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Abstract: We aim at the investigation of single particle properties of neutron-rich Na
isotopes around the “shore of the island of inversion”. As first experiment of this pro-
gramme, we propose to study excited states in the isotope 28Na by a one-neutron transfer
reaction with a 27Na beam at 3 MeV/u obtained from REX-ISOLDE impinging on a
CD2-target. The γ-rays will be detected by the MINIBALL array and the particles by the
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T-REX array of segmented Si detectors. The main physics aim is to identify and charac-
terize low-lying negative parity states whose appearance reflect the breaking of N = 20
in this region. Relative spectroscopic factors will enable us to extract information on the
configurations contributing to the wave functions of the populated states. These will be
compared to recent shell model calculations involving new residual interactions. This will
shed new light on the evolution of single particle structure and help to understand the
underlying physics relevant for the formation of the “island of inversion”.

Spokesperson: Th. Kröll
Contact person: J. Van de Walle / J. Pakarinen
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Figure 1: Ground state wave functions on the “north-west coast” of the “island of inver-
sion”: normal (green) and intruder (red) contributions as extracted, except for 30,32Mg,
from g-factors, for Refs. see text, (left) and predictions for the intruder contribution along
the Na isotopic chain [1] (right).

1 Physics case

For the last 60 years, the nuclear shell model has described successfully the existence of
magic numbers for both neutrons and protons in stable nuclei. Experiments with radioac-
tive beams have revealed that these magic numbers are not necessarily firm monuments
of nuclear structure throughout the nuclear chart, but may be altered going away from
the valley of stability as the interactions relevant for their existence change.
One of the classical regions to study such phenomena is the “island of inversion” for
which first experimental evidence came from anomalies in the binding energies for nuclei
around A ≈ 32 [2, 3]. The magic shell closure at N = 20 for stable nuclei, e.g. in 40Ca,
disappears going to neutron-rich nuclei. E.g. 28O is not even bound. Moreover, the last
bound oxygen isotope 24O exhibits features of a doubly-magic nucleus, hence N = 16
has become a magic number [4]. Theoretically, this evolution can be explained by the
monopole part of the tensor force, an attraction between protons and neutrons occupying
spin-orbit-partner orbitals [5, 6]. As protons start to occupy the d5/2-orbital from F to
Ca, the d3/2-orbital for neutrons is lowered. The N = 16 gap closes and the N = 20
gap opens. In between, no closed shell exists and neutron excitations to the fp-shell are
energetically favoured causing the formation of the “island of inversion”, a region of nuclei
with deformed ground states in the sea of spherical sd-nuclei. The lowering of intruder
fp-orbitals with respect to the sd-shell causes an inversion of spherical and deformed
single particle configurations, allowing the latter to become the ground states.
However, the boundaries of this “island” are neither experimentally nor theoretically well
established. The present knowledge based on experimental results for the ground states
of nuclei on the “shore of the island” is sketched in the left part of Fig. 1.
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The study of the nuclei around and within this “island” has been the aim of many ex-
perimental and theoretical investigations. Quite well studied is the chain of Mg isotopes.
