of experiment/
equipment] equipment] equipment]
Thermodynamic and fluidic
Pressure [pressure][Bar], [vol-
ume][]]
Vacuum
Temperature [temperature| [K]

Heat transfer

Thermal properties of
materials

Cryogenic fluid

[fluid], [pressure][Bar],
[volume][l]

Electrical and electromagnetic

Electricity

[voltage] [cur-

rent]|[A]

V1,

Static electricity

Magnetic field

[magnetic field] [T]

Batteries

a

Capacitors

|

Ionizing radiation

Target material

3H (as in 15470, 15499,
1S504) less than 10 GBq

Beam particle type

llBe

Beam intensity 6-10°
Beam energy 5 MeV/u
Cooling liquids [liquid]
Gases [gas]

Calibration sources:

ISOLDE triple alpha
source

e Open source




e Scaled source

e Isotope

152Eu

e Activity

Use of activated mate-
rial:

e Description

|

e Dose rate on contact
and in 10 cm distance

[dose|[mSV]

e Isotope

e Activity

Non-ionizing radiatio

n

Laser

UV light

Microwaves (300MHz-
30 GHz)

Radiofrequency (1-300

MHz)

Chemical

Toxic [chemical agent|, [quan-
tity]

Harmful [chem. agent], [quant.]

CMR (carcinogens, | [chem. agent], [quant.]

mutagens and sub-

stances toxic to repro-

duction)

Corrosive [chem. agent], [quant.]

Irritant [chem. agent], [quant.]

Flammable [chem. agent], [quant.]

Oxidizing [chem. agent], [quant.]

Explosiveness [chem. agent], [quant.]

Asphyxiant [chem. agent], [quant.]

Dangerous for the envi- | [chem. agent], [quant.]

ronment

Mechanical

Physical impact or me- | [location]

chanical energy (mov-

ing parts)

Mechanical properties | [location]

(Sharp, rough, slip-

pery)

Vibration [location]

Vehicles and Means of | [location]

Transport

Noise

Frequency

[frequency],[Hz]

Intensity




Physical

Confined spaces [location]
High workplaces [location]
Access to high work- | [location]
places

Obstructions in pas- | [location]
sageways

Manual handling [location]
Poor ergonomics [location]

Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): [make a rough estimate of the total power consumption of the additional equip-
ment used in the experiment]: ... kW



