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This review is devoted to the properties of neutron-rich nuclei of light elements and the
problems concerning them which have been of greatest interest in recent years. The reactions
used to produce such nuclei are discussed. Special attention is paid to the multinucleon
transfer mechanism, used successfully for spectroscopic studies of light exotic nuclei near the
neutron drip line. The feasibility of studying the structure of exotic nuclei in reactions

involving radioactive beams is discussed.
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INTRODUCTION

Light, neutron-rich nuclei are interesting for several rea-
sons. It has been found fairly recently that they possess un-
usual properties. However, the main reason why they are
interesting is that they may allow identification of the bound-
ary between bound and unbound nuclei, i.e., the neutron drip
line. The many existing mass formulas do not give unique
information about the location of this line. The experimental
determination of the neutron drip line reduces to the obser-
vation of either nuclei decaying by neutron emission, or non-
observation of a nucleus, even in the form of a resonance.
Bound nuclei which live a fairly long time compared to the
time for the reaction in which they are formed are called
radioactive nuclei. The lifetime of a radioactive nucleus is ¢
>10712 sec. The decay of nuclei which are unstable to
nucleon emission occurs relatively slowly on nuclear time
scales, but fairly quickly compared to radioactive decay.
The lifetimes of such nuclei lie in the range 107 !2>¢
>10"2 sec. Nuclear states with lifetime in this range are
sometimes termed quasistationary. Examples of such nuclei
are "He, °He, '°He, '°Li, "’Be, and so on. They are mani-
fested as resonances in the cross sections for various pro-
cesses. The width I" of a resonance and the lifetime of an
unstable nucleus are related as

T=#/T=(6.6-10"2%)/" sec, I in MeV.

Using the maximum possible time for which such a nucleus
can exist, which is determined by the characteristic nuclear
time (r=10"%2 sec), the resonance width ['<6.6 MeV is
obtained. However, only for widths I'=<<1 MeV is it possible
to speak of a resonance as a state of a nuclear system which
actually exists. The resonance energy is displaced from the
threshold for this system to decay with the emission of one
or more nucleons by an amount equal to the decay energy.
Therefore, the observation of a resonance allows the direct
determination of two important nuclear characteristics: the
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decay energy and the lifetime. When the lifetime is ¢
~ 1072 sec, it is assumed that the nucleus does not exist as
such.

An important problem in nuclear physics is the study of
the decays and properties of neutron-rich nuclei, which are
either stable or unstable to nucleon emission. Any prediction
of the characteristics of very neutron-rich nuclei is made by
extrapolating the properties of known nuclei located in the
B-stability region, assuming that these properties practically
do not change with increasing number of neutrons in the
nucleus. Such changes do occur rather smoothly for interme-
diate and heavy nuclei. However, the properties of any
nuclear system are determined by the number of nucleons,
and also by the interaction of only some of them. Conse-
quently, for light nuclei even a small change in the number
of nucleons can lead to a big difference in the properties of
adjacent nuclei. Therefore, the extrapolation of our knowl-
edge about nuclei near the B-stability line does not, as a rule,
give any information about what to expect for nuclei far
from the stability region. This is why direct experiments to
study the structure of light nuclei at the drip line have always
been very interesting. They have become even more interest-
ing recently, owing to the creation of secondary beams of
radioactive nuclei,'> which open up new experimental pos-
sibilities.

Experiments performed in various laboratories around
the world in order to study the properties of exotic nuclei
with extreme values of N/Z (nuclei very far from the S-
stability line) have revealed a number of unexpected phe-
nomena: the existence of neutron and proton halos,">*% new
deformation regions,”'? new types of decay, special features
in the shell filling sequence,!'™!® and so on. Probably the
most striking is the existence of a giant neutron halo in sev-
eral light nuclei. More and more such nuclei are being dis-
covered, and they have been found to possess completely
unexpected properties which had not been predicted earlier.
Therefore, experiments to study nuclei which are very
neutron-rich or proton-rich are also a source of the informa-
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FIG. 1. Proton-neutron diagram for nuclei, showing the proton
stability line (/) and the neutron stability line (2).
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tion needed for testing and developing existing theoretical
models.

The importance of this problem is indicated by the large
number of international conferences devoted to it,zo"24 and
also by the many reviews on the properties of light nuclei far
from the stability line.”>>"2" There are many publications
devoted to the neutron-halo problem.?8-32 New data on the
properties of very light nuclei are being obtained at a rapid
rate, and so we decided that a new review is needed. In this
review we attempt to describe the data obtained in the last
few years on the properties of neutron-rich isotopes of light
elements up to heavy isotopes of oxygen.

1. THE NUCLEAR STABILITY BOUNDARIES
1.1. The chart of the nuclides

The chart of the nuclides, shown in Fig. 1, gives the
latest data on the approach to the neutron and proton drip
lines. The black squares (there are about 300 of them) denote
stable nuclei. They form the so-called stability valley.
Nuclear stability is determined by the balance between the
nuclear and Coulomb forces. The stability valley for light
nuclei runs along the line N=Z. However, already near Ca
(Z=20) the Coulomb forces are such that the stability line
passes through the region of nuclei with a neutron excess
(N>Z). For heavy nuclei the line corresponds to a relative
neutron excess of (N—Z)/A~0.21-0.23.

The shaded squares represent radioactive nuclei, which
undergo various types of radioactive decay (a, B, p, and
cluster decays or spontaneous fission). By now, 2000 such
nuclei have been synthesized. This is only a small part of the
~ 6000 isotopes whose existence is predicted theoretically.®

The chart also shows the calculated proton and neutron
drip lines.>3 Proton instability is mainly determined by the
Coulomb forces, which increase with increasing number of
protons, and the lifetime of nuclei near the proton drip line is
determined by the penetrability of the Coulomb and centrifu-
gal barriers. Instability of nuclei to neutron emission is a
result of the increase of the symmetry energy with increasing

number of neutrons in the nucleus. The symmetry energy is
given by the semiempirical nuclear mass formula:**

Eym=28.1(N—Z)?A"'(1—-1.1847"3). (1.1)

Knowing the nuclear energy E(A,Z) for fixed Z, we can
obtain the chemical potential of a neutron in a nucleus:

_JE(A,Z)

kn(A.Z) A (1.2)

Z=const

Looking at E,, we see that the chemical potential u,, is
zero for a relative neutron excess (N—Z)/A=~0.36 or for
N/Z=~2-2.2. This value also determines the neutron drip
line.

We also see from Fig. 1 how close experimentalists have
come to the neutron drip line. For example, the heaviest
known isotope of calcium is >3Ca, while the predicted drip
line should pass near %°Ca, and even "Ca is predicted to be
stable. The distance between the known isotopes and the drip
lines increases for heavier nuclei. For example, for tin the
doubly magic isotope !7°Sn (Z= 50, N=126) is predicted to
be stable, but the heaviest isotope of tin which has so far
been synthesized is *’Sn. For lead isotopes, the transition
from (N—Z)/A=0.21 (*®Pb) to (N—Z)/A=0.36 corre-
sponds to 2°Pb (and the heaviest known isotope of lead is
2l4Pb).

The situation for proton-rich nuclei is somewhat differ-
ent. Here it has been possible to come very close to the
proton drip line (see Fig. 1), whereas reaching the neutron
drip line requires the synthesis of an enormous number of
nuclei. The only exception is the region of very light nuclei
(with Z<10), where nuclei with large neutron excess and
neutron binding energy near zero have already been ob-
served.

1.2. The neutron drip line for light nuclei

The section of the chart of the nuclides for light nuclei is
shown in Fig. 2. We see that it is in this region where the
largest neutron excess is attained. For example, in the He
nucleus, which is stable to neutron emission, we have the
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FIG. 2. Chart of the nuclides in the region of light elements.

ratio N/Z=3, while (N—Z)/A=0.5. For many light nuclei
in this region the neutron excess (N—Z)/A is close to or
even greater than the boundary value of 0.36. At first it was
thought that the neutron drip line had been reached for nuclei
with atomic number Z=4 after the discovery of the heaviest
bound isotope of beryllium, “Be (Ref. 35). Later, owing to
the development of a technique for obtaining intense beams
of heavy ions of intermediate and high energy, it became
possible to move to larger Z. A Fe beam was used to syn-
thesize the heaviest bound isotope with Z=35, 9 (Ref. 36).
Later on, joint Dubna—GANIL experiments, performed at the
GANIL accelerator complex using “’Ar and “Ca beams at
energy ~50 MeV/A, not only confirmed the earlier results

on the nucleon stability of lage Y8 20C, and ?’F (Refs.
35-38), but also led to the discovery of the new, bound,
neutron-rich nuclei 2C, 2N, F, and 22%3?Ne (Refs. 39—
42).

In the region of the lightest nuclei, nuclei located beyond
the neutron drip line have also been discovered, i.e., nuclei
which, being nucleon-unstable, live a fairly long time and
appear as resonances.

There are several possible reasons why the decay of a
nucleon-unstable nucleus can be delayed. The situation is
different for neutron-unstable nuclei compared to proton-
unstable ones, where the lifetime is fairly long, owing to the
penetration of the Coulomb barrier. The stability of neutron-
unstable nuclei can be affected by: (a) the isotopic-spin se-
lection rule; (b) the existence of a centrifugal barrier (for
neutrons with #>0), and (c) the need for a strong change in
the initial nucleon configuration in the nuclear breakup pro-
cess.

Owing to these factors, the decay rate of neutron-
unstable nuclei can be decreased and their lifetime can be-

come much larger than the characteristic nuclear time (f
>10"22 sec). Only nine such nuclei are presently known
(see Table I): *H, °H, SHe, "He, °He, '®He, '°Li, "*Be, and
6B (Refs. 25 and 43—49). However, for a number of other
nuclei, namely, '*B, 2'C, %N, 2260, and ®F, only instabil-
ity to neutron emission has been established experl—
mentally.’%*-*2 Numerous attempts to find the nuclei *n,
“n, SH, and "H have also not been successful—these nuclei
have not been observed even as short-lived quantum sys-
tems, i.e., resonances.

The nucleon stability boundary is not a smooth line. This
is a consequence of the effect of the neutron pairing energy
on nuclear stability. In many cases the pairing energy
amounts to 2—3 MeV and exceeds the binding energy of the
last neutron in the nucleus, which should be manifested as an
even—odd effect. This means that the addition of a single
neutron to an unstable (unbound) nucleus with an odd num-
ber of neutrons significantly enhances the stability to the

TABLE 1.