Although there are still open questions the results can be summarised in a way that
30Mg is outside the “island”, then a steep transition into “island” happens going to 31Mg
which has already more than 90% intruder configuration in its ground state wave func-
tion [18], and finally 32Mg is fully inside. This picture is based on experiments performed
at (REX-)ISOLDE applying fast-timing, laser spectroscopy, β-NMR, Coulomb excitation,
and transfer reactions, e.g. Refs. [7, 8, 9, 10, 11, 12, 13, 14, 15, 16], and elsewhere (RIKEN,
GANIL, MSU), e.g. Refs. [17, 18, 19]. This picture is in good agreement with modern
large scale shell model calculations using the conventional approach [20, 21, 18] or the
Monte Carlo Shell Model (MCSM) [22, 23, 24, 25], but also with a beyond-mean-field
approach [26].
Much less is known for the neighbouring isotopic chains of Na and Al, nearly all informa-
tion comes from the study of g-factors. For Al isotopes, no significant intruder content
is found for the ground states of 30,31,32Al [27, 28] whereas for 33Al neither experimental
[29, 30] nor theoretical results [20, 21, 23, 31] on the intruder content of the ground state
wave function are consistent. For 34Al, an intruder contribution larger than 50% has
been found [32]. There is no experimental information available on the wave functions of
excited states.
Similarly, the ground states of the neutron-rich Na isotopes have been studied. A much
smoother transition from normal to intruder dominated wave functions has been found.
The isotopes 27,28Na show no significant intruder configuration, whereas in 30,31Na the
wave function is already completely intruder dominated. In between, for 29Na a 50%/50%
mixture of the configurations has been found [33, 34]. In a recent study, excited states in
the neutron-rich Na isotopes 27−30Na were populated in the β-decay of the respective Ne
isotopes [35, 36]. The results are partially in agreement with theoretical predictions from
the MCSM applying the SDFP-M interaction with the monopole part of the tensor force
[1]. Applying the conventionally used USD interaction, similar predictions for 27,28Na
have been obtained, of course only concerning the positive parity states.
However, the comparison of theoretical predictions and experimental results shows clear
differences concerning the number and the excitation energies for higher-lying states. Ad-
ditionally, no experimental spin assignments are available for the excited states. Therefore,
no clear correspondence can be concluded.
We propose to study the properties of excited states in neutron-rich Na isotopes by one-
and two-neutron transfer reactions. This information is complementary to results obtained
by the other methods mentioned above. In particular, it has to be mentioned that in the
run of experiment IS482 performed in August 2009 the collective properties of excited
states in 29,30Na have been investigated in Coulomb excitation at REX-ISOLDE [37]. For
experiments at REX-ISOLDE, the isotopes 28,29,30Na can be populated with sufficient
statistics starting from beams of 27,28Na. Hence, the whole transition into the “island”
can be covered. In the following, the knowledge on the structure of these nuclei will be
discussed briefly.
The ground state and the first excited state in 27Na can be understood by assuming
the last proton in the d5/2 or d3/2 orbital, respectively. By coupling with an additional
neutron occupying the d3/2 orbital to 27Na, the 1+ ground state and the first excited 2+
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Figure 2: Partial level scheme of 28Na as observed in the β-decay of 28Ne [35] (left) in
comparison with predictions from shell model calculations using the USD and SDPF-M
interactions [1] (right).

