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The production of intense radioactive beams of lithium isotopes has opened up a
range of scientific investigations. The lithium isotopes are produced by proton
irradiation of tantalum targets followed by surface ionization. In January 2007 a
11.i beam was accelerated through ISAC I and ISAC II accelerators to an energy
of 34 MeV. In fact this was the first experiment undertaken with the new ISAC
I accelerator. This beam was then injected into the MAY A apparatus that had
been brought to TRIUMF from the GANIL Laboratory in France. The MAYA
system is an active gaseous target detector, ref. 4. If the detector is filled with a
hydrogen based gas then (p,t) or {p,d) reactions can be studied in an essentially
4r solid angle geometry. The system is specially suited to investigate such
reactions with the low-intensity beams available at ISOL facilities. The GANIL/
TRIUMF team used this apparatus to study two neutron pick-up reactions for
ULi. The track of one of the first (p,t) events recorded from ISAC II is shown in
fig. 3. The aim of the experlment was to gain information about the correlation
of the two outer neutrons of ''Li. The experiment worked well with good quality
angular dlstrxbutlons being collected for the (p,t) reaction to the ground and first
excited states of "Li. Absolute cross-sections could be measured, so this data has
the capability to distinguish between the different theories describing the
correlations of the outer neutrons of ''Li.
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Fig. 3 Track of a '"Li reaction in the MAYA apparatus

(b) Lithium Nuclear Charge Radius

The MAYA experlment for Li at TRIUMF has the potential to yield
information concerning the outer neutron distributions of this nucleus. Of equal
importance for the understanding of this nucleus is its charge distribution. Of
course due to its short half-life, normal methods to determine this distribution
are not appropriate. For this reason a group at GSI have developed atomic
spectroscopy methods to determine the charge radius of lithium isotopes. The



GSI team transported their equipment to TRIUMF to perform the experiment
with TRIUMF's high intensity ''Li beam. The idea of the experiment is outlined
in fig. 4A, which shows the excitation scheme used. The principle of the
‘experiment is to determine the energy dlfference between the 28, and 3S;,
levels for lithium isotopes from °Li to "'Li, The difference from one isotope to
another is mostly determined by the mass difference between isotopes, but there
is a small component associated with the slightly differing charge distributions.
The excitation from the 28, is undertaken by two photon absorption to the 3S;,
_ which then decays to the 2P, , which in turn is ionized by further laser
excitation. The measurement involves counting the ions that are produced as a
function of the 2S5, -381,2 laser scan, as shown in fig. 4c. The deduction of the
charge radii for the various isotopes is shown in fig. 4b. It is most interesting to
note that the charge radlus seems to fall for isotopes up to °Li but shows a
significant increase for ''Li. Various theories have been developed to predict
these charge radii some of which are shown in fig. 4b, further details can be
found in ref. 5.
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Fig. 4 Determination of the charge radius of lithium isotopes

(¢) Sub-barrier Fusion

For neutron rich nuclei, far from stability, the tails of their neutron distributions
are probably well extended from the charge distribution. Nuclear reactions for
these nuclei could show different reaction characteristics than for stable nuclei.
Fusion is one particular reaction that might be affected by such neutron tails. An
experiment recently camed out and led by the Oregon group, concerned the
sub-barrier fusion of *Li on "Zn.
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The cross section was determined by radio-chemical techniques to determine the
fusion channel yield of "As. The fusion cross-sections are shown in fig. 5.
Calculations have been undertaken to determine the expected cross-sections
taking into account inelastic excitation and transfer processes. The results are
shown in fig. 5. Clearly the experimental cross-sections are much higher than
the expected values. These results may indicate that a rethink of the fusion
process for exotic nuclei may be necessary. Further details are given in ref. 6.

(c) Astrophysics Capture Reactions

For energy production in various stellar sites, proton and alpha particle capture
reactions play a very important role. Many of the reactions of interest involve
nuclei which are unstable. Therefore for direct measurements of the reactions,
one of the goals of radioactive beam facilities like ISAC is to measure these
reactions. However such measurements are very challenging. This is because the
reaction energy at which these measurements are needed is well below the
Coulomb barrier for the reaction. This means the cross-sections are very small,
and this coupled with the current limited intensities of radioactive beams and the
jarge backgrounds they generate, presents considerable problems to the
experimenter. Special apparatus have to be developed to detect the rare capture
events in the midst of a high number of background events. The DRAGON
spectrometer, fig. 6a, has been built to measure such reactions.
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Details of the spectrometer are given in ref. 7. Essentially this spectrometer is a
mass separation system to separate the rare capture events from the incident
beam particles. One of the best examples of such measurements is Al + p
capture. This measurement is of interest for the understanding of Al
distribution in the galaxy. Figure 6b shows the resonant energy of particular
astrophysics interest i.e. the 188 keV resonance. Figure 6¢ shows the results of
several weeks of running at an average intensity of 2.5%10° pps of °Al on
target. The peak corresponds to the correct time between the gamma capture
released at the target and the final 2’Si detected at the focal plane for the 188
keV resonance. From the results the resonant strength for this level could be
deduced ref. 8. The results also demonstrate the challenge to the experimenter,
for if the beam intensity had been  ~10® pps, instead of ~10° pps, the
experiment would have taken too long to run.

(e) Electron — Neutrino Correlation in Beta-Decay

Radioactive beams provided a good platform to measure some of the parameters
of the standard model of particle physics. For example, for pure Fermi beta-
decay the standard model identifies the decay mode with the vector boson. This
leads to a precise prediction for the angular correlation of the electron-neutrino
emission. If there is a component of beta-decay propagated by a scalar boson
then this would result in a different electron-neutrino correlation. Measuring the
electron- neutrino correlation can therefore determine a possible limit to the
presence of a scalar boson. Of course, it is not possible to detect directly
neutrinos in such an experiment, but the production of radioactive beams
provides a way to infer such correlations. The method is to produce first a
radioactive nucleus by the ISOL method, and then trap these atoms in a small
volume within a vacuum container, fig. 7a. When nuclei decay within this small
volume, the energy of the electron and the recoiling atom are then measured, fig.
7b. Since the decay is a three-body process, measuring just two, i.e. the electron
and the atom, will completely determine the reaction kinematics.
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Fig. 7 The neutral atom trap for beta decay investigations.
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By this method the team at TRIUMF has been able to establish the world's
lowest limit for the presence of a scalar boson in beta-decay, ref. 9. Other
similar fundamental questions can be addressed by using such techniques.

4. Outlook

The production of radioactive beams opens up exciting new opportunities in the
field of exotic nuclei and nuclear astrophysics. However it is often technically
very challenging to produce intense beams of these nuclei. TRIUMF is a
laboratory that is pioneering the development of such ISOL beams. Even though
some beams have been developed that make certain experiments possiblie, other
experiments need beam intensities that are not yet obtainable; there will be a
continuing need for technical development of ISOL beams.

The initiation and successful completion of the first phase of ISAC II accelerator
has motivated the development of new apparatus such as the TIGRESS and
EMMA spectrometers. These gamma-ray and particle spectrometers have been
specially designed to meet the requirements of the experimental program for
ISAC 1II. In addition the TITAN precision mass measurement system will start
an exciting new program this summer.
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