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Abstract. The use of y-ray spectroscopy to probe the properties of marginally bound nuclear -
states has evolved from being a curiosity a decade ago to being the mainstream use for these

devices. The key to this success has been the development of ultra-sensitive channel selection
techniques which allow the parentage of each emitted y-ray to be established. With these
techniques, and the enhanced efficiency of the arrays themselves, the level of sensitivity for

nuclear spectroscopy has increased by several orders of magnitude, in some special cases reaching
the 10s nanobarns level, 1000 times more sensitive than was possible a decade ago. In this

paper I will discuss some recent developments in light nuclear spectroscopy, on nuclei with
N = Z, below mass 100. These examples have been chosen to compliment other presentations at
this conference which have covered similar experiments in heavier nuclei.

INTRODUCTION

inAt the turn of the millennium it is natural to review what we have achieved culturally
general and more specifically what we have achieved in our 100 years of nuclear
physics. One common theme is that of exploration and the broadening and deepening of
our knowledge which comes with such travels. Geographically, we have explored
every comer of our planet during this millennium. On the nuclear landscape we have
come to know our local environment and our journeys have started to take us away from
the valley of stability, but we still have far to travel. It is appropriate that we meet in
Seville, a beautifid and historic center for global exploration, to review our journeys
across this new nuclear territory and our plans for the future.

I am going to present some results from our exploration of marginally bound nuclear
states which lie right at the periphery of the nuclear landscape. I am going to discuss
making y-ray measurements of these states to probe their wavefunctions. I will present
measurements made with Garnmasphere, the U.S. national y-ray facility, as this is what
I am most farnilim with. With Gammasphere, a great deal of progress has been made
especially along the proton dripline and in heavy nuclei which I do not have time to
discuss. Instead, I have chosen to report on the exploration of light nuclei in order to
balance the other talks on heavier systems at this meeting. Consequently, from the start,
I must make it clear that this is the report of a few journeys, not a review of state of our
knowledge of the whole landscape. However, this paper taken with the other reports
from this meeting give a fair view of where we stand, and where we are going.

THE MOTIVATION

Before I start discussing specific problems, it is worth revisiting the motivation for
these travels. One of the key intellectual challenges of our time is to better understand
the evolution of our universe to the state it has reached today. To have any hope of
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understanding this evolution requires factual input from a wide variety of scientific
disciplines. In the nuclear sector, we are about to add vital information in two domains:
at the highest energies when quarks become deconllned, through the study of heavy-ion
collisions at relativistic energies, and at low energies where radioactive beams are
making astrophysically important reactions and nuclei accessible for study. Information
on the high-energy domain will improve our understanding of the very eady universe,
shortly after the Big Bang, and information on the low energy domain will improve our
understanding of the subsequent synthesis of the elements which exist around us now.
As most of the synthesis mechanisms involve nuclei very far from stability, especially
neutron-rich nuclei, that is where our exploration must go. Both these contributions are
vital for making progress in building the “big picture” of the evolution of our world.

Much attention has been dedicated to the theoretical understanding of the structure,
binding energies and decays of dripline nuclei. The results of these investigations,
though often not in complete agreement, indicate that nuclei far from stability, especially
neutron-rich nuclei, may be quite different from those along the valley of stability.
These investigations, and the diversity of their conclusions, enrich the need to make and
investigate these nuclei, as it has become clear that our understanding of nuclear
structure is still to a significant extent “experimentally driven”, and extrapolations from
what we know about near-stable nuclei will not give a realistic view of dripline nuclei.
Finally, reaching out to the most exotic nuclei presents a challenge to the dedicated
experimentalists. A great deal of innovative investigation has led us far from the valley
of stability, but many challenges lie ahead, especially the task of successfully harnessing
the potential of radioactive beams.