state in 28Na can be interpreted. The experimental knowledge and the results of recent
shell model calculations are shown in Fig. 2.
As a consequence of the weakening of the N = 20 shell closure caused by the monopole
part of the tensor force, in 28Na low-lying negative parity states are predicted originating
from the coupling of a neutron occupying an orbital of the fp-shell to the 27Na core [1].
So far, there exists no experimental information on these states. Their observation would
allow to gain information on the position of the orbitals of the fp shell and therefore on
the size of the N = 20 shell gap.
In 29Na (Fig. 3, left), the ground state and the first excited state are again governed by
the odd proton. However, as mentioned before, already 50% of the neutron component in
the wave function corresponds to the excitation of a pair of neutrons to an intruder orbital
in the fp shell, as concluded from MCSM calculations applying the SDPF-M interaction.
Predictions using the USD interaction obviously differ considerably. For the higher-lying
states, some of them, e.g. the 1/2+

1 and 9/2+
1 states, are predicted to have a normal sd

wave function of the neutrons. In contrast, other states, e.g. the 3/2+
2 , 5/2+

2 , and 7/2+
1

states, should contain a strong intruder component. Hence, there is a coexistence of both
kinds of states at similar excitation energies.
Obviously, the predictions for 30Na using the two interactions differ even more (Fig. 3,
right). Whereas calculations with the USD interactions explain the ground state by the
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Figure 3: Partial level scheme of 29Na as observed in the β-decay of 29Ne [35, 36] in
comparison with predictions from shell model calculations using the USD and SDPF-M
interactions [1]. Theoretical predictions for 30Na [1] (right)

weak coupling of the d3/2 neutron hole to the proton occupying the d3/2 or d5/2 orbital, the
MCSM with the SDPF-M interaction predicts a strongly deformed ground state with a
wave function dominated by intruder configurations. Both, low-lying positive and negative
parity states are expected. Details on the mixing of normal and intruder configurations
are given in Ref. [1].
Interestingly, this smooth transition into the “island of inversion” for Na is different to
the neighbouring Mg isotopes where the transition is much steeper.
New information on the evolution of nuclear structure along the Na isotopic chain, in
particular right at the boundary of the “island of inversion”, will further challenge modern
shell model calculations and, eventually, improve the understanding of the underlying
physics which causes the existence of the “island of inversion”.

2 Experimental method

Nucleon transfer reactions are a well established tool for the investigation of the single
particle structure of nuclei. Relative spectroscopic factors extracted from transfer cross
sections are a measure for the occupation numbers of single particle configurations (par-
ticles or holes). These can be directly compared to results from shell model calculations.
Additionally, the neutron-pair transfer will allow the study of pairing correlations. The
transferred orbital momentum leading to the spin assignment of a state is determined
from the angular distribution of the particles.
The experience from experiments IS454 and IS470 has demonstrated that the selectivity of
transfer reactions concerning the matching of kinematical conditions and nuclear structure
indeed enables to draw conclusions on the structure of excited states and furthermore
allows to populate states not accessible by other methods.
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We propose to study the single particle structure of the neutron-rich sodium isotopes by
neutron transfer reactions in inverse kinematics. The projectile-like nuclei are forward
focussed in the laboratory system and cannot be measured with the current equipment (a
0◦-spectrometer for HIE-ISOLDE is under development). We will measure the energies
and angular distributions of the protons emitted from the (d,p) reaction in coincidence
with γ-rays. Since the energy resolution obtained for the protons is usually not sufficient
to disentangle states which differ by less than some 100 keV in excitation energy, the
states populated in the reaction are identified by their characteristic γ-decay measured
at high-resolution. This method has been demonstrated successfully in experiment IS454
[13].
The measured cross sections and angular distributions will be analysed in the frame of
the DWBA applying the codes CHUCK [38] or FRESCO [39]. The optical potentials
needed for this analysis can be scaled regarding mass of the projectile and beam energy
from values fitted to experiments with stable beams applying a well established formula
[40]. On the other hand, also the analysis of elastically scattered deuterons allows to fix
the optical potential. The analysis of the respective data obtained in experiments IS454
(and IS470) is ongoing. Main problem are the low kinetic energies of the deuterons (and
tritons) going down to zero towards 90◦. This causes difficulties in the efficiency correction
of the data. Therefore, the sensitivity of this method on the optical potentials is, so far,
not clear.
The transfer to an odd-even (or odd-odd) nucleus is much more challenging compared to
the transfer to an even-even nucleus. As the spin of the final state results from the coupling
of the odd proton to the added neutron, its value cannot be deduced unambiguously from
the measured orbital angular momentum transfer. This principle problem, of course,
is true also for knock-out reactions at intermediate or relativistic energies, a possible
alternative to the transfer reactions proposed here. However, applying such reactions
the high-resolution γ-ray spectroscopy to assure an exclusive measurement for individual
states is an additional challenge. Moreover, as discussed above, already the wave function
of the beam nucleus may comprise different complex configurations and the expected
statistics will not allow a detailed quantitative analysis of the spectroscopic factors aiming
to pin down precisely the configurations. However, four kinds of information can be
obtained, which already represent a data set which is rich of information:

• identification of new states from the proton energies and/or the decay γ-rays;

• determination of the transferred orbital angular momentum from the angular dis-
tribution of the protons. This will allow to distinguish transfers to normal orbitals
from the sd shell from those to intruder orbitals from the fp shell. Intrinsically, this
assigns already the parity of the populated states;

