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Abstract. After the successful commissioning of the radioactive beam experiment at ISOLDE (REX-
ISOLDE) —an accelerator for exotic nuclei produced by ISOLDE— in 2002 and the promotion to a CERN
user facility in 2003, first physics experiments using these beams were performed. Initial experiments fo-
cused on the region of deformation in the vicinity of the neutron-rich Na and Mg isotopes. Preliminary
results on the neutron-rich Na and Mg isotopes show the high potential and physics opportunities of-
fered by the exotic isotope accelerator REX in conjunction with the modern Germanium v spectrometer

MINIBALL.

PACS. 25.70.De Coulomb excitation — 27.30.+t 20 < A < 38 — 21.10.Re Collective levels

1 REX-ISOLDE

The Radioactive beam EXperiment (REX) [1,2,3] is a pi-
lot experiment to demonstrate the feasibility of an efficient
and cost-effective way to accumulate, bunch, charge breed,
and accelerate radioactive exotic ions. In addition, beams
of these nuclei should be produced for physics experi-
ments, e.g. investigating the structure of nuclei far from
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stability. The REX accelerator is situated at the ISOLDE
facility at CERN, which routinely provides a multitude of
exotic nuclei for its users [4].

The main components of the REX accelerator are
a trap (REX-TRAP), an ion source (REX-EBIS), a
mass separator and the actual accelerator consisting
of a radio frequency quadrupole, a re-buncher, an IH-
structure, three 7-gap resonators and since 2004 a 9-gap
[H-structure. REX-TRAP is a buffer-gas filled penning
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trap that continuously traps the ions (with a charge state
14) coming from the ISOLDE beam line. The accumu-
lated ions are cooled and form bunches which are period-
ically (typically every 20ms) transferred to the electron
beam ion source REX-EBIS. Here charge breeding takes
place and when a charge state to mass number ratio of
q/A > 1/4.5 is reached the ions are extracted, mass sepa-
rated (mainly to remove copious residual gas ions) and ac-
celerated to energies around 0.8-3.1 MeV /u. It should be
noted that in an EBIS the average charge state depends
mainly on the breeding time and always a large fraction
(about 15% for A ~ 20) of the ions is in one charge state.
Still, as only one charge state of the ions can be acceler-
ated, the largest reduction in transmission occurs after the
EBIS. The total transmission from the ISOLDE target to
the REX target is on the order of about 5%.

The first radioactive nuclear beam was accelerated in
October 2001 to an energy of 2MeV/u and in 2002 al-
ready several radioactive beams were produced with an
energy of 2.2MeV /u and used for commissioning exper-
iments. First physics experiments using the accelerated
exotic nuclei with a maximum beam energy of 2.2 MeV /u
and 3.1 MeV /u were performed in 2003 and 2004, respec-
tively. An upgrade to a beam energy of 4.3MeV/u is
planned in the near future, which will significantly extend
the accessible region of nuclides toward heavier isotopes,
especially for Coulomb excitation experiments. By the end
of 2003 REX became a dedicated CERN user facility.

A picture of the setup in early 2002 is shown in fig. 1
with the MINIBALL array on the 65° beamline in the
foreground.

2 Experimental setup

The main experimental device currently used with REX is
the MINIBALL HPGe array [5,6]. The array consists of 24
6-fold segmented, individually encapsulated, HPGe detec-
tors arranged in 8 triple cryostats. The crystal geometry
is shown in fig. 2. The detectors are mounted on an ad-
justable frame which allows for an easy adaptation of the
geometry to the specific experimental requirements. The
central core and six segment electrodes of each detector
are equipped with a preamplifier with a cold stage and a
warm main board. The charge integrated signals are sub-
sequently digitized (12bit, 40 MHz) and analyzed online
and onboard the DGF-4C CAMAC card from XIA [7]. Be-
sides energy and timing information the (user) algorithms
implemented on the card [6,7,8,9,10] determine the inter-
action point of each «-ray in the detector via pulse shape
analysis (PSA), resulting in an about 100-fold increase
in granularity in comparison to a non-segmented detec-
tor (the position resolution is about 7-8 mm FWHM, de-
pending on the energy of the ~-ray). All digitizers run
independently (receiving the same clock signal) and each
single event is time stamped by a 40 MHz clock for offline
event reconstruction.

In addition to the MINIBALL array an annular
charged particle detector telescope (of CD type, see [11])
is employed consisting of a ~ 500 pm thick AFE followed by
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Fig. 1. The REX-ISOLDE experimental hall in 2002. In the
background the REX accelerator can be seen. After the bend-

ing magnet at the 65° the MINIBALL array is installed.