Decay

energy Width
Nucleus n=(N—2Z)/A Decay (MeV) I (MeV)
‘H 0.50 *H+n 3.4 =
SH 0.67 *H+3n 2.7(4) 1.3(5)
SHe 0.20 ‘He+n 0.89 0.60(2)
He 0.42 SHe+n 0.44 0.16(3)
°He 0.56 SHe+n 1.14 <1.0
1OHe 0.60 8He+2n 1.07(7) 0.3(2)
19 0.40 Litn 0.24(6) 0.17
3Be 0.39 2Be+n 0.80(9) ~1.0
158 0.38 BB+ n 0.04(6) <0.10
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point of changing the sign of the binding energy. The se-
quence of nucleon-stable nuclei with even numbers of neu-
trons and nucleon-unstable nuclei with odd numbers of neu-
trons is thereby explained. The very long chain of boron
isotopes serves as a good illustration of the experimentally
observed pairing effect ('°B, '’B, and '°B with 10, 12, and
14 neutrons, respectively, are nucleon-stable, while '°B and
188 with 11 and 13 neutrons are unstable to neutron emis-
sion).

In view of this experimental information and its com-
parison with the various model predictions, it can be stated
that the neutron drip line has been reached for all elements
with Z<10. However, some authors have suggested that in
principle there can be a number of factors which cause the
neutron drip line not to exist at all or which allow the exis-
tence of ‘“‘islands of stability’’ far beyond the drip line,
where N/Z is very large.”>>%% This is suggested by the sys-
tematics of the one- and two-neutron binding energies,*’
which indicate that, for some heavy isotopes of light ele-
ments near the drip line, these energies fall off smoothly with
increasing mass number and approach the value B, ,,=0
nearly tangentially. Moreover, as this occurs for nuclei with
a two-particle halo, it may turn out that neutron clusters con-
taining a larger number of neutrons can be bound to the core
and form even heavier weakly bound systems.

Thus, the exact determination of the drip lines for both
neutrons and protons is an important but very complicated
theoretical problem. This is because the parameters of the
mass formulas are determined by extrapolating nuclear prop-
erties known near the S-stability line to the region of nuclei
with much larger N/Z. It is well known that different models
give contradictory results for the same nucleus; sometimes
the predicted binding energies of the last nucleons added to
the nucleus differ by 5 or more MeV, and so the stability of
these nuclei can be predicted only with this accuracy. As a
result, the location of the nucleon stability line is model-
dependent. A detailed analysis®> of the various mass calcu-
lations has shown that they can differ strongly in predicting
whether or not a given nucleus is stable. Accordingly, the
drip lines predicted by various models can differ by several
isotopes. Therefore, only experiment can tell whether or not
nuclei with a large neutron excess are stable and what their
structure is. In this sense, any new experimental result for a
nucleus with an unusual value of N/Z is an important test of
the existing theoretical models.

Let us give a few examples. The nuclei '“Be and ?’Ne
have been observed experimentally,’>* although their insta-
bility to nucleon emission had been predicted earlier by vari-
ous models. An experiment using a “Ca beam (44 MeV/A)
did not reveal the isotope 260, but the heaviest nucleon-
stable isotope of neon, 3?Ne, was synthesized,*” which con-
tradicts the predictions of various mass formulas.** It should
be noted that the nonobservation of a nucleus in an experi-
ment cannot unambiguously indicate whether or not that
nucleus is nucleon-stable. This is illustrated by '“Be and also
3INe, which were not observed in early experiments,‘u’Sl but
were unambiguously identified in later experiments using
other reactions,*>%4252:33

Special cases of the problem of determining the location
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of the neutron drip line are searches for the possible exis-
tence of islands of nucleon-stable nuclei located far beyond
the predicted drip line, and also for the possible existence of
nuclei consisting only of neutrons.

The available experimental data indicate that only for the
lightest elements (Z<10) is it possible to arrive at definitive
conclusions about the location of the neutron drip line. It is
difficult to say anything definite about the location of this
line for nuclei with Z=10. The heaviest neutron-rich nuclei
with 10<Z<13 have recently been discovered: 3*Ne (Ref.
42), ¥Al (Ref. 41), and also *'Ne, *’**Mg, and “**'Al, in
reactions involving *°Ti and “*Ca ions.’>** The latter studies
confirm that the exact determination of the neutron drip line
continues to be one of the most important problems of
nuclear physics.

2. WHY ARE LIGHT, NEUTRON-RICH NUCLEI
INTERESTING?

The synthesis and study of neutron-rich isotopes have
two fundamental goals: determining the location of the neu-
tron drip line and obtaining information about the properties
of exotic nuclei near this line. Owing to progress in accel-
erator technology, it has become possible to obtain acceler-
ated beams of secondary radioactive nuclei, and this has
opened up broad new possibilities in the study of both the
structure of the lightest exotic nuclei and the nuclear inter-
actions in which these nuclei participate.

It is extremely important to obtain new information
about nuclei located near the nucleon stability boundary,
since it can be expected, and has already been experimentally
observed, that the properties of these nuclei differ signifi-
cantly from the usual nuclear properties. It is convenient to
study nuclei with small Z. However, the fundamental ques-
tion arises of how general are the conclusions drawn on the
basis of such a small number of nuclei. Again, this can only
be answered by experiment.

2.1. The nuclear mass

A fundamental characteristic of a nucleus is its mass.
The experimental determination of the mass is one of the
necessary conditions for determining the stability and prop-
erties of weakly bound nuclei. The measured mass is used to
determine the nuclear binding energy, which reflects the bal-
ance between the nuclear and Coulomb forces and, therefore,
the nucleon configuration. Nuclear mass measurements also
give direct information about the stability boundaries. For a
number of nuclei, for example, #%!°He, !'Li, “Be, and '°B,
experiment has not only shown that they are bound (*'°He
and !'°B), but also that some of them are completely stable
(®He, ''Li, and “Be).

Measurement of the masses of helium isotopes revealed
the so-called helium anomaly.>® It had been found that the
larger the number of neutrons in the nucleus, the lower the
binding energy of the last neutron. Of course, as shown
above, owing to nucleon pairing this dependence must be
studied separately for nuclei with even and odd numbers of
neutrons. The monotonic dependence of the binding energy
is modified by shell effects. The stability is decreased by the
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FIG. 3. Binding energy of one and two neutrons in He isotopes (the helium
anomaly).

addition of two neutrons for practically all the known nuclei
of light elements. It was found that an exception to this rule
is the pair of nuclei >N, "N, for which the stability is in-
creased beyond the experimental error. Isotopes of He were
the next exception discovered. The largest increase of stabil-
ity with increasing number of neutrons is observed for the
pair %He, 8He, for which the increase is about 1 MeV. The
binding energy also increases in going from SHe to ’He.
Going from *He to °He (i.e., increasing the mass number by
four neutrons) practically does not change the binding en-
ergy. The isotope '°He turned out to be considerably more
stable than predicted (E,,=1.07-1.2 MeV; Refs. 43 and
44). This effect is referred to as the helium anomaly (Fig. 3).
There is not yet any good explanation of this unusual behav-
ior of the binding energy in these nuclei. However, it has
been suggested that it is related either to the large neutron
excess in these nuclei, or to the effect of the centrifugal
barrier on the stability. Further data on the masses of very
neutron-rich isotope pairs are needed to understand such
anomalies.

Measurement of the nuclear masses also gives informa-
tion about the evolution of the nuclear shape. This is dis-
cussed in Sec. 2.3 below.

2.2. The nuclear level scheme

The level schemes of light, neutron-rich nuclei which are
either stable or unstable to decay with neutron emission are
also of great interest. Until recently, information about the
levels was rather sparse, and even the fact that excited states
exist had not been established. For example, the presence of
excited levels for the heaviest stable isotopes *H, ®He, !'Li,
and “Be and for the unstable isotopes 10He, '°Li, and '°B
was discovered only recently. Experimental data on the lev-
els and their quantum characteristics allows the determina-
tion of the level-filling sequence and thus the applicability of
any particular theoretical model, the presence of a collective
excitation (for example, a soft dipole mode), the type of de-
cays that the levels undergo, and so on. These questions will
be studied in more detail later in this review.

2.3. The nuclear shape

In theoretical studies it has been argued that a deforma-
tion can tend to increase the nuclear binding energy. From
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this point of view nuclei with N=20 neutrons are particu-
larly interesting, as their ground state is expected to be
spherical, owing to the filling of the closed shell with N
=20. However, recent theoretical calculations of their bind-
ing energies predict a strong longitudinal deformation
~(.3 for some of them, and even the existence of isomer
states. It is assumed that, as a consequence of this deforma-
tion, one should experimentally observe a sharp increase of
the two-neutron binding energy in the neutron-rich nuclei
3INa and 32Mg, i.e., inversion of the Nilsson levels corre-
sponding to large deformation.>~’ This result, which indi-
cates that the closed shell is violated and that N=20 is not a
magic number, was unexpected. Later experiments were per-
formed using 3343571, 3584, and 7P nuclei (Refs. 58 and
59) to determine the region where this deformation appears.
However, they did not reveal any deviations of the two-
neutron binding energy from the shell-model calculations,
and it was concluded that nuclei with Z=13 and N=20 are
spherical, and that for them N =20 corresponds to a normal,
closed, spherical shell. However, these conclusions are not
definitive, because recent experiments on the measurement
of Ty, for 272F and **Ne have shown that these nuclei are
also more stable than predicted by the shell model.®® The
recently measured'® large value of the reduced transition
probability B(E2;0* —2") for **Mg (N=20) also confirms
the possible existence of such a deformation in light nuclei.
Moreover, the experimental discovery of the very neutron-
rich isotopes *'Ne and *"Mg (Ref. 52) agrees with the theo-
retical calculations predicting the stability of these isotopes
when deformation is included.

Finally, let us consider the isotope 20. This doubly
magic (N=20, Z=8) nucleus has not yet been observed
experimentally. However, the nucleus 2°F with the same
number of neutrons but one more proton (N=20, Z=9) has
proved to be nucleon-stable. If this stability is not a conse-
quence of the pn interaction, it can be assumed that the
deformation effect in 2°F is stronger than in *'*?Na, which
explains the stability. Further study of the properties of nu-
clei near N=20 is necessary.

2.4. Nuclear sizes

The determination of nuclear sizes has always been a
fundamental topic of nuclear physics, since for many calcu-
lations it is necessary to have accurate values of the nuclear
matter distribution. These distributions have been studied
primarily in experiments on electron scattering (which give
information about the nuclear charge distribution) and had-
ron scattering (which give information about the nucleon dis-
tribution in the nucleus).®!

With the appearance of secondary radioactive beams it
became possible to extend considerably the range of nuclei
for which the nuclear size can be determined from measure-
ments of the cross sections for reactions induced by these
nuclei. It has long been known® that, in principle, changes in
the binding energy are correlated with the nuclear size. How-
ever, the results for light nuclei exceeded all expectations. A
number of new, interesting features were discovered which
are related exclusively to the small binding energy of the
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FIG. 4. Interaction radii of light nuclei extracted from the experimental
values of the interaction cross sections.'™> %3-%7 The data are for He (@), Li
(O), Be (W), B (O), C (A), N (O), F (A), and Ne (0).

valence neutrons in nuclei located at the neutron drip line.
For example, in reactions involving secondary radioactive
beams of He, Li, Be, and B isotopes it was found that the
reaction cross section for several isotopes is exceptionally
large.! The radii of the nuclear matter distributions obtained
in these experiments display a gradual increase with increas-
ing number of neutrons, while for the nuclei ''Li, ''Be,
1Be, and "B, which are close to the drip line and weakly
bound, these radii significantly exceed the values given by
the dependence ~A ' (see Fig. 4).!7363-67

At present such studies are being extended to heavier
elements, as can be seen, for example, from Ref. 68.

