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ABSTRACT 
The structure of exotic nuclei that will become accessible with radioactive beams, 
especially in extremely neutron-rich nuclei where there is a large "lever arm" from the 
valley of stability, is likely to be quite different from anything we have yet encountered. 
There have been suggestions of radically-different shell structure due, for example, to 
more-rounded shell potenriais (no nf*n tern in the Nisson potential) or to weaker I.S 
interactions. Also, the weak binding of the outermost nucleons, the coupling to the 
continuum, changes in residual p-n and pairing interactions, will all contribute to new 
types of structure and collectivity. Among other effects, magic numbers are likely to lose 
their robustness; sequences of shell model orbits might be altered in major ways; the 
onset, rnanifesrations, and evolution of collectivity could be different: unique parity orbits 
may revert to their parent shells. Radioactive beams will provide the opportunity to 
study these exotic nuclei, but, at the same time, the amount of data obtainabfe will be 
much less than we are accustomed to. Hence, it will be necessary to develop highly- 
efficient experimental approaches on the one hand, and new signatures of structure, based 
on the simplest-m-obtain data, on the other. Recently, progress has been made in both 
areas, and this work is discussed below. 

1. Introduction 

Radioactive nuclear beams (RNB)s will open up entirely new regions of 
the nuclear chart to experimental study. Already, RNBs available from 
existing facilities have hinted at the exciting possibilities. Neutron halo 
nuclei (and the related phenomenon of neutron skins) reveal new nuclear 
topologies and new forms of nuclear matter: the outer reaches of these nuclei 
consist of nearly-pure, low-density diffuse neutron matter. Future 
possibilities will dwarf this as entirely new forms of nuclear structure and 
structural evolution appear. 

1.1 Proton Rich Nuclei--the N=Z Line 

On the proton rich side, for example, the heavy N=Z nuclei from 8 0 2  to 
1-n will become accessible to serious study. 80Zr is known to be deformedl. 
(In itself, this is an interesting phenomena in that 40 is, in some nuclei, a 
magic number.) 1OOSn is expected to be the heaviest bound self-conjugate 
nucleus and is thought to be itself doubly magic. In N=Z nuclei the T=O 



residual interaction dominates. As can be easily understood2 from Wiper's 
supermultiplet theory, this dominance is essentially a singularity: even at 
N=Zf2, the T=l interaction has already assumed its traditional advantage. 
Therefore, N=Z nuclei form a unique "trajectory" through the nuclear chart. 
The 8 0 2  to 1ooSn region may therefore constitute an isolated spherical- 
deformed transition region, which is effectively a 1-dimensional slice 
through the N/Z plane, and the only such shape transition we will ever be 
able to study that is controlled by the T=O interaction. Of course, if l%n turns 
out to be deformed, the consequences are even greater and strike at the heart 
of our understanding of the underlying shell structure of nuclei. 

1.2 Neutron Rich Nuclei--New Manifestations of Structure and Collectivity 

The neutron rich side of stability, which we focus on in this paper, is 
even more interesting. In part this is due to the longer "lever arm" from the 
valley of stability, and hence the greater uncertainty in extrapolation, but, in 
greater measure, it is due to the wealth of exotic phenomena expected near 
the neutron drip line. The rationale for this is simple. Near the edges of 
stability on this side, the outer realms of nuclei are comprised, essentially, of 
an extended, diffuse, low-density region of nearly-pure neutron matter. As 
suggested in recent studies384, such a diffuse density distribution is unlikely to 
be able to support a shell model potential with sharp contours (high- 
frequency Fourier components). Hence, even the traditional form of the 
Shell Model Hamiltonian itself, long cherished as the underlying basis for 
nuclear structure, may be radically altered. Its Wood-Saxon form may go over 
into a more rounded harmonic oscillator shape. In the language of the 
Nilsson model, this corresponds to the vanishing of the "12" term. 