THE EXPERIMENTS

I am going to start with the N = Z nucleus z4Mg. This nucleus does not lie far from
stability, indeed it is stable and we must go to high excitation, above 10 MeV, to reach
marginally bound states which mainly decay through particle emission. 24Mg is a very
important nucleus, however, as it has been a benchmark for testing new theoretical
models. Its importance lies in the fact that it lies in the mid-sd shell and exhibits
considerable collectivity, and its state wavefunctions can be calculated in many ways
including traditional shell models, deformed Nilsson-Strutinsky calculations, HFB
calculations, Monte-Carlo shell models, relativistic meanileld methods, cluster models,
etc. Indeed, there are more than 2600 papers dedicated to z4Mg in the data bases, more
than half of them theoretical. Comparison of these calculations reveals deep insight both
into the models, and into nuclear structure in general. One of the intriguing aspects of
z4Mg concerns the location and collectivity of the fully aligned sol-shell J = 10 and 12
natural parity states which are expected to lie at about 20 MeV in excitation. These
levels may be “band-tenninating” states of low collectivity, as suggested by spherical
shell models, but their collectivity may be regained through fp-shell admixtures, or more
complicated cluster amplitudes. The experimental situation is not clear, as the states are
more than 10 MeV particle unbound, so proton and alpha decays dominate the decays,
and the radiative branches are expected to be below 10-3. However, it is the radiative
branches which can most easily quantify the collectivity and reveal the details of the state
wavefunctions7 although the competition between y-decay and the various particle decay
channels is also very important(1).

Spin J = 12 does not sound very high to most y-ra spectroscopists, but it is extremely
zdifficult to reach in such a light nucleus. Using A /3 scaling of the moment of inertia,

J = 12 in 24Mg corresponds to a similar rotational frequency to a J = 200 state in a mass
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A=200 nucleus. However, reactions which populate thestates inthe excitation-energy
and spin range of interest are known, for example the 12C(lb0,a)24Mg reaction at about
62 MeV. Here, the entry state is correct but many experimental problems remain: zdMg

constitutes less than 10% of the fusion cross-section, the states of interest are only
populated with cross-sections of a few rnillibarns, the decay is mainly by particles, so
the effective radiative cross-sections are sub-micorbarn and worse, the decay y-rays of
interest are of high energy, >6 MeV, so are difficult to detect. Not surprisingly, despite
many years of intensive effort (2,3), and great experimental innovation, the y-decay of
the J = 10 and 12 states have never been seen.

In principle, one may think that the use of large arrays like Eurogam or GammaSphere
should make such measurements possible. However, the high backgrounds, high y-ray
energies, huge Doppler shifts and low multiplicities all make “standalone” y-y or y-y-y
experiments seem untenable. What is needed is an alternative approach which is
triggered by surviving zAMg nuclei which do not break-up. With this selection, the
experiment becomes one of seeking the few individual y-rays linking the high spin states
to the well-known J = 8 states below.

We are working on an alternative technique which may provide the required
sensitivity. In this experiment we use the Argonne Fra ment Mass Analyzer (FMA) (4),

%a zero-degree mass separator, to not only select the 2 Mg ions but to select individual
states through time-of-flight spectroscopy. Identification of the zAMg ions is
straightforward, using an A/Q = 24/1 OFMA setting and measuring the recoil nuclei in a
3-electrode ion-chamber. With the mass and de/dx selection, and careful time-random
subtraction, spectra with only zAMg ‘y-rays can be constructed. The two-body reaction
we use is particularly appropriate for state selection as the kinematics are very tightly
constrained with the zAMg ions all recoiling into a 1 degree cone and the alpha-particle
emitted upstream, so each state populated in the magnesium ion has its own unique time
of flight through the 8.6 m spectrometer. On average, the flight time is about 550 ns,
but has a spread of about 50 ns corresponding to an excitation-energy range of 10 MeV.
As the accelerator beam can be bunched to less than 500 ps FWHM, and the channel-
plate FMA focal plane has sub-ns timing for these ions, state selection of about 200 keV
FWHM can be reached. In practice, to increase the yield of gamma rays, we used thick
targets (120 pg/cmz) which compromised this resolution by an order of magnitude, and
used the complementary gamma-ray data to more accurately locate the states of interest.