The determination of the regularities in the behavior of
the radii as a function of the mass, isospin, and energy in a
wide range of values makes it possible to discover new nu-
clei with a neutron halo. Here the study of mirror nuclei, in
which one of the nuclei is unbound, is particularly informa-
tive. The measured values of the quadrupole moments and
also the differences in the Coulomb energy can be used to
derive a new type of systematics in seeking unusual states of
exotic nuclei. The systematics of all seven pairs of mirror
nuclei has confirmed the existence of a neutron halo in the
isotopes ®He and ®He. It also predicts a halo in the nuclei *Be
and °C (R}~ R}™~0.20—0.30 F) and indicates inversion
of the s and d orbits in the mirror pair '"Ne, !N (Ref. 69).

2.5. The neutron halo

The anomalous increase of the radius of very neutron-
rich nuclei has been interpreted as a manifestation of a neu-
tron halo in these nuclei, where the valence neutrons in a
weakly bound nucleus form a long tail in the neutron density
distribution.® The halo is a characteristic of a bound state
lying near the particle emission threshold. It is specific to
light, very neutron-rich nuclei and had not been observed
earlier. Subsequent experiments using fragmentation reac-
tions and dissociation in the field of the target nucleus, and
also measurement of the nucleon or fragment momentum
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FIG. 5. Neutron density distribution in ®He (a) and ''Li(b).

distributions resulting from collisions, confirmed the as-
sumption that a neutron halo exists in nuclei (Refs. 4, 5, 28,
29, 65, and 70-84).

Thus, increase of the radius was the first sign of a halo in
exotic nuclei. However, later on two types of halo were
found.¥ The first was associated with an overall increase of
the nuclear size (for the nuclei ''Li, 'Be, “Be, and '"B).
The second occurs in nuclei of normal size (for example, ‘He
and ®He). The difference between them is illustrated in Fig.
5 for ''Li and ®He. It is assumed that the first type of halo
arises owing to very small binding energy of the valence
neutrons, while the second type of halo is the result of the
very compact (a-particle) core of the °He and ®He nuclei. In
Ref. 86 the interaction and fragmentation cross sections for
the nuclei “®He were measured at energy 800 MeV/A, and
it was concluded that the increase of the interaction cross
section with increasing mass number is associated with the
cross section for neutron stripping. By determining the neu-
tron and proton spatial distributions, it was found that R)™
—R,;™~0.9 F for ®He and ®He. This extension of the neu-
tron distribution relative to the proton one is referred to as
the neutron skin. The existence of the neutron skin in ®He
was also confirmed in Ref. 87. There is no clear distinction
between a neutron skin and a neutron halo, although these
concepts can distinguish between the cases of very low and
relatively large binding energies of the last neutrons [for ex-
ample, S,,(''Li)~0.3 MeV and S,,(''Be)=0.5 MeV ver-
sus S,,(°He)=0.97 MeV and S,,(*He)=2.14 MeV; Ref.
86].

It has been suggested that two-neutron halos in the form
of a dineutron exist. This question is as important as that of
correlations between the neutrons of the halo and the nuclear
core.

There are several reviews (Refs. 26, 27, 29-32, and 88—
91) which not only give the facts, but also trace the devel-
opment of the understanding of the neutron halo. We will
return to this problem later on.

It follows from our discussion that the new phenomena
discovered recently in studying the properties of very light
nuclei at the neutron drip line have made it necessary to
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review many of the ideas about these nuclei. There are a
number of open questions which should be answered experi-
mentally in the very near future:

« First, there is the level structure of nuclei with a neu-
tron halo. A new type of collective excitation at low excita-
tion energies®2°* has been proposed to explain the increased
cross section for the electromagnetic dissociation of such nu-
clei. This new excitation mode is referred to as the soft di-
pole resonance. The existence of a low-energy E'1 dipole has
now been confirmed for several nuclei,?®%2%47 put the
mechanism for exciting it has not yet been uniquely ex-
plained. Nevertheless, the value of the excitation energy is
model-dependent.® It is also necessary to search for pre-
dicted excitations of higher multipole order.

« Data on new, heavier nuclei with a halo are needed,
since so far only a few nuclei with a 2-neutron halo (6He,
8He, !'Li, “Be, and '"B) and only two with a 1-neutron halo
("'Be and °C) are known.”® The existence of many nuclei
with a halo is predicted. It is largely the advent of radioactive
beams which has made the formation and study of such nu-
clei possible.

» Another interesting question is that of the shell-filling
sequence.' 1371999100 1t i also necessary to determine the N
and Z at which shells are closed, and how pairing and shells,
including deformed ones, affect nuclear stability.

* The question of nuclear sizes is extremely important.
The use of secondary radioactive beams allows the isospin
dependence of the spatial distribution of nuclear matter to be
determined for many exotic nuclei.

» The question of correlations between the nucleons of
the neutron halo remains unanswered. The fragmentation of
exotic nuclei in the form of beams is the best way of study-
ing the correlations between their components. It is expected
that practically kinematically complete experiments of the
type in Refs. 82 and 94 will give an answer.

* Do nuclei with a halo contain a dineutron?

The experimental resolution of these and several other
problems for light, neutron-rich nuclei is related to the pos-
sibility of obtaining sufficiently large quantities of exotic nu-
clei. In the following section we shall discuss the known
methods of obtaining light nuclei near the neutron drip line.

3. OBTAINING NEUTRON-RICH ISOTOPES OF LIGHT
ELEMENTS

3.1. The fission reaction

Spontaneous nuclear fission is accompanied by the emis-
sion of light charged particles formed at the moment when a
heavy nucleus splits into two fragments. There is a large
probability that these light charged particles are neutron-rich.
Neutron-rich isotopes of H, He, Li, Be, and even heavier
elements have been observed in the spontaneous fission of
22Cf (Refs. 102 and 103). Exotic nuclei like '®He and "H
have also been sought in the spontaneous fission of 22Cf
(Refs. 104—106). In Refs. 104 and 106 no events were found
which could be attributed to '°He. The upper limit on the
emission of 'He relative to ®He was found to be
Y (°He)/Y (®He) <4 X 107 3. Meanwhile, in Ref. 105 the au-
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thors think that several events corresponding to '®He were
observed. The experiment of Ref. 106 gave the ratio
Y("HY/Y(CH)<1 X 10 * for "H.

Fission induced by thermal neutrons has been used to
synthesize exotic neutron-rich nuclei with A=60-160 (see,
for example, Ref. 107). Experiments on fission induced by
“Ca and ®Ca ions'® have shown that a strong neutron ex-
cess of the bombarding ion can lead to the synthesis of nuclei
farther from the B-stability line. It has also been shown that
fission induced by protons'® and heavier ions''>!"! jeads to
an increase of the probability for triple fission with the emis-
sion of light particles and nuclei. This is the result of the
higher excitation energy and the higher angular momentum
of the fissioning nucleus. However, the high excitation en-
ergy transferred to the fragments makes it necessary for them
to evaporate neutrons, thereby decreasing the probability of
forming neutron-rich nuclei.

3.2. Fragmentation of the target nucleus

Target-nucleus fragmentation reactions are effective for
synthesizing neutron-rich nuclei if protons with energy of
several GeV and higher and targets with Z> 80 are used. The
location of the maximum of the isotopic distribution of the
products depends on the target mass. As N/Z of the target
increases, N/Z of the products of the fragmentation reaction
also grows.

During the 1960s and 70s high-energy proton accelera-
tors made it possible to use such reactions to search for new
nuclei. For example, the nuclei ''Li, B, B, 'C, °C, N,
and 2'O were first synthesized at that time."'>'"?

From the systematics''* of the cross sections for the pro-
duction of neutron-rich nuclei in target-fragmentation reac-
tions it can be concluded that the probability of producing
nuclei with extreme values of the neutron excess is very
large. The cross sections for producing several nuclear sys-
tems were estimated in Ref. 115: o(3n)~10"% cm?
o("®He)~10"% cm?, and o(Li)~107* cm’

However, when intense beams of heavy ions became
available it became possible to use heavy-ion reactions for
this research. In the following sections we discuss the wide
range of heavy-ion reactions used to study exotic nuclei.

3.3. Deep-inelastic transfer reactions

In the late 1960s, the use of transfer reactions induced by
the heavy ions ''B, N, '80, ?2Ne, and “°Ar led to the syn-
thesis of about 30 new isotopes of carbon, nitrogen, oxygen,
fluorine, neon, magnesium, aluminum, silicon, phosphorous,
sulfur, and chlorine.''®''"” Much later, the same mechanism
with “Ar and Fe beams was used to obtain even more
neutron-rich isotopes of elements with Z=14-26 (Refs.
118-120).

The first indication that a mass transfer of nucleons ac-
companied by a significant loss of kinetic energy can occur
in the interaction of two complex nuclei was obtained at
Dubna'?! already in the late 1960s. Further experimental and
theoretical studies in this area revealed several regularities in
the formation of products of deep-inelastic transfer reactions,
on the basis of which it was concluded that such reactions
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can be a useful method of synthesizing new nuclei, including
neutron-rich isotopes of light elements. It is very important
to know how the cross section for isotope production varies
with increasing distance of the isotope from the B-stability
line. A method of describing the dependence of the isotope-
production cross section on the number of neutrons using the
Q. Systematics was suggested in Refs. 122 and 123. Ac-
cording to this systematics, the cross sections for isotope
production lie on a line whose slope is the same for all iso-
topes of a given element produced in a given reaction (see
Fig. 6). The Q,, systematics can therefore be used to ex-
trapolate the cross sections for the production of unknown
isotopes. However, the accuracy of this extrapolation is de-
termined by the accuracy with which the masses are deter-
mined by various mass formulas, since Q,, depends on the
difference of the nuclear masses in the initial and final chan-
nels: Q.= (M, +M,)—(M;3+M,). Taking into account the
statistical nature of deep-inelastic transfer reactions and mak-
ing corrections for proton and neutron pairing, the isotope-
production cross section is given by'*

o=exp[(Qg et AEct+AE — d(p)—48(n))/T], (3.1)
where AE and AE,,, are the changes in the Coulomb and
rotational energies of the system, d(p) and &(n) are the
pairing corrections, and 7 is the temperature of the binary
nuclear system. This dependence is used successfully to de-
scribe the experimental regularities in the probabilities for
isotope production in deep-inelastic transfer reactions.