The consequences of this are hard to overestimate. Consider the single 
particle levels that would result in such a scenario. These are illustrated on 
the right in Fig. 1. The effects of the no-22 scenario are to drastically raise the 
energy of the unique parity orbits which return to their parent shells. Hence, 
first, the magic numbers change. Secondly, high spin phenomena and 
octupole correlations will be dramatically a1 tered since they depend in 
essential ways on the location of these special orbits. But, more profound 
changes occur. The traditional order of the normal parity orbits, namely 
monotonically decreasing in j by Aj=l  as their energy increases (see Fig. 1, 
center) is completely upset. Instead-one encounters a "nested" pattern of j 
orbits with the highest j orbits surrounding the middle j, which in turn 
enclose still lower j orbits, and so on. Moreover, the j spin sequence is now 
Al=Aj=2 throughout (recall that 1/2+3/2 is also "Aj=2"). It can easily be 
imagined, without any calculations, that the manifestations of collectivity, 
and especially its evolution with N and Z in such a mass region, could be 
significantly different than near stability since the dominant residual 
interaction, the quadrupole force, specifically favors the coupling of orbits 
with Al=Aj=2. Figure 1 also illustrates an alternate possibility, equally 
intriguing, namely the absence of the spin orbit interaction. There are 
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Fig. 1. Different scenarios of shell model single-particle energies that could 
occur near the neutron drip line. Center: normal sequence. Right: without 
Z2 term. Left: without 2.s term. 



suggestions that this could characterize some neutron rich nuclei or perhaps 
only the proton orbits inside the diffuse neutron skin. 

The effects on structure near the neutron drip line go beyond such 
scenarios, however. The weak binding of the outermost neutrons and the 
proximity of quasi-bound continuum levels means that coupling to 
continuum states must be considered. Moreover, as the uppermost orbits in a 
shell merge into the continuum (perhaps as quasi-bound levels) the 
remaining bound levels no longer constitute a complete sequence of j values 
from some j,,, down to j=1/2. In the example in Fig. 1 (right), for example, 
the first orbit into the continuum would be j=7/2. The distorted single j-shell 
sequences, and the merging into and coupling with the continuum, could 
easily change the symmetries [such as SU(3) or pseudo-SU(3)I associated with 
the fennionic states. 

Beyond this, residual interactions will also be different. The pairing 
interaction near the drip line, where wave functions are greatly extended, 
could become significantly stronger. At the same time, the vast neutron 
excess and the difference in proton and neutron orbits will alter the p-n 
interaction as well. 

Finally, geometrical concepts of the nucleus are unlikely to survive 
intact. Just as the diffuse outer zones of neutron rich nuclei may not support 
sharply defined shell model potentials, they may not support strongly defined 
surfaces. Geometrical concepts as we know them may evolve. For example, 
the outer boundries of such nuclei may be, in effect, spherical by definition. 
Yet the well-defined inner proton core may be deformed and might even 
rotate or vibrate relative to the neutrons. Exotic isovector collective modes 
might occur. 

2. Exploring Exotic Nuclei 

The exploration of such fascinating regions and phenomena must face 
one overriding fact of life: RNB intensities will be orders of magnitude 
weaker than those of the stable beams we are accustomed to. Moreover, the 
very appeal of RNBs--their access to unstable nuclei--forces upon us the 
necessity to deal with, or avoid, their high levels of radioactivity. Hence, we 
will not generally have the quantity or quality of data that have helped us 
unravel the structure of nuclei near stability. This has two implications. We 
will need to develop high efficiency instruments and experimental 
techniques specifically designed for the new environment of R N B  
experiments. Secondly, we will need to develop new, and also more efficient, 
signatures of structure to gain insights into new regions with a minimum of 
data. 