• the decay pattern of the populated states and the angular distribution, if statis-
tics allows, of the γ-rays may allow to draw some conclusions concerning the spin
assignments;

• the spectroscopic factors, measured relative to the spectroscopic factor for the
ground state whose wave function is quite well known, will allow to identify di-
rectly states having a different neutron configuration, e.g. caused by the promotion
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Figure 4: Calculated angular distributions in the centre-of-mass system of the protons
following a d(27Na,28Na)p reaction at approximately 3 MeV/u. Reaction channels with
orbital angular momentum transfer of ∆` = 1, 2, 3 are shown.

of a pair of neutrons, by a reduced spectroscopic factor. E.g. if the populated excited
states in 28Na have, compared to the well-known ground state, reduced spectroscopic
factors, this indicates an increasing intruder content in the wave function.

As example in Fig. 4 the calculated angular distribution of protons after populating states
in 28Na by a (d,p) reaction are shown. The 1+ ground state, in the simplest configuration,
can be reached by transferring the neutron to the d3/2 orbital (∆` = 2). The corresponding
angular distribution is well distinguishable from the population of a 2− state (assumed
at 600 keV or 700 keV excitation energy, respectively) whose configuration will involve a
neutron occupying an intruder orbital. Shown are the transfers to the p3/2 (∆` = 1) or
f7/2 (∆` = 3) orbitals. All spectroscopic factors in this calculation were set to unity.
At this point we would like to reiterate some arguments already discussed in the pro-
posals of experiments IS454 and IS470 [41, 42]. A beam energy of 3 MeV/u is still low
compared to the higher energies normally used in order to assure that the levels are pop-
ulated only by direct reactions like transfer and not by fusion-evaporation reactions with
the deuterium. A fusion reaction as statistical process usually populates, after particle
emission, high-lying states where the level density is large (Q-value for fusion of the beam
with deuterium is around 20 MeV). Therefore, the experimental signature is very different
from that of a direct reaction: statistical energy spectrum of the protons and feeding of
low-lying states mainly by cascades of γ-rays. Requiring in the analysis coincidences of
γ-transitions with discrete proton lines having the correct kinematics enables to minimise
contributions from non-transfer processes. Hauser-Feshbach-calculations for the similar
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Figure 5: Calculated angular distributions in the laboratory system of the protons follow-
ing a d(27Na,28Na)p reaction at approximately 3 MeV/u. Reaction channels with orbital
angular momentum transfer of ∆` = 1, 2, 3 are shown. The “blind” zone of the current
configuration of T-REX is indicated.

reaction d(30Mg, 31Mg)p also have shown that even at 2.2 MeV/u such compound contri-
butions should be small for neutron-rich nuclei. This can be understood due to the fact
that the separation energy increases with neutron number for protons and decreases for
neutrons. Therefore, the emission of protons compared to neutrons is suppressed. And,
in fact, such protons have not been observed experimentally [43].
The programme will be continued by investigating 29Na with a (d,p) reaction starting
from 28Na. This is more challenging as the beam intensity is lower by a factor of 10 and
the cross sections are expected to be reduced because of more mixed wave functions.
Of course, it is also worth to think about using a (t,p) reaction to map the transition
into the “island of inversion” by identifying spherical states in 29,30Na starting from the
spherical ground state of 27,28Na as it has worked nicely in experiment IS470 for the 30Mg
to 32Mg case. Unfortunately, these reactions have negative Q-values of -0.52 MeV and
-1.69 MeV. Therefore, they are kinematically disfavoured and, even more difficult, the
outgoing protons have very low energies and will be practically only in forward direction
observable. The decision whether such an experiment is feasible, and will be proposed to
the INTC, will be postponed until the analysis of experiment IS470 is finished.