However, the situation is different when we deal with
nuclei near the neutron drip line. For example, the cross sec-
tions for producing !'Li and 'Be turned out to be much
smaller than predicted by the Q,, systematics, and only an
upper limit was obtained for °He production, which turned
out to be two orders of magnitude lower than expected.'?*
These deviations from the Q,, systematics might be related
to the fact that all these nuclei are very weakly bound. The
possibility of using deep-inelastic transfer reactions to syn-
thesize nuclei at the nucleon drip line therefore remains open
(although such reactions have proved very effective for syn-
thesizing nuclei which are not so exotic).
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FIG. 6. Q,, systematics of the production cross sections for transfer re-
actions in the system **?Th+'90 (137 MeV) (Refs. 122 and 123).

3.4. Heavy-ion reactions accompanied by the emission
of fast, light, charged particles

In the late 1970s and 1980s physicists were attracted to
these reactions, owing to the unusual mechanism for fast-
particle production. Already in 1961 it had been observed!?
that there are two components in the distribution of « par-
ticles produced in heavy-ion reactions. One of these compo-
nents is evaporation « particles, and the other is high-energy
particles with angular distributions strongly peaked in the
forward direction and with maximum yield at the energy
corresponding to the velocity of the bombarding ion.

Later experiments showed that in reactions involving
ions heavier than '2C, the cross section for the emission of
heavier charged particles is fairly large.'?¢ A phenomeno-
logical model based on the assumption that a part of the
incident ion is transferred to the target nucleus while the rest
travels in the forward direction gives a fairly good reproduc-
tion of the cross section for the production of isotopes with
Z=1-4. Meanwhile, other characteristics of the process
cannot be explained within any one particular model.'”” We
see from Fig. 7 that the energy spectra of different particles
fall off exponentially with increasing particle energy until
the energy differs by only a few MeV from the maximum
possible value allowed by energy and momentum conserva-
tion for the two-body reaction mechanism.'?®'?® When the
particle energy is equal to the energy at the kinematical limit,
the two nuclei produced in the exit channel are in the ground
state. The difference observed between the experimental and
calculated limiting energies is determined by the angular mo-
mentum of the residual heavy nucleus, which depends on the
energy of the bombarding ion and on the type of emitted
particle. For example, in the emission of Be nuclei the en-
ergy reaches the kinematical limit with relatively large cross
section (~1073° cm¥MeV-sr). The observed effect sug-
gests that reactions with fast-particle emission can be used to
synthesize exotic nuclei. Attempts to synthesize exotic nuclei
like '°He, '*Be, and so on have been made using these reac-
tions.

Searches for ®°He have been carried out'?* using the re-
action 232Th+''B (89 MeV). This reaction was selected from

124
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FIG. 7. Energy spectra of H and He isotopes measured in the reaction
232Th+22Ne (178 MeV) at the angle 0°. The arrow labeled B indicates the
Coulomb barrier in the exit channel. The arrows on the E,, axis indicate the
kinematical limits for various particles.'?

among several others because the yield of light charged par-
ticles (in particular, the isotope ®He) in it is much larger than
in other reactions. The energy spectra of helium isotopes
measured in this experiment are shown in Fig. 8. Extrapola-
tion of the cross sections for the production of known
nucleon-stable isotopes of helium gave the expected value of
the cross section for '®°He production in this reaction: ~5
X 10730 cm?%sr (Fig. 9). However, the upper limit on

108 ‘ac
10
‘He
‘¢5 0} 10
'-'> “He
[} ] -~
Z ¢t ;o o7
'g 3 ‘He HE
w .0
1
g""' [ R
N: e Elab’MeV
1021
103
36 ¢
104 i | VY I
20 40 60 80 100 120
E‘ab' MeV

FIG. 8. Energy spectra of He isotopes measured in the reaction 2*2Th+!'B
(89 MeV) at 20°. The arrows are the same as in Fig. 7. The insert shows the
proposed shape of the energy spectrum of the '°He nucleus.'?*
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FIG. 9. Dependence of the yields of helium isotopes on the Q value of the
reaction for reactions involving deuterons, protons, and the heavy ions BN,
2Ne, and '“!'B (Ref. 124). The reactions are ™Ti+?2Ne(0°) (1),
natTi+198(20°) (2), 22Th+'B(20°) (3), *?Th+%Ne(0°) (4), and
232Th+ SN(40°) (5).

°He production obtained experimentally is only ~35
X 1073* cm?/sr. This result indicates that '°He is unstable.

3.5. Reactions with fragmentation of the bombarding
ion

Reactions of this type have been used to synthesize and
study the properties of exotic nuclei from the time it became
possible to accelerate heavy ions to energies E
>40 MeV/A.

Early experiments using 12¢, 14N, 160, and 2°Ne beams
at energies of 1-2 GeV/A have shown that relativistic colli-
sions between complex nuclei lead to the production of nu-
clei far from the stability line.'?

The first studies on the synthesis of new nuclei were
performed using “°Ar and “Ca beams with energy
~200 MeV/A, and then about 15 new exotic nuclei ranging
from N to Cl were synthesized.!3%!3!

It turned out that fragmentation reactions possess impor-
tant characteristics which make them convenient for obtain-
ing exotic nuclei. First, products in a wide range of A and Z
are formed in these reactions. Second, the product velocities
practically coincide with the incident ion velocity. Third,
owing to the large velocity transfer, the products have angu-
lar distributions strongly peaked in the forward direction.
Finally, the ratio N/Z in the products is sensitive to the ratio
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in the bombarding ion. In fact, experiments have shown that
the yield of, for example, neutron-rich isotopes of Na in re-
actions involving **Ca ions is much higher than that in reac-
tions involving “°Ar ions."**!3! Therefore, for the synthesis
of neutron-rich nuclei it is preferable to use beams of ions
such as %S, *8Ca, **Fe, and so on. The calculations per-
formed in Ref. 132 confirm this: the isotopic distributions are
strongly correlated with the ratio N/Z in the bombarding ion.
In Ref. 37 a “8Ca beam was used to synthesize the new
isotope 2’F. The heaviest isotope of boron, '°B, was
observed®® in a *Fe beam (670 MeV/A). This isotope was
obtained as a result of stripping 37 nucleons (21 protons and
16 neutrons) from the bombarding ion!

Later on, joint Dubna—~GANIL experiments using frag-
mentation reactions at intermediate energies (E=35 MeV/
A) for “Ar, “Ca, and %°Kr beams obtained a large number
of neutron-rich isotopes of C, N, F, Ne, Ar, Ti, V, Cr, Mn,
Fe, and Co 3942133

Quite recently, at RIKEN in Japan beams of *°Ti ions of
energy 80 MeV/A were used to synthesize the two new
neutron-rich isotopes *'Ne and *’"Mg (Ref. 52), and the joint
Dubna—RIKEN experiment using a “®Ca beam of energy
70 MeV/A was the first to observe the new isotopes **Mg
and * Al (Ref. 53). These experiments also show that the
use of beams of neutron-rich nuclei, with the other condi-
tions unchanged, leads to an increase of 1 to 2 orders of
magnitude in the cross section for producing new isotopes in
reactions with fragmentation of the bombarding ion.

Here we should emphasize the special role played by
reactions with fragmentation of the bombarding ion in ob-
taining secondary beams. The special features of these reac-
tions, namely, the strong forward peaking of the angular dis-
tribution and the closeness of the product velocities and the
ion velocity, i.e., the small momentum spread, have made it
possible to collect these products to form secondary beams
of radioactive nuclei from them. This new area in nuclear

physics has developed in the last 10 years. Reactions involv-
ing radioactive beams have been used to obtain information

on nuclear structure by measuring experimental quantities
like the reaction cross section, the momentum distributions,
and the correlations between the products of the breakup
reaction. This has led to important discoveries like the exis-
tence of a neutron halo in ''Li (Refs. 1-6), '°He in reactions
involving ''Li beams,*® and so on. Therefore, the use of sec-
ondary beams is very promising for studies on exotic nuclei.

3.6. Charge-exchange reactions

Charge-exchange reactions involve the replacement of
one or more protons by one or more neutrons. The simplest
reactions of this type are (p,n) and (n,p) reactions. Al-
though the nuclear charge is changed, the mass number re-
mains the same.

Double charge-exchange reactions induced by = me-
sons, (7, 7t), occupy a special place in searches for exotic
nuclei such as 4n, °H, °H, "H, and °He (Refs. 134—136).
The ""B(#~,7")'!Li reaction was used to accurately deter-
mine the !'Li mass, and an excited level at energy E*=1.2
*+0.1 MeV was observed. It was interpreted as the discovery
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FIG. 10. Systematics of the known cross sections for single (SCX) and
double (DCX) charge-exchange reactions obtained in heavy-ion beams and
leading to the production of final nuclei in the ground state.

of a soft dipole resonance in this nucleus.”® Measurement of
the "He mass and determination of its levels in 7r-meson
reactions'® have shown that '°He may be more stable than
expected on the basis of various models. This was a factor
which stimulated the experiments to search for '°He.

Charge-exchange reactions have large cross sections also
when heavy ions are used. The first studies using double
charge exchange on heavy ions'>”!3® showed that the reac-
tion cross section grows with the energy of the bombarding
ion and that the angular distributions are peaked in the for-
ward direction. It was also shown'**!® that nuclei in the
ground state are produced in charge-exchange reactions. In
Fig. 10 we show the systematics of the known cross sections
for single and double charge exchange leading to the produc-
tion of final nuclei in the ground state. It can be concluded
that these cross sections are correlated with the Q value of
the reaction. The experimental points up to Q values of about
—20 MeV were obtained for beam energies of up to 10-15
MeV/nucleon, and the results at more negative Q were ob-
tained for beam energies of 25-35 MeV/A. In addition to
the Q value, the charge-exchange cross section depends on
the energy of the bombarding ion. This was the conclusion of
Refs. 137, 141, and 142, in which the effect of the energy of
the bombarding ion on the charge-exchange mechanism was
studied to see whether the latter was direct charge exchange
or sequential replacement of proton(s) by neutron(s). The
mechanism for this reaction depends not only on the energy,
but also on the levels which are populated. The structure of
the interacting nuclei also has an important effect. It has been
shown'® for the reactions ('2C, 2N), (‘?C, 2B), (C,
13N), and (13C, 13B) that charge-exchange reactions are
highly selective. By choosing a suitable target—bombarding-
ion combination, it is possible to populate different final
states with larger or smaller cross sections. For example, the
reaction ('?C, '?N) is dominated by the population of states
with AS=1, i.e., states with unnatural parity, whereas the
reaction (°C, ®N), where AS=0, is dominated by non-
spin-flip transitions. In the reaction (*C, '*B) there are two
types of level population, but transitions with AS=1 are
more likely (Fig. 11).