In the rest of this paper we discuss two related ideas: new instruments 
for R N B  experiments and new signatures of structure. Of course, a wide 
ranging overview is impossible within the present space limits. Hence, we 
focus on one specific technique, namely low-energy Coulomb excitation of 
even-even nuclei, and on a couple of signatures of structure that exploit the 



obspables rev$ale$ by such Coulomb excitation experiments, namely E(2f), 
E(41) and B(FQ21401) values. 

2.1 New Signatures of Structure 

Since there will inevitably be much less data with RNBs, it would be 
helpful if as much structural information as possible could be obtained from 
the sirpplTt possible data. We will discuss three aspects of this: the use of 
B(E2:2,+01) values to identify magic numbers in new regions, their use to 
disclose subtle aspects of nuclear shapes (gpecif/call y hexadecapole 
deformations) and the use of the energy ratio E(21)/E(41) in magic nuclei to 
give clues to the underlying shell model singleparticle level sequences and, 
in particular, to specifically identify prominent Aj=2 sequences such as on the 
right in Fig. 1. The first two make use of the NpNn schems. 

The basic idea behind these signatures is that B(E2) values for sequences 
of nuclei, though complex in most plots against N or Z, behave simply in 
NpfJn plots. Of course, it is possible that this behavior will not persist in new 
regions, and then the present signatures will be unreliable. However, while 
invalidating these particular signatures, such behavior would signal the even 
more interesting implications that the changes in structure must be severe 
enough to invalidate a behavior seen universally in known regions. In any 
case, for our present purposes, we assume that a smooth B(E2) systematics 
against NpNn remains intact. 

a) Magic numbers and B(E2) values. 

Figure 2 shows B(E2:2;+0;) values (hereafter abbreviated as B(E2) 
values) against N p N n  in the A=100 region. The left hand panel uses the 
accepted definitions of magic numbers ahd shells in this region, namely 
N=50-82 and Z=3&50 for N40,  and 2=28-50 for N260. The systematics is very 
smooth. The middle panel shows the same B(E2) values assuming a Z=28-50 
shell throughout (that is, no Z=38 subshell closure). Now, some B(E2) values 
deviate from the smooth trend. The more complex phenomenology suggests 
that this shell structure is not realistic for this region. The right panel makes 
the more drastic assumption, particularly interesting in light of imminent 
data on looSn, that Z=50 is not magic. Now, the systematics is completely 
chaotic. 

The nuclei involved in this plot are as close to 1OOSn as pCd58. The 
figure therefore suggests that Z=50 is a good magic number at least down to 58 
neutrons. Since proton single-particle structure evolves with neutron 
number as well as proton number, this does not prove that 1ooSn is proton 
magic, but it is certainly suggestive. Note that, with this technique, we have 
deduced information about magicity in a nucleus for which no energy level 
or B(E2) data exists. The effects of the magicity of Z=50 extend to and 
influence the behavior of nuclei with 2350. 
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Fig. 2. Empirical B(E2) values as a function of NpNn for the A=100 region. 
The three panels use different definitions of magc numbers as discussed in 
the text. Data on published B(E2) values from ref. 6. 
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b) Hexadecapole deformations and B(E2) values. 

Figure 3a shows B(E2) values against NpNn (using normal magic 
numbers) for all even nuclei with Z>28. The smoothly curving trajectory 
belies a more interesting result. The curvature is a manifestation of 
hexadecapole deformations. To+see this, we note the following relation for 
the quadrupole moment of the 2, state 

(1) 