80 mm

70 mm

Fig. 2. MINIBALL HPGe crystal. The electrical segmentation
is indicated.

a ~ 500 ym thick E detector. The AE detector is highly
segmented (24 x4 annular and 16 x 4 radial strips) to allow
for a kinematic reconstruction of the events and covers an
angular range from 15° to 50°. A parallel plate avalanche
counter [12] was used to monitor the beam at zero degrees
without stopping it, so that the (radioactive) beam par-
ticles are not deposited in the target area and reach the
beam dump to reduce the radioactive decay background.

3 First experiments

The primary aim of REX and MINIBALL is the investiga-
tion of the development of the structure of nuclei far from
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Fig. 3. B(E2;0% — 21) values for the neutron-rich even-even magnesium isotopes. The values for 262 Mg were taken from [13].

stability. The reactions of choice to study the single parti-
cle and collective properties of nuclei with low-energy re-
accelerated ISOL beams (Epeam ~ Coulomb barrier) are
single-nucleon transfer reactions and Coulomb excitation,
respectively. Especially favorable for neutron-rich nuclei
are (d,p) reactions (in inverse kinematics) on deuterated
polyethylene targets, since here the cross sections are rel-
atively high [14] and the neutron-pickup product is more
neutron-rich by one neutron. By determining the differ-
ential cross sections to certain states as well as the an-
gular distribution of the de-excitation ~-rays their spins
and parities can be determined. From the absolute cross
section, spectroscopic factors can be extracted.

An interesting region in the chart of nuclides is around
the N = 20 nucleus ?Mg. This region is well known as
the island of deformation for almost 30 years [15,16], yet
still, the knowledge on the nuclei in this region is very
limited. Even today the extent of intruder ground state
configurations in this region of the nuclear chart is not
known. B(E2; 0, — 277) values for the even-even nuclei

up to N = 22 (3*Mg) have been measured [17,18,19,20]
rather recently, mainly by intermediate-energy Coulomb
excitation at projectile fragmentation facilities. However,
the data are very imprecise and measurements of differ-
ent laboratories disagree by as much as a factor of two
indicating that the systematic errors are not completely
understood. The main contribution to the systematic error
in these experiments is probably due to Coulomb-nuclear
interference effects, which are always present at such high
beam energies, even if the scattering angle of the projec-
tiles is restricted to small values. Furthermore, the popu-
lation of higher-lying states and subsequent feeding of the
first 21 state also needs to be accounted for. In contrast,
the Coulomb excitation studies at REX-ISOLDE are per-
formed with beam energies well below the Coulomb bar-
rier, yielding model independent results. In fig. 3 the the-
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Fig. 4. Illustration of the V. interaction between neutron
and proton orbitals with the same orbital angular momentum
[ and different total angular momentum j. This interaction was
found to be very attractive for stable nuclei and rather weak
for exotic neutron-rich nuclei, where the corresponding proton
orbitals are often not filled, contributing to the appearance of
new magic numbers [21].

oretical and experimentally determined B(FE2; Ogs — 2
values for the neutron-rich Mg isotopes as a function of
neutron number N are shown. It should be noted that
all the theoretical results [21,22,23,24,25,26,27,28,29] are
rather recent but give (nevertheless) very different values.
Based on the data shown, a discrimination between the
theoretical models is not possible.

Most information on the odd and odd-A nuclei stems
from (8 decay experiments (see e.g. [30] and references
therein) and in the future it will be attempted to measure
ground state nuclear moments by the 8 NMR technique
after polarization with a LASER beam [31,32].

In a recent publication Otsuka et al. [21] pointed out
the importance of the V. (residual) interaction between
orbits of the same orbital angular momentum, but with
different total angular momentum between neutron and
proton orbitals (see illustration in fig. 4 for the sd-shell).
It is due to this interaction that the effective single particle
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Fig. 5. v spectrum coincident with any signal in the parti-
cle detector. Please note the almost negligible background and
the extremely low-energy threshold of only 40-50keV. The in-
set shows a - energy spectrum in coincidence with the 171 keV
line. As expected only the 50.5keV transition is seen with still
good statistics, demonstrating the high efficiency of the MINI-
BALL array.

energy (ESPE) of the vd 3 orbital is much lower in energy
for stable nuclei, where the wd H orbital is nearly filled (re-
sulting in a strong attraction of the orbitals) in compar-
ison to very neutron-rich nuclei, where the wd 5 is nearly
empty. 220 (nd H completely empty), e.g., shows features
of a double magic nucleus due to the rise of the ESPE
of the vds orbital [21]. To further test the role of Vor
in the structure of these neutron-rich nuclei more precise
experimental data are urgently needed.