Since the cross sections for charge exchange on heavy
ions are relatively large and these reactions are selective in
populating particular levels, it has been concluded that they
can be used to synthesize nuclei near the nucleon stability
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FIG. 11. Energy spectra obtained in (**C, '2N) and ('*C, "*N) reactions on
a '2C target at beam energy 30 McV/A (Ref. 143). For the first reaction (a)
E,,=358.4 MeV, 6,,,=3.4°, A8=0.6° for the second reaction (b) Ey,
=379.1 MeV, 6,,=0°, A9=24°.

line. For example, the nucleus *He has been studied in
9Be('3C, 30)°He and *Be('*C, '“0)°He reactions.'**!* The
cross section obtained for the production of *He in the
ground state turned out to be about 40 nb/sr. The nucleus
3Be has been studied'® in the (**C, '*O) reaction on a
13C target, and ''Li has been studied' in the “C("'B, ''Li)
reaction. The double charge-exchange  reaction
10B¢(14C, “0)!°He has recently been used to determine the
1°He mass, and two excited levels were found.** The cross
section for '®He production in this reaction was found to be
140 nb/sr.

Thus, charge-exchange reactions on heavy ions are a
good tool for studying exotic nuclei. It should again be noted
that under certain conditions the mechanism for these reac-
tions can be viewed as a special case of that of transfer
reactions, which are discussed in the following subsection.

3.7. Reactions with the exchange of several nucleons

These are reactions of the type A(a,b)B in which pro-
tons and/or neutrons are exchanged between the target
nucleus and the bombarding ion, leading to the production of
nuclei b and B in the exit channel. This transfer can occur in
several stages (sequential transfer).

The information on light exotic nuclei obtained from
such reactions by the end of the 1980s has been reviewed in
detail in Ref. 25. Up to now these reactions have been used
in the belief that they are a very effective method of studying
exotic nuclei. With the transfer of 3—5 nucleons it becomes
possible to reach the neutron drip line for nuclei with mass
number A=<16 and even to find unbound nuclei beyond this
line in the form of resonances. For example, during the last
few years transfer reactions and *C and “C beams have
been used at the VICKSI accelerator complex in Berlin to
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study the nuclei 73%1%He, '®!'Lj, !>!*Be, and '#!>!°B (Refs.
13, 44, 45, 145, 146, and 148—151). At the U-400 accelerator
of the Laboratory for Nuclear Research in Dubna and at the
NSCL accelerator in Michigan, !'B beams have been used to
study the nuclei !'Li and Be (Refs. 48 and 147).

The cross sections for few-nucleon transfer reactions
with final exotic nuclei in the ground state can be very small.
They range from several nanobarns to microbarns. It is very
difficult to estimate the cross sections for nuclear fusion near
the nucleon stability line. However, on the basis of the data
in the literature it can be stated that the yield of such nuclei
depends on many factors, such as the number of transferred
nucleons, the Q values of the reaction, the structure of the
nuclei involved in the reaction, the detection angle, and the
energy of the bombarding heavy ion. It has been shown that
in principle the cross sections for transfer reactions are large
only when certain conditions are satisfied.’>>!>* These con-
ditions are related to momentum and angular-momentum
conservation in the initial and final nuclei and are stated as

Ak=ko—N\,/R,—\y/R,~0, (3.2)
(3.3)

where ko=muv/#i, R=R;+R,, and v is the relative velocity
of the two interacting nuclei in the transfer region. The third
condition is that Z,+ X\, be even and /,+\, be odd. Any
deviation from these conditions tends to decrease the cross
section for transfer reactions.

The mechanism for the transfer of 1, 2, 3, and more
nucleons has been studied in detail in Ref. 154.

The systematics of the cross sections for nucleus produc-
tion in the ground state in reactions with the transfer of vari-
ous numbers of nucleons has been constructed as a function
of the Q value of the reaction in Ref. 145 (see Fig. 12). The
systematics is based on the results of measuring the cross
sections for '>134C and N beams at energies of
24-30 MeV/A and targets of >'°Be and '>!“C. We see from
Fig. 12 that the cross sections for the transfer of various
numbers of nucleons are correlated with the Q value of the

AL=X\,—\,+1/2ko(R,—R,) + QR/(hv)~0,
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FIG. 13. Energy spectra measured in the reactions *Be('C,'*0)°He (upper
figure) and *Be('C,'*0)’He (lower figure).'**'*> The upper figure (a) is for
381 MeV at 2.5°, and the lower figure (b) is for 337 MeV at 4.6°-6.4°.

reaction. For example, a 10-fold increase of the cross section
is observed when the Q value is 30-40 MeV larger in 4-
nucleon transfer (Fig. 12a), when it is 20—-30 MeV larger in
3-nucleon transfer (Fig. 12b), and when it is 15-20 MeV
larger in 2-nucleon transfer (Fig. 12c). Thus, on the average
there is a 10-fold gain in the cross section for isotope pro-
duction when the Q value of the reaction is more positive by
10 MeV/(transferred nucleon). Nevertheless, it follows from
Fig. 12 that in some cases it is more advantageous to use a
reaction in which a smaller number of nucleons is transferred
instead of a reaction with a more negative value of Q.

The mechanism of transfer reactions is discussed in
more detail in the following section.

4. TRANSFER REACTIONS FOR SPECTROSCOPIC
STUDIES OF LIGHT EXOTIC NUCLEI

In this section we describe reactions involving proton
capture and neutron stripping. Examples of such reactions
are charge-exchange reactions such as (**C, '30) and ('*C,
140) leading to ®He production (Fig. 13) in the transfer of
four nucleons, two protons and two neutrons. For bombard-
ing ion energies of <35 MeV/A, the contribution of direct
charge exchange owing to the NN interaction is

FIG. 14. Transfer mechanism in the double charge-exchange reaction
Be(*C,'0)°He.
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TABLE II. Experimental results for the reaction *Be(*C, *0)°He at the
angle 2.5° (Ref. 144).

E, Eg Ty daldQ 0O

[MeV] [MeV] [MeV] [nb/sr] [deg]
0.00 1.20(8) 0.10(6) 45(15) 6.6
1.15(10) 2.35(10) 0.70(10) 35(20) 6.6
3.80(12) 5.00(12) 0.20(10) 30(20) 6.7

insignificant.'>> These reactions can therefore be viewed as

two-stage processes with effective spectroscopic ampli-
tudes.'*® Figure 14 illustrates the transfer mechanism in the
Be('*C, “0)°He reaction: two neutrons are transferred to
the target by the bombarding ion (first stage) and two protons
are transferred in the opposite direction (second stage) or
vice versa.

As a result, for the *Be(!*C, '“0)°He reaction we have
the following processes (first stage 1, then stage 2):

(2n2p): °Be(**C, '2C)"'Be('?C, “0)°He

(2p2n): °Be('*C, '50)'He('%0, '“0)°He,
or for the *Be(3C, '*0)°He reaction:

(2n2p): °Be(c, "O)'Be(!!C, B0)°He

(2p2n): °Be(3C, 0)He(0, 0)°He.

The cross section for He production is equal to the co-
herent sum of the (2n2p)- and (2p2n)-transfer amplitudes.
The spectroscopic information obtained for °He in the reac-
tion °Be(!C, '*0)°He is given in Table II. The cross sec-
tions for this reaction were measured at the angle @,
=2.5° and amount to 30-50 nb/sr (Ref. 144). The two-stage
mechanism describing these cross sections includes the tran-
sitions indicated in Fig. 15. In this case the intermediate
reaction channels are !'C+!'Be and '?O+"He. Pairs of neu-

Be(°C,"0)’He
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FIG. 15. Transitions to various levels of the °He nucleus occurring in the
reaction *Be(">C,'>0)°He. The change of binding energy is given in paren-
theses. The spin transfers are also indicated. Two-stage mechanism for tran-
sitions in the target nucleus (upper figure) and for transitions in the bom-
barding ion (lower figure). The distances between levels are shown
schematically.
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trons and protons are treated as clusters with spin 0%.
Nucleon exchange occurs via neutron and proton transitions
in both the bombarding nucleus and the target nucleus. These
transitions have the following spectroscopic amplitudes
[bound states are denoted as ¢,;;(2n) and ¢,;;(2p), and
states in the final nucleus as J7]:

(2n2p), bombarding ion:

j 11 j 13
AT (3C 3 —0y,) ~ AR Cypp-, ¢57(20) [ PCy )

proj( ! lC3/2 ¢pm-j( 2p) | 1303/2* );

nlj

(2n2p), target:

A5 (°Beyy-—He;n)~ASE(°Bey, -, dyif(2n)|'Be;x)

®ASE(°He m, ¢,5(2p)| ' 'Bey);
(2p2n), bombarding ion:

A%'::%y('301/2—4303/27)~A5‘:,”<”cl,zf,«ﬁﬂ;‘;l(zp)l'50.,2-)

ABI(P03,-,4B17(20)] 01 2-);

nlj
(2p2n), target:
A%, (°Bey,-—He n)~ASe("Hey -, b 3(2p)|"Besj-)

nlj
®ATE("Hey-, byi¥(2n)|*He,m).

Transitions only between ground states occur in the
bombarding ion (lower part of Fig. 15), because, on the one
hand, the 1*0 nucleus can be detected only in the ground
state (its excited states are unbound), and, on the other,
higher-order transitions via excited states of !!C and '°O are
unlikely.'%$

The situation regarding transitions in the target nucleus
is somewhat different, as can be seen from Fig. 15 (upper
part): °Besp-— Heyn (J™=14" for the ground state and 3,
2+ and $~ for excited states) Low-lying levels of 9He are
formed exclusrvely by neutron excitations, since the two pro-
tons are very strongly bound in the nucleus (the “He core).
As a result, the He levels are populated in the 2n-transfer
stage, independently of whether this is the first or second
stage. If it is the first stage, i.e., if the population occurs via
HBe states, then already in the intermediate reaction the
characteristics of the *He levels are predetermined. This can
be seen from Fig. 15, where the arrows connect the !'Be
levels to the *He levels with the same spins and parities. The
stripping of 2p in the second stage, with 70", does not
change the J™ of the configuration. This fact can be used to
identify the spin and parity of the He levels by comparing
the probabilities for populating them with the probabilities
for populating known states in !'Be. When °He levels are
populated via "He, the neutron pair (in the second stage) is
transferred to the corresponding orbits.

The concept of a semiempirical calculation of the “He
level-population probabilities was developed in Ref. 156. It
follows from the above discussion that 2-neutron transfer in
either the first or the second stage populates the same J7
configurations with roughly identical spectroscopic ampli-
tudes. The same can be said of 2-proton transfer. The tran-
sition probability in second order is therefore proportional to

ATBX AL for transitions in the target nucleus in the case
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FIG. 16. Multistage contributions for transitions in the target nucleus lead-
ing to the °He nucleus. The contributions to the effective spectroscopic
amplitudes of the first stage, AST and AST | are circled.

where both amplitudes (2n2p), (2p2n) are two-stage ones,
and proportional to AB®X AR for transitions in the bom-
barding ion. In this approxrmatron the experimentally deter-
mined spectroscopic amplitude of the first stage for, for ex-
ample, (2n2p) transfer can also be used in the second two-
stage (2p2n) process as the spectroscopic amplitude of the
second stage. Then the differential cross section do/d{} is
proportional  to  [(ATEXANY) X (AREX ADO)2=[4A,,
XA21T]'

In addition to 2-stage processes, we can include the con-
tribution from 3- and 4-stage processes, with individual
nucleons transferred in, for example, the following steps:

9Be(l3c, IZC)IOBC(IZC, “C)“BC(“C, 130)9He
or
gBC(BC, 14N)8Li(l4N, 150)7He('50, '30)9He.