Preliminary experiments have been encouraging. I cannot show you the J = 10 states
yet, but we have candidates and are approaching the necessary level of sensitivity. In a
pre-Gammasphere study we successfully tested the FMA time-of-flight state selection
technique by correlating recoil 24Mg ions with their corresponding alpha-particles
detected in an annular detector mounted at 180 degrees. In our first Gammasphere
experiment we found two candidates for two J = 10 states which both appear to decay to
more than one of the known low-lying J = 8 states. On the first day of this conference
we completed a high-statistics experiment which we hope will confirm these candidates,
but we will have to wait for confirmation at a future meeting when our analysis is
complete. Our initial estimates indicate that the candidate gamma-ray branches are at the
10-’1level, corresponding to radiative cross-sections of a few rnicrobarns. One thing
which is absolutely clear from these experiments is that there are NO states in zAMg
above 17 MeV which have y-ray branches bigger than 0.1 %, a confirmation of a
conclusion of the Oxford/Manchester group (1-3). This is because the states are so far
above the particle decay thresholds that the confining Coulomb and centrifugal barriers
are only a few femtometers thick so even the most favored wavefunctions cannot
survive tunneling long enough to gamma decay.



N = Z Nuclei Above 56Ni

The competition between particle and y-ray decays makes a natural bridge to N = Z
nuclei far from stability, my second topic. Between sGNi and 100Sn the N = Z line
approaches the proton dripline, so the excitation energy at which proton emission
successfully competes with gamma decays falls to much lower energies. The
competition is very interesting, as the physics of particle decay and y-decay are quite
different, with the particle decay depending on single-particle aspects of the
wavefunction and the tunneling probability through the Coulomb and centrifugal
barriers, while the electromagnetic decay is enhanced by collective parts of nuclear
wavefunction. A first example (5) of this competition has been found recently using
Gamrnasphere and the microball (6) particle detector to study the decay of a high-spin
deformed band in 58CU to both low-lying levels in S8CUand to levels in sTNi. This case
is particularly favored as the Q-value for the particle decay is high due to the unusually
large binding energy of the daughter nucleus. However, it has many interesting physics
aspects: the y-decays are hindered by electromagnetic isospin selection rules, and the
particle decays hindered by a parent-daughter shape change. Thus, it is not surprising
that the decaying state may be long-lived on the ns-scale. A follow up experiment has
recently been carried out in which an additional wall of silicon detectors was added
downstream to detect the mono-energetic decay protons with higher resolution and more
precisely measure the particle gamma-competition. The results should be most
enlightening, as this type of competition should be a ubiquitous feature of dripline
nuclei, applying to both the low-lying yrast levels and to the quasi-bound continuum
above. A related study in the 0s region (7) has made a measurement to compare the
“entry-region” (the energy-spin domain below which y-ray emission dominates) in
nuclei which m beyond the proton dripline (signaled by groundstate proton
radioactivity) and in neighboring nuclei which are more bound. These data are still
undergoing analysis, but indicate a surprising similarity between nuclei with particle-
bound and unbound groundstates.

Another long-standing topic of interest has been the evolution of nuclear shapes
between the spherical shell closures at N = Z = 28 and N = Z = 50. Considerable recent
progress has been made. In the lighter nuclei, around N = Z = 30 a new region of very
deformed high-spin bands has been found (8) in nuclei which are near-spherical in their
groundstates. These superdeformed shapes are very interesting and seem to be a natural
link between the 4p-4h deformed bands which are well known in light nuclei like lGO
and 40C~ and the traditional superdeforrned bands known in heavier regions. It is also
interesting to compare these very collective bands to less-deformed states recently
discovered in s6Ni (9) to ascertain the critical requirements for superdeformation to be
sustained. The “decay-out” mechanism is also interesting and seems to be quite
different to that found in heavier nuclei which should give broader insight into the
general question of the issues involved in electromagnetic-shape changing processes.