Q depends on p4 and on its sign. Since 4-j = Q, the B(E2) values do also. 
In any major shell p4 deformations have a characteristic systematics'. They 
are large and positive early in a shell, then turn large and negative past mid- 
shell. Thus, from eq. 1, B(E2) values are increased by the effects of 
hexadecapole deformations early in a shell and decreased later on. This leads 
to the curvature evident in Fig. 3. If, however, the effects of p4 deformations 
are removed from the B(E2) values, giving the values that would arise if p4 
were zero, the resulting B(E2) values are nearly straight against N Nn. We 
label these corrected B(E2) values as B(E2)a for "quadrupole" B(Ef) values. 
They are shown in fig. 3b which is based on ref. 8. In constructing the right 
side of Fig. 3, we have taken p2 and p4 values from the literature where they 
are known empirically and from the Moller and Nix9 calculations otherwise. 
Clearly, if B(E2) values are measured in new nuclei, deviations from such 
straight trajectories can be used to estimate unknown p4 values. In fact, the 
two rightmost points in Fig. 3b (Cf isotopes) do fall off of the main trend: a 
discussion of these and the extraction of p 4  values for them using this 
technique is given in ref. 8. 

P i  
Q(2+) - p2 (I + 0.3604 p2 + 0.9672 p4 + 0.3277 + .....) 

P2 

c) Shell structure and E(4f)/E(2f) ratios in magic nuclei. 

Consider a shell model configuration I j*J>. The energies of the levels 
J=0,2,4 ..... (2j-1) under a short range residual interaction have a characteristic 
pattern. The O+ level is greatly lowered, and the higher spin states cluster 
(monotonically) not +far bqow their unperturbed positions. The qualitative 
result that R4/2 = E(41)/E(21) - 1.2 is nearly independent of j. .n(Theafme result 
applies to more general multi-j configurations of the type I] JI, j J2, ..... > (n 

momenta of the two nucleons co-planar, and hence in close enough contact 
to be affected by a short range interaction. From this, one would expect such 
R4/2 values to be characteristic of nuclei with 2 nucleons of the same t pe 

*10Po) that this is approximately realized. In lighter nuclei (e.g., 'BO), R4/2 
values can be as large as 1.7--approaching even the threshold of collective 
values (2.0 for the harmonic vibrator). In fact, the data on R4/2 in singly 
magic nuclei is quite regular. As shown in Fig. 4a, R4/2 drops rather smoothly 
across the nuclear chart. 

even).) It results from the fact that only in the O+ state are t fl e angular 

outside closed shells. However, it is only in heavy nuclei (e.g., 134Te, 21 B Pb, 
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The explanation of this behavior is simple and provides a clue to the j 
structure in new regions. Consider, instead of configurations involving pairs 
of particles, a situation with two nucleons, one in each of two orbits j l ,  j2: 
I jlj2J>. If jl-j2 f 2, the pattern of even spin levels that results is shown on the 
right in Fig. 4b. Again, - 1.2. Now, however, consider the unique case of 
j l  = j2 f 2. Then the results illustrated on the left in Fig. 4b emerge. For this 
special case, in which the orbits of particles 1 and 2 are co-planar, R4/2  
suddenly becomes anomalously large, even as high as &/2 - 1.8. The reason 
is again simple. For j1 = j2 & 2, it is the 2+ state that is formed (semi-classically) 
by co-planar orbits for nucleons in+orbitals ji,j2. Hence the attractive residual 
interaction is effective and the 2, is strongly lowered, raising &/2. We 
suggest 10 (and realistic calculations corroborate) the idea that such wave 
function components, with odd numbers of nucleons in each of two orbits 
with jl = j2 f 2, are important in giving large R4/2 values in light singly magic 
nuclei. Indeed, it is precisely in light nuclei, with smaller spin orbit ( h s )  
interactions, that the typical j-shell sequences do have Aj=2 [eg., the s-d shell 
with d5/2-s1/2-d3/21. Thus, in new neutron-rich mass regions accessible with 
RNBs, where Aj=2 shell patterns such as in Fig. 1 (right) may appear, the 
easiest signature may lie simply in measuring RQ/2 values in singly magic 
nuclei. Anomalously large values would signal Aj=2 sequences. This is 
illustrated in the 6 function calculations shown in Fig. 4c. The points 
connected by a solid line are obtained with normal shell structure. Note the 
larger R.412 values for lighter nuclei. Clearly, these shell model calculations, 
though schematic and highly simplified, do mimic the data in Fig. 4a with a 
falloff in R4/2 as the valence shells become dominated by Aj=1 rather than 
Aj=2 sequences. If we now assume the scenario on the right in Fig. 1 for mid- 
mass nuclei, Aj=2 amplitudes will be larger and anomalously high & / 2  
values will result. Re-calculating R 4 / 2  for this case gives the two higher lying 
points in Fig. 4c. 