In this case, as shown in Fig. 16, in addition to two
2-stage amplitudes there are also six 3-stage and six 4-stage
amplitudes. However, the contribution of these processes
makes up a small part of the total cross section. It can be
assumed that the measured spectroscopic amplitudes for neu-
tron and proton pairs actually include higher-order ampli-
tudes, such as the transfer of individual nucleons and inelas-
tic scattering. Therefore, the product of spectroscopic
amplitudes obtained experimentally is the effective spectro-
scopic amplitude, A5t =ASTEx ASTPO) (and analogously for
Aeff )

By using the same effective spectroscopic amplitudes
A and AST in the first and second transfer stages (Fig. 16),
we have already included four of the six 3-stage and two of
the six 4-stage amplitudes. This concept of effective spectro-
scopic amplitudes has been used to describe the cross sec-
tions and angular distributions obtained in experiments on

the spectroscopy of %%!°He.

Two-stage calculations were performed using the
FRESCO program'®’ for the coupled-channel model with the
same values of A°™ for the first and second stages. The cross
sections for the reactions corresponding to the first stage of
the *He(**C, 30)°He reaction were measured experimen-
tally. The spectra are shown in Fig. 17. Here we also indicate
the spins and parities of the ''Be levels. The angular distri-

butions of the state 'Be(37) and the "He(37) ground state
were also measured (see Fig. 18). The values of A and Aeff
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FIG. 17. Energy spectra measured in the reaction Be('>C,''C)!'Be (upper
figure) and the reaction *Be('>C,'>0)"He (lower figure).'*® The upper figure
(a) is for 379 MeV at 6°, and the lower figure (b) is for 337 MeV at 2.5°.

were determined by comparing the calculated and experi-
mental cross sections for populating the ground state of "He
and levels of !'Be, respectively (Table III).

The results of the calculations for the *He(*C, '*0)°He
reaction are shown in Fig. 18. In the upper parts of the fig-
ures for the 3~ and 37 levels we give the experimental cross
sections for intermediate reaction channels (dark symbols for
Be and light ones for "He) together with the calculated
values (the line with long dashes for 2n stripping and the
dot—dash line for 2p capture). In the lower parts of the fig-
ures we show the calculated coherent sum of the 2n2p- and
2p2n-exchange amplitudes (solid line). We see that the 2-
stage calculations of the level-population cross sections
agree within the errors with those measured experimentally
without additional normalization.

The good agreement allowed the use of this method for
calculating the angular distribution of the first excited state
of °He, which is assigned the values J"=1" or 2~. The
corresponding level-population cross sections for !'Be and
°He are shown in the lower part of Fig. 18. Better agreement
between the calculated and experimental values is obtained
for J™=3". This value is also consistent with the measured
width of the resonance with E¥=1.15 MeV, equal to I’
=0.7(1) MeV, because the R-matrix calculation gives I'
=0.7-0.8 MeV for J™=3" and '=1.5-2.0 MeV for J"

— 1+
=3 .
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FIG. 18. Comparison of two-stage calculations with the experimental data
on the cross sections for level population in the °He nucleus: for the %’
ground state (upper part), for the %* state (central part), and for the two
possibilities, 3* and 3, for the first excited state (lower part).'®® See the
text for more details.

It should be noted that a similar result was also obtained
in the calculation for the reaction *Be('*C, '“0)°He.

We can therefore conclude that the effective spectro-
scopic amplitudes measured for individual stages can suc-
cessfully be used to estimate the cross sections of two-stage
processes in the case of 2n2p exchange. Consequently, by
using the measured cross sections for 1- and 2-nucleon trans-
fer reactions we should be able to predict the cross sections
for 3- and 4-nucleon transfer in the nb/sr range. This is in
fact being done in evaluating the possibilities offered by such
experiments.

5. SOME METHODS OF STUDYING THE STRUCTURE
OF NEUTRON-RICH NUCLEI

It follows from the above discussion that nucleon trans-
fer reactions are an effective tool for spectroscopic studies of
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TABLE III. Experimental values of the spectroscopic amplitudes AST and AST for the *He nucleus obtained in the reactions °Be('*C, *0)°He and

*Be(*C, '“0)°He.

Transitions in the bombarding ion

A3 Ay
Transitions in the target—neutron stripping Be-lic lc-12¢ Bc-Yo l4c-160 Transitions in the target—proton capture
’Be—''Be 112- 130 1.50 1.60 0.75 *Be—"He, 3/2”
12 1.10 0.85
5 0.65 1.00
3/2” 1.20 1.00

exotic nuclei. In addition to binary reactions, of which trans-
fer reactions form a subclass, other methods are also used in
the spectroscopy of nuclear states unstable to nucleon emis-
sion. For example, the invariant-mass method, which does
not make use of the binary nature of a reaction, has recently
been widely applied.

Since later on we will give the results obtained using
both methods, here we perform a comparative analysis of
them.

5.1. Binary reactions

Nucleon transfer reactions can be described by two-body
kinematics. For the reaction A(a,b)B measurement of the
energy spectrum of the product b emitted at a particular
angle allows information to be extracted about the character-
istics of the recoil nucleus B—its mass and excited states,
even when B is unstable to nucleon emission and direct de-
tection of B is impossible. Spectrometric information about
the nucleus under study is obtained by measuring the energy
spectrum of nucleus b, from which the Q value of the reac-
tion is extracted. This spectrum can have a rather compli-
cated structure, and it is very important to take into account
all its various components. An example of such a spectrum is
shown schematically in Fig. 19. The presence of peaks in
this spectrum indicates that the nuclei b and B are produced
in certain energy states. In Fig. 19, E ;. denotes the threshold
at which the emission of one or more nucleons or clusters
from nucleus B begins, for example, E =B, or B,, , and so
on. Various situations can arise here.

i. The nucleus B may be nucleon-stable. Then a peak
shifted to the right (higher energies) of E, appears in the
energy spectrum of nucleus b. If the detected nucleus b has
nucleon-stable excited states, they will also be observed in
the spectrum. However, they will be broadened, owing to

E'(8)
Er®s (@) o
~—— bound states
resonances of nucleus B
E
multiparticle th
background
E(b), MeV

FIG. 19. Schematic representation of the energy spectra obtained in two-
body reactions.

in-flight y emission. When b does not have nucleon-stable
states, the presence of peaks to the right of E,, i.e., for
E*<Eg,, implies that the nucleus B has bound excited
states.

ii. The nucleus B may contain states which are unstable
to nucleon emission. Then peaks lying to the left (lower en-
ergies) of Ey, are observed in the spectrum. When there is an
unstable state in the nucleus B decaying as B—x+C, the
binary nature of the reaction persists, because the lifetime 7
of a resonance in the (x+ C) system is larger than the typical
reaction time ¢ (+<10~22 sec). Therefore, in reactions with
the transfer of several nucleons it is possible to measure iso-
tope states which exist for a very short time.*'*® The life-
time 7 of a state is extracted from the width I" of the corre-
sponding peak in the spectrum of the detected particle . The
width of the peak also gives indirect information for identi-
fying the quantum numbers of the levels.

iii. The nucleus B may be unstable in the ground state. In
this case peaks with energy below E,;, are not observed at
all, and the lowest-lying resonance is assumed to correspond
to the ground state of nucleus B. It is located to the left of
E 4 at a distance equal to the energy of the decay with emis-
sion of the corresponding number of nucleons, and has width
I" from which the lifetime of B can be determined.

iv. The nucleus B may not exist as a bound system. Then
the measured spectrum of b will not contain peaks, but will
be smooth.

Let us discuss the nature of the broad distribution below
the peaks. In principle, it is a superposition of the contribu-
tions of various reactions leading to more than two particles
in the exit channel. One of the possible processes is a binary
transfer reaction of the type

at+A—D+E,

where D=(b+x) and E=B—x. In this case the detected
nucleus b is a decay product of the nucleon-unstable excited
nucleus D produced in the first stage of the interaction,
which decays in-flight into two particles b and x. The shape
of the b spectrum is calculated from the decay of the reso-
nance (b+x), lying near the giant dipole resonance. This
process can contribute to the final state of the b+x system
even during the very short interaction time (of order
1072 sec). Another mechanism occurs when the nucleus B
decays into two or more particles. In principle, experiments
in which only one product is detected in a reaction involving
more than two particles are kinematically incomplete, and
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these channels are manifested in the energy spectrum of b
only as broad, continuous distributions. In the absence of any
interaction between the particles in the final state, the con-
tinuous spectrum is described by the phase space of these
particles. The peaks corresponding to resonances lie on the
background produced by processes occurring without the
formation of an intermediate state.

Some aspects of the continuum description are discussed
in more detail in Ref. 158. Clearly, in analyzing the experi-
mental data for the accurate determination of the peak loca-
tions and widths it is important to correctly take into account
the various processes contributing to the continuum.

In experiments of this type using transfer reactions it is
possible to determine whether or not the nucleus B exists at
all as a bound system, to measure its mass and lifetime, and
to find excited states.

However, to study the nucleus B in this case it is neces-
sary to select nuclei a, A, and b with well known properties.
It is desirable that the nucleus b either not possess nucleon-
stable excited states (i.e., that it not possess levels below the
threshold for breakup with neutron emission), or that such
states lie at excitation energies high enough that they do not
interfere with the interpretation of the measured spectrum. In
this case the following nuclei are usually used: °B, °C,
1213N, B0, !0, 'Ne, and ®Mg. It is also possible to use
148, 10C, and 90, whose first excited states are high, and
also '7F, whose first bound level has been shown experimen-
tally to be very weakly populated.

5.2. The invariant-mass method

Invariant-mass measurements are also used to search for
nucleon resonances in nuclei.

Kalpakchieva et al.

FIG. 20. Invariant-mass spectra of *He+n+n and *He+n systems from
the reactions (a) CD,(''Li,2n®He), (b) d(''Li,2n%He), (c)
CDy(''Li, n®He), (d) C(''Li, n®He), and (e) "°He decay.®

This method for spectroscopic studies does not impose
any special requirements on the entrance channel (see, for
example, Ref. 43). It is used at high energies in the case of
fragmentation of the bombarding ion on a thick target (the
invariant mass is defined independently of the beam energy),
followed by production of a series of particles x+C+Y
+Z+ ... in the exit channel. The momenta and energies of
the particles of any subsystem of two or more particles are
measured (for example, x+ C in the simplest case if the ex-
periment is designed to obtain information about the nucleus
B=x+C). The kinematically complete information about
the x + C subsystem is used to calculate the invariant mass of
B in the c.m. frame of this subsystem. The energy above the
breakup threshold for B—x+ C, which corresponds to the
decay energy Egecay» is €qual to the difference between the
invariant mass and the sum of the rest masses of particles x
and C. If there are resonance states in the nucleus B, they
are observed as peaks in the invariant-mass spectrum (Fig.
20).