Moving to heavier N = Z nuclei, the production cross-sections fall rapidly with the
presently available stable beams, and the experiments rapidly become more difficult.
During the last decade, since these nuclei were first studied by the recoil-gamma
coincidence method (10, 11), rather little progress has been made, despite considerable
effort (12,13). The exception is TzKr (14) where the groundstate band has been
extended to clearly reveal shape coexistence effects. However, in the weeks roceeding

~this meeting, we have performed experiments on N = Z nuclei GgSe (15), OZr (16),
MMO and possibly 88RU (IT). Only 68se has been studied in any detail so I will
concentrate on that, but I expect considerable progress will be made on the others when
data analysis is done.



@Se is almost unique as it is predicted to be one of the few cases in the periodic table
predicted to have a large (P2 - -0.3) oblate groundstate caused by a deformed shell-gap
at N = Z = 34. This oblate shape is calculated to be sufficiently well bound that it is
expected to be yrast with rotation for several MeV, when it is crossed by a prolate
configuration, and the configurations are expected to co-exist with rather little mixing
due to a high oblate-prolate barrier. We find strong evidence for rotational bands based
on both of these configurations. The candidate groundstate oblate band has all the
expected characteristics; exceptionally low moment of inertia, no apparent backbending,
and quite small mixing with its co-existing prolate partner. The prolate band shows a
much higher moment of inertia and a backbending. Thus, although it is difficult to find
definitive proof for an oblate groundstate shape, the evidence is quite convincing and
will be published this fall.

In 80Zr we have collected a large data set (16), in a similar study to the original
Daresbury measurement (11) and all the known states could be seen “online”.
However, the enhanced efficiency of GammaSphere will allow y-y coincidence
measurements, so progress through the backbending region around J = 8 should be
achieved. In a further study, attempting to extend N = Z “inbeam” information to 88Ru
we used the szS(S8Ni,2n) reaction using a MoS2 target on a rotating target wheel. From
the yields of 88M0 and 88Tc, we think there is a reasonable chance of finding the first
excited state in 88Ru. A su rising side-product of the experiment was good population

?of 84M0 through the 32S(s Ni,a2n) reaction. The known first excited state in 84M0
was clearly seen “online”, so again the power of Gamrnasphere should allow
considerable progress.

So I must conclude. This meeting has come at an interesting time for y-ray
spectroscopy, in the USA, as during the last year since Garnmasphere arrived at ANL
we have been extensively studying marginally bound states in many nuclei from 24Mg to
2MN0 (18) in exWfimen& triggered by the FMA. In some experiments we have been
making gamma-ray spectroscopic studies on states produced with cross-sections of
10’s nb. For states produced at the few rnicrobarn level quite detailed correlation
measurements are now possible. These experiments are 2-3 orders of magnitude
beyond what was possible ten years ago. One new application of Gammasphere has
been to use both the BGO and HpGe detectors to perform high efficiency calorimetry.
This has proven especially useful for studying fission barriers in very heavy nuclei (18).
We are still learning how best to trigger the experiments especially to minimize the
deadtime and maximize to data we collect. As you can tell from this report, much of the
data is not yet analyzed, so we hope many new results will come in the new millennium.

Looking further in the future, the prospects for nuclear structure seem brighter than for
many years. The generalization of our understanding of nuclear structure to encompass
all nuclei has become the driving theme for our field and has relinked our research with
many other fields of physics. The prospects for accelerated radioactive beams have
turned from a dream to a reality, both in fragmentation and ISOL-type facilities, and the
prospects for even more powerful facilities are good. More sophisticated instruments
continue to improve the sensitivity of our studies. In all, the first few decades of the
next millennium should be a very exciting time in nuclear for nuclear physics.
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