2.2. Low Energy Coulomb Excitation with RNBs 

We discuss here just one technique, low energy Coulomb excitation (CE) 
in inverse kinematics, which is specifically+designed to sample fhe signatures 
discussed above by rapidly measuring E(21), [perhaps also E(41)], and B(E2) 
values in isotopic sequences of RNBs. The use of inverse kinematics-- 
bombardment of light targets by heavy radioactive nuclei-allows the RNBs to 
exit the target region in a narrow forward cone, taking their radioactive 
back ound radiation with them. With, for example, an A-150 RNB on a 
lightgC target (-1 mg/cm*)) all beam particles exit the target region in a cone 
of 5 5'. The other critical element in the technique is to use low energy 
RNBs, of about 1.5-3.5 MeV/A, so that onZy the lowest 2+ state (and, perhaps 
the 4+) is excited. This enormously simplifies the analysis since real and 
virtual CE of other states can be neglected and the data reduction involves 
only one E2 matrix element. The measurement scheme is indicated on the 
top in Fig. 5. 
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Given the low beam energy, the deexcitation spectra following CE are 
very simple. Aside from x-rays, they only contain a single peak. Hence 
Doppler broadening (-5% at 1.5 MeV/A) and energy resolution are not issues 
of concern, and NaI(Tl) detectors may be used (along with a Ge monitor 
detector). Two measurement schemes are envisioned. If the lifetime of the 
2+ state is short relative to the flight time of the beam in the target region, that 
is, in practice, if Ti12 5 0.2 ns, then decay occurs in or near the target v d  9 
single detector in close geometry is used to obtain the CE yield for the 2,+01 
transition. Knowing the RNB intensity, which can be measured, for example, 
with a downstream scintillator that can also serve as a NaI gate if backgrounds 
from scattered upstream RNBs are large, gives the B(E2). If T1/2 2 0.2 ns, decay 
will OCCUI: in flight downstream from the target. In this case, one mounts a 
linear array of NaI detectors along the beam tube. Each detector sees a certain 
time window depending on its downstream distance. Their respective 
counting rates then directly give the lifetime via a measurement of the decay 
m e .  It is not even necessary to know the beam intensity. 

In the instrument we have developed, and tested with stable beams, we 
have used semi-annular NaI detectors surrounding a 1" diameter beam tube. 
This is the minimum diameter that permits all scattered FWB particles to exit 
the beam tube downstream without landing on its walls. (If they did there 
could be a buildup of unwanted radioactivity.) The cross sections are typically 
large (10s to 100s of mb) and hence the count rates are reasonable even with 
weak beams. A typical set of spectra taken with a stable test beam of l880s on a 
12C target at 267 MeV is shown in the lower part of Fig. 5. The simplicity of 
the spectra is evident. The lower two panels show the spectra for two NaI 
detectors located downstream from the,target at "distances" of 0.1 and 0.3 ns. 
The lower intensity of the 155 keV 21+01 y-ray in the latter case is clear. 
These spectra were taken with -108 particles/sec and required a couple of 
hours to record, using a preliminary version of the 7-ray detector system with 
2 orders-of-magnitude lower efficiency than the current system. Therefore, 
good spectra should be obtainable, even with RNB intensities as low as 105 
particles/sec, within a single day of measurements. Clearly, series of isotopes, 
extending closer and closer to the drip line, can be measured efficiently and 
under uniform conditions in rapid succession, allowing the evolution of 
structure in exotic regions to be readily mapped. 
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