However, this method has some defects.

First, it is characterized by very small detection effi-
ciency, especially for neutrons, owing to the small angular
acceptance of the detectors. High angular resolution is essen-
tial. Moreover, the total efficiency depends on the particle
energy, owing to the restricted solid angle.

Second, the method is based on the assumption that the
detected particles are in the ground state. However, in, for
example, the case B='"Li=°Li+n the nucleus °Li=C can
be formed in the first nucleon-stable excited state with E*
=2.69 MeV. This state decays in flight, emitting a y quan-
tum which is not detected and not taken into account in
calculating the invariant mass. Events corresponding to this
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case are treated as though their mass were 2.69 MeV closer
to threshold. The invariant-mass spectrum is distorted as a
result of the superposition of the cross sections for producing
the ground and excited states. This problem can be solved in
two ways: by measuring the y quanta or by calculating the Q
value for each event, knowing the exact energy of the bom-
barding ion and using thin targets.

An additional problem in using this method is the pres-
ence of decays of resonances in intermediate subsystems
with masses greater than that studied in the experiment.

In this rather brief description of the possible ways of
obtaining exotic nuclei, our representation of the various
nuclear reactions and methods of studying nuclei near the
nucleon stability line is not at all complete. We have men-
tioned only the main reactions and methods which in our
opinion can be used successfully at the present time and
which give a sensible result. Meanwhile, since the synthesis
of new nuclei is a fundamental, many-faceted problem in-
volving not only nuclear physics but also elementary-particle
physics, it is natural to use a wide diversity of beams ranging
from y quanta and pions to high-energy heavy ions for solv-
ing this problem. For example, an experiment based on the
missing-mass method in 77 -meson beams was recently per-
formed at Los Alamos in which information about the struc-
ture of several light nuclei ranging from ®H to '°Li was
obtained.'® Several years ago at GSI in Darmstadt a new
method was used to synthesize nuclei in the fission of ura-
nium nuclei excited at the giant resonance in the interaction
of 300 MeV/A uranium nuclei with lead nuclei.!® In these
experiments, among other new nuclei, the doubly magic "®Ni
nucleus was found; it had long eluded attempts to discover it
in other experiments.

Here we again note that in our opinion the missing-mass
method is very promising for the study of the properties of
very neutron-rich nuclei of the lightest elements. We have
discussed this method above for the case of binary reactions.
It can also be applied to three-body reactions. In this case a
reaction is selected such that two magic nuclei are produced
in the exit channel (for example, “He and °Ni, or “Ca and
20Ne), while the third nucleus is the desired one. For ex-
ample, in the reaction **Zn+'%0—-260+Ni+*He (or
87Zn+180-20+4Ca+?Ne) it is possible, by measuring
the energy spectrum of *He in coincidence with *Ni (or the
spectrum of “°Ca in coincidence with 2°Ne), to determine the
mass and excited levels in the 2°0 system. The application of
this method to beams of radioactive nuclei is very promising.

6. STUDY OF THE STRUCTURE OF LIGHT NUCLEI IN
REACTIONS USING RADIOACTIVE BEAMS

During the last ten years a new approach to the study of
the properties of light nuclei associated with the use of
beams of radioactive nuclei has appeared. It allows the sys-
tematic study of the properties of nuclei which are unstable
to nucleon emission. This method has been discussed in
some detail in recent reviews, %! and so here we will only
mention its main features and the possibilities of using it to
study the structure of light nuclei. The experiments per-
formed in this area can be divided into two groups: measure-
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ment of the properties of accelerated radioactive nuclei and
study of the characteristics of their interaction with other
nuclei. In the first case the beam of studied nuclei is im-
planted into some detector and then the decay characteristics
of the nuclei of this beam are measured. In the second case
the characteristics of nuclear reactions under the influence of
beams of exotic nuclei are studied (for example, the interac-
tion cross sections, the fragmentation and electromagnetic
dissociation reactions, and also the transverse and longitudi-
nal momentum distributions of the reaction products). In
nuclear reactions involving beams of secondary radioactive
nuclei it has proved possible to measure the masses, radii,
lifetimes, and decay modes of many nuclei, and also to dis-
cover manifestations of new features of very neutron- and
proton-rich nuclei, like the neutron halo (!'Li, “Be, '’B),
the neutron skin (°He, ®He), and the proton halo (*B).

6.1. The nucleon density distributions in exotic nuclei

A large amount of information has been obtained in ex-
periments involving radioactive beams of light nuclei regard-
ing the nuclear radii and nucleon density distributions. The
interaction cross section o; was measured as the difference
between the total reaction cross section o and the elastic
interaction cross section.og (0;=0g— o) in one of the first
experiments using a beam of lithium isotopes.”® In other
words, o; was defined as the cross section for reactions in
which the number of protons and/or neutrons in the beam
nuclei is changed. It was found that the interaction cross
section is roughly equal to the reaction cross section, o;
=0y, and this was used to determine the interaction radius:
o,=7[R(P)+R,(T)]?, where P and T denote the bom-
barding particle and the target, respectively. The value of
R,(P) is practically independent of the target. Therefore,
R,(P) is a parameter determining the size of the bombarding
nucleus. Subsequent calculations using the Glauber model
confirmed that the difference between the reaction cross sec-
tion and the interaction cross section is less than a few per-
cent, especially at high energies. The radii of light nuclei
from hydrogen to neon determined in this manner are shown
in Fig. 4. We see that for stable nuclei the dependence of the
interaction radius on the nuclear mass is described by R,
~ A3, However, for unstable nuclei the radii can differ con-
siderably from the value given by this rule.

The interaction cross section o; and the reaction cross
section oy are usually described by the Glauber model,'®?
according to which

0R=27rjow(l—T(b))bdb, ©.1)

where T(b) is the transmission coefficient for impact param-
eter b, which is calculated using the nucleon density distri-
bution and the total NN-interaction cross section:

T(b)=exp| =2 oy | pix(s)pp(|b—s)ds;.  (62)
kl

Here p? is the nucleon density distribution integrated along
the z axis:
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Pik= f Pl Vs?+2%)dz. (6.3)
The index is i= P (particle) or T (target), and oy, is the total
nucleon—nucleon interaction cross section (k and / respec-
tively denote the proton and the neutron). The nucleon den-
sity distribution in the nucleus is written as p;(r). This ap-
proach works well at energies above 100 MeV/nucleon. The
elastic scattering of ®He and ®He nuclei on a proton target at
700 MeV/A was recently studied at GSI in Darmstadt.'®?
Analysis of the results according to the Glauber model gave
the following values for the radii of the nuclear-matter dis-
tributions of these nuclei: 2.30+0.07 and 2.45*+0.07 F, re-
spectively.

A different approach is used at lower energies. The re-
action cross section is parametrized by surface and volume
density distributions:

OR= 7T(Rvol+Rsurf) E
cm

BC
1— ] (6.4)

where (R, + Rgy) is the interaction radius composed of sur-
face and volume parts

Rvol: rO(A;’B"'A;'B),

13,173
Rout=ro| a —‘—_/Tg AT1/3— , (6.5)
o Ap +A7
and the Coulomb barrier of the interacting system is
Z1Zpe?
s (6.6)

B =T AT
C1L3(A+ALS)

The parameters r, and a defined in a wide energy range
(from 30 to 2100 MeV/nucleon) are independent of the
target—particle combination and of the energy and are 1.1 F
and 1.85, respectively. The parameter ¢ varies as a function
of energy from 1 (at 20 MeV/nucleon) to 2 (at 160—1000
MeV/nucleon). This simple semiempirical formula gives
good agreement with experiment at various energies, al-
though it does not include a possible difference between the
proton and neutron densities in the diffuse surface layer. In
Fig. 21 we show the dependence of r( on the isotopic spin of
isobaric nuclei determined in this manner.

Information about the proton and neutron distributions in
exotic nuclei is also obtained from the elastic scattering of
these particles on target nuclei. Elastic scattering is usually
analyzed using the optical model and the coupled-channel
method, in which the real and imaginary parts of the optical
potential are calculated microscopically. In the standard op-
tical model the potential is taken to have the Woods—Saxon
form:

U(r)=Veoulr) =Vfu(r) —iWfy(r),
where

fy(r)=(1+exp[(r—Ry)/ay])™"

fw(r)=(1+exp[(r—Ry)/ay]) "

- 1/3 __ 1/3
Ry=ryA7", Ry=ryAr",

6.7)
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FIG. 21. Comparison of the parameter r,, obtained in various experiments at
energies from 33 MeV/A to 700 MeV/A (Refs. 63 and 64). The parameter
ro is calculated using Egs. (6.4)—(6.6).

and Vg, is the Coulomb potential of a uniformly charged
sphere. The parameters of the optical model V, W, ry, ry,
ay, and ay are determined by a fit to the experimental data.

The full M3Y interaction with the direct and exchange
parts of the potential has recently been used to analyze the
elastic scattering of exotic nuclei.'® In this case the interac-
tion potential is written as a sum: U(R)=UP(R)+ UE(R),
where UP(R) is the direct potential of the double-folding
model. The second term includes the contribution from one-
nucleon exchange effects, which can be described using the
density-matrix formalism. The iteration method is used to
construct the exchange potentials. The number of iterations
depends on the energy, the mass numbers of the colliding
nuclei, and the distance R. The nucleon density distributions
for the particle and target nuclei are calculated by the
functional-density method with a single set of parameters. In
this case the total potential is taken to be

U(R)
drR |’

where U(R) includes the direct and exchange parts, and the
imaginary term contains the two parameters Ny, and «. This
representation of the absorption potential makes it possible
to avoid the introduction of a phenomenological imaginary
part, for example, in the form of a Woods—Saxon potential.
On the other hand, the absorption potential has a microscopic
origin, and the introduction of the parameter a leads to
agreement with the conclusion of multichannel scattering
theory that the radius of the absorption potential is larger
than the radius of the real part of the potential. The cross
sections for elastic scattering calculated for different values
of the parameters Ny and a are compared with the experi-
mental results. The approach described above has been used

U(R)=U(R)+i|N,U(R)—aR (6.8)
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TABLE IV. Rms radii of the neutron, proton, and matter-density distribu-
tions (in F).

