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Abstract

We propose to study the elastic resonance scattering reactions *Li+p and "C+p
to investigate the energies, spins and paritics of the lowest T=2 states in °Be and
the T=5/2 states in '"N. Thesc are analogue states of the ground states and first
excited states in '°Li and "C. We request 12 shifis of ?Li and 20 shifts of 6C from
REX-ISOLDT. with maximum beam energy.
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1 Introduction

Studies of nuclei in the dripline regions continue to attract a large interest worldwide.
This originated in the realization that the loose binding of nuclei near the border of
stability and their large excess of neutrons or protons give rise to phenorena such as halo
states, clusters and new shell structures. Both on the experimental and theoretical sides
there is steady progress which has been summarized in several recent review articles, see
for example Refs. [1. 2, 3, 4].

The analysis of available experimental data, as well as future advances in the theo-
retical understanding of dripline nuclei, are still hampered by the absence of information
about the quantum characteristics of their nuclear states. For dripline nuclei above *He
(the unbound ®#He -+ system), there is essentially no reliable information about the non-
zero spin states. L 1s well-known that the understanding of Borromean nuclei requires
information about the structure of their binary sub-systems. Two examples are '°He and
MLi, where one needs knowledge of the °He and '°Li (°Li+n) structures. The typical
approach to obtain Jhis kind of information is to produce the needed nuclear species in
some reaction. When the nuclei of interest are very [ar from both target and beam nuclear
species, as is the case [or dripline nuclei, using conventional stable beams (or this pro-
duction becomes increasingly diffienlt. This is exemplified in several recent experiments
where complicated, argely unknown reaction mechanisms have been employed. In addi-
tion, these reactions are characterized by small reaction cross-sections resulting in low
statistics, a large background and limited energy resolution. To draw unambiguous con-
clusions from such data is therefore complicated. The literature on different attempts to
learn about the structure of °Li provide examples of these problems, see the review [5].

One possible way to proceed is to use radioactive beams combined with simple,
well understood reactions to populate the states in question. An illustrative example is
provided by the unbound nucleus "N which was studied by elastic resonance scattering
ol a radioactive beam of 'C (T),»=19.3 s) impinging on methane gas which acted as a
proton target [7]. This technique, which is very successful for proton-rich nuclei, can be
developed so that it can be used 10 obtain new information on very neutron-rich nuclei,
where many different radioactive beams are now available.

The experiment we propose aims at, obtaining direct evidence of the quantum char-
acteristics of the lowest levels in "Li and "C by investigating the analogue states in '“Be
and "N belonging to the same respective isobaric multiplets.

The measurements proposed here are two ol the most suitable at the present REX-
ISOLDIE beam energy. They are also very relevant in our program for investigations of
dripline nuclei. coneorning both the physics around the Borromean nucleus ''Li and the
odd-mass neighbowr of the heaviest known one-nentron halo nucleus "C. We believe that
this experiment will constitute an example of a type of experiments that may easily be
extended to other interesting cases, for exarmple ‘e, “He and "Be, when higher REX-
[SOLDE beam encrgy becomes available.

2 Resonance scattering applied to neutron-dripline nuclei

The neutron dripline can be defined as the line connecting the last bound neutron-
rich mermber of cach isobaric chain along the muclear chart. At present there is no technical
possibility Lo reach such nuclel in nentron resonance scatlering reactions. For unbound
svstems one would need o neutvon bearmn and o radioactive tareet. This opportunity is



naturally excluded since the needed radioactive nuclei are very shortlived. On the other
hand, bound systerns cannot be rcached in simple resonance scattering experiments since
they are below the neutron threshold. But Nature gives us a helping hand: due to the
isotopic-spin symmetry one can learn about the interesting states in very neutron-rich
nuclei from a study of their isobaric-analogue states. The neutron-stable states in very
neutron-rich nuclei and the corresponding isobaric analogue states when a neutron is
replaced by a proton differ because of different charges. Due to the Coulomb interaction
the analogue states on the proton-rich side are shifted upwards relative to isospin(T)-
allowed proton decay. Thus, even il the corresponding neutron-rich nucleus is bound,
the analogue state is proton unstable, which gives the possibility to study it in elastic
resonance scattering on protons. This is illustrated for the case of '"C in Figure 1. Due
to the Coulomb interaction, which violates isospin conservation, the energy difference
between the two states in the isobaric multiplet is