3 Experimental set-up

The set-up consists of the MINIBALL array to detect γ-rays in coincidence with particles
detected by the new array of segmented Si detectors T-REX [44] (see Fig. 6).
The full set-up of T-REX comprises two double-sided segmented Si detectors (DSSSD),
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Figure 6: Photo (left) and drawing mounted inside of MINIBALL (right) of the T-REX
Si array.

so-called CD detectors, in forward and backward direction and a barrel of eight planar
detectors around 90◦ (the forward CD is missing in Fig. 6).
All detectors consist of two layers, thus they act as a ∆E −E-telescope. This enables to
distinguish light ions (p,d,t,α) from elastic scattering and transfer reactions but also to
identify electrons originating from the β-decay of scattered beam particles implanted in
the scattering chamber.
Each CD detector is divided into four quadrants. The ∆E-detectors (thickness 500 µm)
are segmented in 16 annular stripes (ϑ-coordinate) on the front and in 24 radial segments
(φ-coordinate) on the back. The E-detector (thickness 500 µm) is not segmented.
The barrel is formed by eight square detectors. The ∆E-detector (thickness 140 µm) is
segmented in 16 stripes perpendicular to the beam axis. Positional information along the
stripes can be obtained from the charge division on a resistive layer. The E-detector is
not segmented and has a thickness of 1000 µm.
The detectors in forward direction are protected by a Al or aluminised Mylar foil to stop
both the scattered beam particles and recoiling C nuclei from the target.
The energy resolution for the protons ranges from 250 keV to 2 MeV depending on angle
and energy. The angular resolution is typically below 5◦.
However, as it can be seen in Fig. 5 which shows the cross section from Fig. 4 transformed
into the laboratory system, quite some useful information and cross section is lost in the
“blind” zone around 90◦. Therefore, we intend to change the configuration of the barrel
detectors on two sides of the barrel (the other two have to have the gap to allow the target
ladder to enter). This will be done by either just closing the gap as much as technically
possible or by mounting only one detector per side centred at 90◦.
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Since Na beams are not pure beams, the composition of the beam has to be determined
and monitored. The Bragg chamber [45] or the IC - Si telescope, both can be mounted
within the beam dump, are well suited for this purpose.
The main isobaric contaminants are the respective Mg isotopes from the β-decay of Na
and the Al isotopes. From the experience in the 2009 run of experiment IS482 we expect
a strong contamination with Al. Although the production rate of Al has its maximum at
A = 29, for the lighter isotopes still a considerable rate is present. Since the half-lives of
the Al isotopes (27Al: stable, 28Al: 2.24 m) are considerably longer than those of the Na
isotopes, the latter can be selected by a time gate covering only an appropriate period
directly after the proton impact.
T-REX including the electronics has been funded and built by TU München (Germany),
KU Leuven (Belgium), CSNSM Orsay (France), CERN (Switzerland), and the UK groups
involved in MINIBALL. In the future, contributions will also come from TU Darmstadt
(Germany).

4 Proposed experiment

The 28Na isotope will be populated by a one-neutron transfer reaction with a CD2-target
(deuterated PE foil), i.e. 2H(27Na, 28Na)1H.
The Q-value for this reactions is positive, 1.32 MeV (for comparison even 2.19 MeV for
the 2H(28Na, 29Na)1H reaction), hence the population of states in the region of interest is
kinematically favoured.
Other reaction channels like (d,t) (Q = −0.47 MeV) or (p,d) (Q = −4.07 MeV) have
negative Q-values, therefore and because of the mass transfer to the target nuclei none of
them is observed in backward direction (in the laboratory system).
The Q-value for the respective (d,p) reaction with Al is 5.50 MeV, hence high-lying
states will be populated preferentially. The level scheme and the γ-rays of 28Al are well
known [47], therefore the γ-rays from the (d,p) reaction with Al can be identified and
distinguished from those originating from Na.
The 27Na isotopes are produced with a standard UCx/graphite target. Previously, Na
ions have been produced by surface ionisation. Also Al is an element which is surface-
ionised (ionisation potential 5.98 eV compared to 5.14 eV for Na), and therefore cannot
be suppressed easily. A laser ionisation scheme for Na exists and has been tested [46], but
so far the RILIS has not been used for the production of a Na beam. Although this is
not mandatory for the proposed experiment, the use of the more selective laser ionisation
would be advantageous, because the increased efficiency for Na would enhance the Na/Al
ratio.