At REX-ISOLDE with MINIBALL there is the possi-
bility to study nuclei far from stability with standard nu-
clear physics tools (in inverse kinematics), which are not
only well proven, but which also allow a direct comparison
of the experimental results to ones obtained with stable
beams. Therefore a program was started to systematically
study the neutron-rich nuclei in this region via neutron-
pickup reactions and Coulomb excitation.

4 Preliminary results

Preliminary ~ energy spectra are shown in figs. 5 and 6

to demonstrate the quality of the spectra measured with
a radioactive beam.

Figure 5 shows a spectrum taken in about 66 hours
with a 3Mg beam (4 neutrons away from stability with
a halflife of only 335ms) with an intensity of about
2-10%s7! (Epeam = 2.2MeV/u) on a 10 um thick deuter-
ated polyethylene foil. Several known transitions in 3'Mg
can be seen, namely at 50.5keV, 171keV, and 222keV. In
addition a strong line at 54.6 keV is evident. This transi-
tion is coincident with tritons in the particle detector and
corresponds therefore to the transition of the first excited
state in 2Mg (populated via the d(3*Mg, 2 Mg)t reaction)
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Fig. 6. Doppler corrected ~-ray spectra containing only events
where 3°Mg projectiles were scattered in the CD detector. The
upper panel shows the spectrum with Doppler correction for
magnesium, while the lower panel the spectrum Doppler cor-
rected for recoiling nickel.

to the ground state. The inset shows a spectrum gated on
the 171 keV line. As expected only the 50.5 keV transitions
can be seen in this spectrum. The statistics is still rather
good demonstrating the high efficiency of the MINIBALL
array. Please note the very low background seen in these
spectra, even though the beam particles are radioactive,
and the extremely low-energy threshold of only 40-50 keV,
which should be compared to a threshold of typically sev-
eral 100keV in experiments with fast beams.

For the Coulomb excitation study the 3°Mg beam pro-
vided by REX was incident on a natural nickel foil with
a thickness of 1.0mg/cm? located at the center of the
scattering chamber. The measured 7-ray energy spectra
obtained after 76 hours of data taking are shown in fig. 6,
where peaks due to projectile and target excitation can
be seen. The upper panel shows the v spectrum obtained
when the proper Doppler correction for 3°Mg is performed.
The prominent peak at 1482keV corresponds to the tran-
sition from the first 2+ state to the ground state. When
performing the Doppler correction for the recoiling nickel
nuclei (bottom panel) the well known ~ transitions at
1454 keV and 1333 keV, from the excitation and decay of
the first excited 2% states in *®Ni and 9ONi, respectively,
are evident. In the top/bottom spectrum the contribution
of the peaks in the bottom/top spectrum is suppressed,
i.e. the magnesium spectrum (top) does not include counts
attributed to transitions in the nickel isotopes, since these
counts correspond to wrongly Doppler corrected nickel -
rays, and vice versa. Please note that the small change in
peak area due to this procedure was taken into account
in the extraction of the B(E2)7 value (see below). The
two spectra contain only events where A = 30 nuclei were
scattered into the CD detector. The recoiling nickel nuclei
were separated from those by their lower kinetic energies
at the same laboratory scattering angle.

For the extraction of the B(E2)7T value of 3°Mg only
the events observed in coincidence with forward scattered
30Mg were analyzed, ensuring safe surface distances Dy be-
tween projectile and target ranging from 6 fm to 23 fm [33].
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Due to the occurrence of both projectile and target excita-
tion the Coulomb excitation cross section ocg of the first
excited 2% state in 3°Mg can be deduced relative to that
of 580Nji from the measured 7-ray yields N, alone

58,60; 30
30 _ (NI - N, (TMg)
oce (*"Mg) = e (0Mg) : N, (P500Ni) "OCE

(58,601\“) ,

where €, is the full energy peak efficiency (including the
angular correlation of the emitted ~-rays) at the corre-
sponding ~ energy. The cross sections for the excitation
of the nickel nuclei was calculated using the known spec-
troscopy [34,35,36] (B(E2)7T and quadrupole moments).
For magnesium the B(E2) 7T value was varied until the
cross section was reproduced. The procedure was per-
formed separately for the two nickel isotopes and the
weighted average of the results was taken as the final value.
For all measurements the «y yield of the two nickel isotopes
was consistent with the natural abundance and the calcu-
lated Coulomb excitation cross section of the two isotopes.
Even though the analysis presented above is straight for-
ward a measurement with stable ?2Ne beam was per-
formed for which the deduced B(E2)1 of 242(26) e?fm*
is in very good agreement with the adopted value [13] of
230(10) e*fm* *.