So(""N, T =5/2) — Sa(1C) = AVeout (1)

In a simple uniform sphere model and with A~3Z it has been found [6] that the Coulomb
shift can be well approximated by the expression

AEcou. = 0.652°(MeV') 2)

where Z is the charge of the neutron-rich nucleus. For '"C, AE¢oy. is 2.14 MeV, so that the
lowest analogue state is expected to lic about 1.4 MeV above the T-allowed proton decay
threshold, Figure 1. The expression 2 does not, take into account the nuclear structure of
the states and the precision of this estimate is a (ew hundred keV.

The example above was given to illustrate the principle of the study of analogue
states in proton elastic resonance scattering, and their relation to the corresponding
neutron-rich states. Generally, these measurements give the possibility to determine spins
and parities of the populated states, as well as their excitation energies and decay widths.
The experimentally determined excitation energies can be used for a direct evaluation of
the Coulomb displacement cnergics which in turn are related to the charge distribution
in the nucleus [8. 91 The widths are directly related to the single-particle spectroscopic
(actors and can bring direct cvidence on, [or example, delormation.

Thus, investigation of analogue states can yield new knowledge on the spin-parity
assignments, as well as inlormation that can be dircctly related 1o structural features of
neutron-rich dripline nuclei.

The next section will describe the experimental technique that we propose to use
al REX-ISOLDE for these measurements.

3  Experimental method

The proposed experiment is technically very similar to the "N experiment (7] per-
formed at. GANIL. The radioactive beamn is bronght 1o a scattering chamber filled with
CH, gas via a thin window which is separating the scattering chamber [rom the vacuum
in the beamline. The pressure of the target gas is regulated so that the beam from RISX-
ISOLDE is slowed down Lo a complete stop, which means that an energy range of about
2 MeVois continuously scanned. The scattered protons will then have energies ranging
from vero enerey np to about 8 M\ which will be measured in AL E telescopes placed
in and around the divection of the incoming beam.



The high efficiency of the method was demonstrated in [7] where the excitation
function of "'\ was measured with a beam intensity of abowr 7-10% C/sec. The effective
energy resolution in the measurements was about 25 kel and we expect to have about
the same at REX-ISOLDIL In the proposed study ol analogue states there are, however,
some important new experimental {catures:

— In the study of "'\ with the '"C+p interaction, only levels with T=3/2 could be
excited. In the study of high-lving analogue states, on the other hand, both T, (our
aim) and T< states may be excited. There are many T< states at high excitation
energy and the population of them, and their subsequent decay, is a new source of
background. not present in our carlier experiments. An example is the °Be case
where we expect the T=2 states Lo lie above 20 MeV. At such high excitation there
is of course a very high density of T=1 levels.

— There are many open decay channels for the T, states. This can give a general
decrease in the elastic resonance-scattering cross-section.

None of these problems are expected to be critical for the measurement. Let us
consider the Breit-Wigner expression lor resonance cross-sections:

[2
o 3)
(F - Er)- + —4“

where ['; is the width of the resonance in the clastic channel and [, is the total width of
the resonance. Some consequences ol expression (3) can be summarized as follows.

The T< states which can be excited in elastic resonance scattering are broad since
there are many dillerent decay channels open at about 20 MeV excitation energy. The
partial width I, of the elastic channel should not exceed 10% of the total width due to
the small penetrabilities (the ¢.m. energy is less than 2 MeV). This means that we expect
a background from population of T, levels of maximum 1% of the population of states
characterized by the ratio I', /1 ~1.

Most of the energetically open channels [rom the T, states are isospin forbidden,
see Figures 1, 2 and 3. As a rule, only proton decay is allowed due to isospin conservation.
This gives comparatively longlived Ts states and we therefore expect Lo observe narrow
states. The admixture of T. conficuration in the To states is related to violation of
isospin conservation causced by Coulomb interaction, and usually results in a contribution
ol sorme keV to the widths of the Ty states. As an example, the width of the lowest
T=3/2 statc in "Be at about 14 Me\™ excitation energy is about 0.4 keV since there are
no T-allowed decavs for the state. Thus we expect values of the U /I, ratio to be around
1 and correspondingly large cross-sections for excitation of the T states in the elastic
resonance scattering.