5 Beam time request

We would like to study the single particle properties of the neutron-rich isotope 28Na pop-
ulated by a one-neutron transfer reaction. In order to extract the relevant spectroscopic
information a sufficient statistics in proton-γ-coincidences is necessary.
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The efficiencies are εpart = 62% for the particle detector and an average εMINIBALL = 8%
(γ-energies between 50 keV and 2000 keV are of interest) for γ-detection in the photopeak
with MINIBALL. The target will be a CD2 foil (deuterated PE foil) of 5 µm thickness.
Conservatively, we estimate a beam intensity on target of 2·105 s−1 for 27Na. This estimate
is based on the rates obtained for 29,30Na during the run of experiment IS482 in August
2009 which have been scaled with the larger production yields given in the ISOLDE data
base.
From DWBA calculations (spectroscopic factor set to unity) typical cross sections are at
least around 20 mb. This translates into a proton rate of 400/h for the population of a
state in 28Na. The respective rate of proton-γ-ray coincidences will be 30/h. The total
statistics in 4 days will be around 3000 counts. However, a possible intruder configuration
in the final states will lower the spectroscopic factor and therefore the yields.
One aim of this experiment is to measure angular distributions of the protons in coinci-
dence with γ-rays. In order to obtain a statistical error below 10%, sufficient to distinguish
the different orbital angular momentum transfers, 100 counts per angular bin are needed.
Hence, in 4 days of beam time the statistics will allow to subdivide the angular range
covered by T-REX in 10 angular bins, each covering around 10◦.
It is well worth mentioning that the γ-rate will be much higher than that obtained in the
β-decay experiments [35, 36] where statistics in the order of 50 counts per peak has been
measured (β-gated γ-rays). Even for 29Na populated by the (d,p) reaction an experiment
at REX-ISOLDE would improve the statistics by an factor of about 5.
For completeness, it has to be noted that the (d,p) reaction on 27Na has been proposed
also as part of a proposal at TRIUMF for ISAC-2 [48]. However, the beam intensity for
27Na there is expected to be at least 20 times smaller (104 s−1) and the cross sections at
4.5 MeV/u are also 30-50% smaller (concerning the cross section, 3 MeV/u is the optimal
energy for (d,p) reactions in this mass region [49]). To our knowledge the experiment has
not been performed so far. Conclusively, the experiment proposed here for REX-ISOLDE
can be expected to yield much better statistics. The next steps, (t,p) reactions and the
use of a 28Na beam, are only possible at REX-ISOLDE taking into account the smaller
cross sections and/or the smaller beam intensities.
In this proposal we request only beam time for the first experiment of our programme
with the reaction 2H(27Na, 28Na)1H in order to investigate the feasibility to extract spec-
troscopic information from the transfer to an odd-even nucleus in inverse kinematics at
REX-ISOLDE. Concerning the physics case, the observation of negative parity states in
28Na would provide, as explained above, a very valuable piece in the understanding of
the formation of the “island of inversion”. Each of the further reactions discussed above
to study 29,30Na isotopes requires a beam time in the order of 10 days, but for more reli-
able estimates we feel that we need first the outcome of the proposed experiment (and, of
course, the final results from IS454 and IS470) and postpone the request to an addendum.
Based on these estimates and the experience from our previous transfer experiments (IS454
and IS470), we request 4 days of beam time with a 27Na beam plus 1 day for preparing
the beam. Additionally, we would like to apply laser ionisation to prepare the Na beam,
although this is not mandatory for the experiment and we are well aware of the large
demand for the RILIS.
We request in total 15 shifts (5 days) of beam time.
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