With the method proven the only difference to the
measurement with a radioactive beam is a possible iso-
baric contamination. A contamination with a different
mass is excluded due to the A/Q selection of the REX
accelerator and the measurement of the total energy,
which is proportional to the mass of the projectile, by the
CD detector. There can be two sources of isobaric con-
tamination, though: decay of 3**Mg during trapping and
charge breeding and isobaric contamination directly re-
leased from and ionized at the primary ISOLDE target.
The first contribution can be calculated from the known
trapping and breeding time, which ranges from 12ms to
32.4ms, depending on the time, when a certain 3°Mg ion
entered the trap. From the known lifetime of 483(25) ms
an 3CAl contamination of 4.5% is calculated. The total
30A] beam contamination and the contamination directly
from the ISOLDE target? was investigated by the follow-
ing methods:

— A LASER-on/off measurement was performed, where
the RILIS LASER beam to the ISOLDE target
was blocked periodically. During the LASER-off pe-
riods only surface ionized contaminants are extracted,
while during the LASER~on periods, in addition, the
(wanted) magnesium ions are extracted.

— The time dependence of the incident beam inten-
sity with respect to the proton pulse impact on the
ISOLDE target (T1) was analyzed. While a possible
aluminum contamination is almost constantly present

! The recently published B(E2)] values for 3°Ni in [37] do
not agree with this measurement and were not used (see [38]).

2 Only aluminum can be present as it is easily surface ion-
ized. Other isobars have a negligible yield (refractory of too
short lived).
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Table 1. Experimental B(E2)] values in e*fm?.

RIKEN MSU GANIL REX-ISOLDE
Isotope  [17] [20] [18] [19] (preliminary)
30Mg - - 295(26) 435(58) 241(31)
32Mg  454(78) 449(53) 333(70) 622(90) -
440(55)
34Mg - 631(126) < 670 - -

due to the long decay time of the release curve [39]
the 3°Mg ions show a high intensity only for a short
time after proton impact due to their fast release and
short lifetime.

— The time dependence of the « yield in the 3°Mg and
58,60Nj peaks with respect to T1 was investigated to
check what fraction of counts in the nickel peaks occurs
during times, when there can be no 3°Mg in the beam.

— The Coulomb excitation of the first excited state in
30A] at 244keV was investigated.

— The # yields due to 3 decay of 3°Mg and 3°Al were
analyzed.

This analysis yields a value for the total beam contami-
nation by 3CAl of 6.5% resulting in a correction of 5% of
the nickel count rates. See [38] for details. In addition the
time structure of the EBIS pulse was investigated and no
peculiarities were found.

Including the determined beam impurities, a
B(E2; 0f, — 2{) value of **Mg of 241(31) e*fm*
was determined. The error is dominated by the statistical
uncertainty, but also contains contributions due to the
uncertainties of the B(E2)1 values of 58:5°Ni, the uncer-
tainty in diagonal matrix elements for 3°Mg, a remaining
uncertainty in the beam composition, the uncertainty due
to angular distribution and possible reorientation of the
emitted y-rays [38].

Figure 3 shows the present value together with previ-
ously measured B(E2)7 values for the neutron-rich mag-
nesium isotopes (see also table 1). While the initial goal
was to confirm one or the other measurement for 3°Mg,
it stands out that the B(E2)T values of 3*Mg measured
at MSU and GANIL are larger than the present value by
about 20% and 80%, respectively (see also table 1).

While the source of this discrepancy is unknown it
should be noted that in the intermediate-energy measure-
ments with beam energies around 30-50 MeV /u several
effects can influence the deduced B(E2) T values such
as feeding from higher-lying states and Coulomb-nuclear
interference which have to be corrected. While the adi-
abatic cutoff limits the single-step excitation energy to
values below 1-2 MeV in sub-barrier experiments, as pre-
sented here, in experiments with intermediate or relativis-
tic beams, states up to several (5-10) MeV excitation en-
ergy can readily be populated [40]. Therefore, in these
experiments any 2% (or even 17) state below 5-10 MeV
can be excited and feeding of the first 27 state, unless it
is corrected for, will result in an increased B(E2)T render-
ing this type of measurement strongly model-dependent.
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It is interesting to note that this feeding correction is per-
formed differently by the different groups, ranging from
no correction to corrections of more than 25%, sometimes
based on experimental evidence of feeding [18], sometimes
based on model calculations [17,19,20].

In conclusion, REX and MINIBALL are fully opera-
tional and first physics experiments focusing on the nu-
clear structure of the neutron-rich Na and Mg isotopes
were performed. A preliminary analysis shows the high
quality of the data that can be obtained with MINIBALL
at REX-ISOLDE with a radioactive, low-energy and low-
intensity beam. The analysis of the Coulomb excitation of
a *'Mg beam on a "*Ni target yields a B(E2; 0f, — 27
which is lower by about 20% and 80% that the MSU and
GANIL results, respectively.
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