4 The "Li+p reaction

As mentioned ‘n the Introduction. no measurements with conventional bearns have
until now given a clear evidence for the Towest Is resonances in the 'L spectra. However,
most ol the available data indicate that the supposed s ground state ol 'L lies very
close to the “Li4n threshold. Therefore we should start our scarch for T==2 states in 'YBe
al the threshold for zero binding encrgy of "Li. The energy corresponding to the T=2
level was estimated using eq. 2 under the assumption that the binding energy of the odd
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neutron in LI equals zevo. Fven it thie level lies 0.7 MoV lower (due to the Nolen-Schifler
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anomaly [11] and deviations {rom the prediction ineq. 2) the corresponding recoil protons
in our measurement will have an cierey ol more than I MeV which is casy to detect.

There have been several attempts to observe T=2 states in " Be using T-lorbidden
reactions (as for example t+711 — p+"Li [3]). Indeed. some small (~20%), narrow anoma-
lics were observed in the excitation linctions which were interpreted as narrow T=2 states
at 21.17 MeV and 21.23 MeV excitation energics in '"Be. The evidence is relatively weak
and the results arc not considered as reliable [10]. Figure 3 shows the possible positions
of T=2 resonances in '""Be and the thresholds for different decay channels. The *Li+p
channel is the lowest T-allowed channel. As illustrated in Figure 3, the T-allowed neu-
tron decay is possible above 21.2 MeV in '"Be. The maximum neutron-decay energy is
about 0.4 MeV with the REX-ISOLDI energies. Therefore, we expect at most compara-
ble partial widths rclated to T-allowed decays by protons (the investigated channel) and
neutrons for the states close to the energy limit in the experiment proposed here. The
cffect of the presence of an open neutron-decay channel will result in a decrease of the
proton cross-sections, but this is of minor importance at the present intensities of the *Li
bearm. This means that we can investigale T=2 levels in “Be corresponding to excitation
energies in '°Li from zero (relative to the neutron threshold) up to about 0.9 MeV. Based
on data with conventional beams, at least ive levels are claimed to be present in this en-
ergy region. From the experiments we propose here we expect to be able to determine the
position, widths of the levels and also 1o deduce the relative angular momentum between
9Li and the proton.

5 The '*C+p reaction

The spin ol the VC ground state is not known. The ground state wave function can
be expected Lo have a 1s)2 or & 0dys5,2 neutron coupled to 07 or the 21 state of 15C. The
measured momentum width of C (ragments after a onc-neutron removal reaction from
'7C shows a value I’ = 11146 MeV /¢ while the '"8C fragments after the same reaction with
9C gives a value ol 6943 MeV /e [12, 13]. Different possible spin values have been proposed
(see discussion in vel. [12]) but the proximity of the s- and d-states makes the prediction
of the ground state configuration based only on the measured momentum distributions
dificult. There are also speculations about large deformation of neutron-rich nuclei such
as 'O1C [14]. The measurements of the single particle widths of the [AS may resolve the
ambiguitics in this problem.

The Coulomb energy shilts are diflerent for 1s, o and Odyzo 5,0 due to the Thomas-
Ehrman cffect [15, 16]. We have calenlated the positions of the lowest T=5/2 states in '"N
assuming lsy, or 0ds,, using a Woods-Saxon potential. The results indicate that the 1s
state should lie abont 1 MeV above the proton emission threshold and the d-state about
0.6 Mc\ higher, sce Tigure 3. Thelr predicted single particle widths arve also different,
namely 0.4 and 0.15 MeV, respectively. Therefore. the two different configurations can
readily be distinguished by measurements o cross sections. angular distributions, and
positions and widihs of the resonances.



6 Beam-time request
We propose to study the clastic resonance scattering reactions *Li4+p and **C+p

Lo investigate the cnergies, spins and paritics of the lowest T=2 states in '°Be and the
T=35/2 states in "N with radioactive beams from REX-ISOLDE. We have assumed a beam
intensity of 3.6-10% ions/s for °Li and 4100 ions/s for "*C and based on these numbers we
request:

~ 2 MeV/u beam of °Li for 12 shifts.

— 2 MeV/u beam of '®C for 20 shifts.
We also request the use of the new ISOLDE Data Acquisition Systen.
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