Nucleus (r2y2 (rf,) 12 (r2y 81,y

"Be 2.237 2.549 2.420 -0.312
B 2.190 2.680 2.507 —0.490
4 3.255 2.235 3.011 1.020
c 2.326 2.456 2.398 —0.130
2c 2.387 2.406 2.396 -0.019
8gj 2.953 2.982 2.967 —-0.029

successfully to obtain information about the rms radii of the
neutron and proton density distributions in nuclei. In Table
IV (Ref. 164) we give these values for various nuclei. The
microscopic analysis confirms the conclusions drawn earlier
in the experiments of Refs. 1, 3, and 65 and in the theoretical
studies® that a neutron halo exists in !'Li. This is illustrated
in Fig. 22, where we show the neutron and proton density
distributions in these nuclei. The tail of the neutron distribu-
tion in 'Li is clearly expressed. We also see that from the
viewpoint of the proton drip line, the tails of the proton den-
sities in ®B and "Be are significantly higher than the neutron
densities, indicating the presence of a proton skin in these
nuclei.

Analysis of the data on the elastic scattering of %"*!'Li
and *58He ions on '2C and 22Si targets or on a proton target
also required modification of the potential parameters to in-
clude the presence of the halo in !'Li and %®He (Refs. 79, 80,
165, and 166). The interpretation of the results from the elas-

p, F3

>

1

0
r.F
FIG. 22. Density distributions of neutrons (dashed line), protons (dotted
line), and matter (solid line) in nuclei.'®*
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tic scattering of ''Li and ''C on a '’C target at 60 MeV/A led
to a similar conclusion.

The valence nucleons of nuclei at the nucleon stability
line have extremely small binding energies. For example, in
stable nuclei the neutron binding energy is 6—8 MeV, while
for very neutron-rich nuclei such as ''Li, ''Be, and '“Be the
neutron (or two-neutron) binding energy is several hundred
keV. This leads to a broad neutron density distribution in
such nuclei (see Fig. 22). The wave function for an outer
neutron can be written as

kR }

(6.9)

(1+kR)'?

27\ ek
’

‘I’(r)=(7

where R is the width of the potential. Using this wave func-
tion, the neutron density distribution can be written as p(r)
=|W¥(r)|%. The parameter k determines the slope of the den-
sity at the tail of the distribution and is related to the neutron
stripping energy E,: (hk)?=2uE,, where u is the reduced
mass of the system. We see from this expression that when
E, decreases, k becomes small and the tail of the distribution
is very extended. As noted above, this leads to the existence
of a neutron halo in weakly bound, neutron-rich nuclei.

One method of obtaining information about the neutron
halo, including information about the correlations between
the neutrons of the halo, is measurement of the momentum
distribution of the products—the core and the neutrons of the
halo—produced in the fragmentation of nuclei containing a
halo (Refs. 4, 28, 29, 65, 70, 71, 77, 78, 81-84, 98, and
167-172).

Practically all nuclei having two-neutron halos are
nucleon-stable, while nuclei differing from these by one neu-
tron are nucleon-unstable (nuclei with a two-neutron halo are
discussed in Ref. 26). It is therefore obvious that the corre-
lations between the two valence neutrons stabilize nuclei
with a halo.

The neutron momentum distribution is given by the
Fourier transform of the wave function:

f(p)=Cl(p}+k?). (6.10)
The width of the momentum distribution depends on the pa-
rameter k. In contrast to the density distribution, a decrease
of E, leads to a decrease of the width of the momentum
distribution. This is an obvious consequence of the uncer-
tainty principle: when the spatial distribution is broad, the
momentum distribution is narrow. Therefore, a neutron halo
in nuclei is defined by an extended neutron density distribu-
tion and a narrow momentum distribution of the fragmenta-
tion products.

In the fragmentation model proposed by Goldhaber,'”?
the width of the fragment momentum distribution is de-
scribed on the basis of the Fermi motion or the temperature
corresponding to the binding energy. The model allows an
expression to be obtained for the width of the momentum
distribution of a fragment of the bombarding ion which de-
pends on the average stripping energy of the outer valence
nucleons (¢) and on the masses of the fragment Ay and the
bombarding particle Ap:
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where u is the unified mass unit, or

Ap—1
AP ’

o?=2u(s) (6.12)
for the stripping of a single nucleon.

The momentum distribution of the heavy fragment of a
beam nucleus decaying with the emission of a single nucleon
was later analyzed, and it was shown that the momentum
distribution of the emitted nucleon at the surface of the beam
nucleus can be obtained from the measured fragment mo-
mentum distribution. This idea was later extended to the
emission of two and more nucleons in the breakup of a beam
nucleus.

The first studies to measure the longitudinal momentum
of °Li (Ref. 77) and the angular distribution of an individual
neutron’ in the fragmentation of ''Li did not reveal any
dependence on the target nucleus, and so it was concluded
that the reaction mechanism is unimportant in the fragmen-
tation of nuclei with a halo. It was therefore decided that the
momentum distribution must give direct information about
the internal motion of the neutrons in the halo. However,
later studies (see, for example, Ref. 81) using !'Be beams
showed that the neutron distributions definitely depend on
the reaction mechanism, while the longitudinal momentum
distribution of the nuclear core does not depend on it. There-
fore, the longitudinal momentum distribution of the nuclear
core was assumed to be a direct reflection of the ground-state
wave function of a nucleus with a halo, i.e., the internal
momentum distribution of the nucleons of the halo.

i, Be, and “Be fragmentation were measured in Refs. 4,
70, 77, 78, 83, 84, and 167. As an example, in Fig. 23 we
show the results for the incident nuclei !'Li and !'Be. We see
that the longitudinal momentum distributions of the fragment
nuclei °Li and '°Be respectively produced in the breakup of
"Li and !"Be are very narrow. The transverse momentum
distributions have a narrow component superimposed on a
broad distribution. According to the uncertainty principle,
these narrow widths of order 20—30 MeV/c suggest that the
neutrons of the halo have a broad spatial distribution.

Here we should note that the experimental data on the
widths of the momentum distributions can be used together
with the theoretical expressions to obtain information about
the stripping energy of valence neutrons in exotic nuclei.

The fact that the momentum distributions of the frag-
mentation products are determined not only by the internal
motion in the fragmenting nucleus (i.e., by the wave function
of the bombarding particle), but also by the reaction
mechanism, "% is especially clearly seen from the mea-
sured distributions of emitted neutrons.

The neutron distributions in ’He, ®He, °Li, ''Li, !'Be,
and '“Be decay were measured in Refs. 70 and 167. As an
example, in Fig. 24 we show the transverse distributions of
neutrons from °He, ®He, °Li, and ''Li reactions with '2C
nuclei. They all have a broad component on which, in the
case of nuclei with a halo (°He, ®He, and ''Li) is superim-
posed a second narrow component. In Ref. 167 (see Fig. 25)
this component is associated with the subsequent decay of
the nucleus: the first neutron is emitted in the interaction of
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FIG. 24. Transverse-momentum distributions of neutrons in the fragmenta-
tion of neutron-rich nuclei at 790 MeV (Ref. 167).

nucleus A with the target, and an unbound intermediate state
(A—1) is formed, which then decays by emitting another
neutron. In this case the width of the neutron distribution

2uS, 2uQ (A-2)
AA—1) 3 (A-1)

is determined by the decay energy Q of the intermediate
state, because the first term is much smaller than the second.
The other reaction channels such as direct breakup and se-
quential decay from excited levels can also have an effect.
At the same time, the width of the heavy-fragment [ (A
—2)] distribution is given by
(A—2)2—2M S M+2M [0) _(A_—_Z)_
7 M Aa-) P 3(A-1)"
(6.14)
where the second term is much smaller. Therefore, o(A
—2)? does not depend on the sequential decay process, but
is mainly determined by the fragmentation process and
grows smoothly with the energy for stripping one or two
neutrons.
Moreover, the widths of the measured transverse distri-
butions of neutrons from ''Be decay become narrower with
increasing mass of the target nucleus.” This indicates that

gz(n) = (6.13)

FIG. 25. Graph of sequential decay via an intermediate resonance (A
-1).
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FIG. 26. Cross sections for reactions with changing charge 0,7 and total
cross sections o in the interaction of ''Li (E=80 MeV/A) with a '2C
target.”®

the effect of the Coulomb interaction grows. However, so far
there is no definite quantitative conclusion about the relative
contributions of the various processes.

It thus appears that the internal motion of the nucleons at
the surface of the nucleus must be judged not from the neu-
tron distribution, but from the heavy-fragment momentum
distributions.

Another important feature is that the momentum distri-
butions of the decay fragments are narrow only if they result
from the stripping of valence neutrons (one or two, depend-
ing on the nuclear halo). Otherwise, when many neutrons or
protons are stripped off, the widths are larger. This shows
that only neutrons in the outer orbit contribute to the halo.

Experiments”>"® performed using *%!'Li beams at
80 MeV/A to determine the total reaction cross sections oy
and the cross sections for reactions with change of the charge
opz have shown that the values of o5, remain practically
constant, while oz grows with increasing A of the beam
(Fig. 26). This indicates that the rms charge radius of all the
lithium isotopes is independent of the mass, again confirming
that the extended nuclear matter distribution in !!Li is a con-
sequence of the last two weakly bound neutrons.

As already noted, the large increase of the nuclear radius
for ''Li, ""Be, “Be, and "B (see Fig. 4) and the narrow
momentum distribution of the decay fragments indicate the
presence of a neutron halo in these nuclei. With the excep-
tion of !'Be, all these nuclei have two valence neutrons in
the last orbit. All nuclei with a neutron halo have a strongly
expressed three-particle configuration, including two weakly
bound neutrons and a strongly bound core. The relation be-
tween the wave function and the binding energy in this case
is much more complicated than in the case of nuclei with a
one-neutron halo. Many calculations have been carried out
for nuclei with a halo which include the three-particle inter-
action.

The microscopic three-particle approach, which also in-
cludes the neutron interaction with the core, gives the most
correct description of the correlations. An example of such a
calculation is that of Ref. 89. The results for the °He nucleus
are shown in Fig. 27. There we also compare the distribution
in the transverse momentum p, for the “He nucleus from
SHe fragmentation with the three-particle calculation. We see
that there is good agreement between experiment and the
calculation. Two peaks are observed in the two-neutron den-
sities: one corresponds to the cigar shape, and the other to
the dineutron configuration. Actually, the %He nucleus can
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FIG. 27. Three-particle calculation of the two-neutron spatial distribution in
the ®°He wave function (a) and the “He momentum distribution (b) in the
same calculation.®

contain a mixture of these two states, but this has not yet
been confirmed experimentally.

In addition, fusion reactions followed by fission in SHe
beams!”* have shown that the fission cross section is consid-
erably larger than for the “He nucleus. This increase depends
on the entrance channel and is associated with the neutron
skin of ®He.

Finally, experiments using secondary beams have al-
lowed the study of the electromagnetic dissociation of exotic

nuclei. The predicted®!7* large value of the cross section for
electromagnetic dissociation of !'Li nuclei has been con-
firmed by experiments at various energies.>2%7%7% A simi-
lar result has also been obtained for ''Be (Refs. 70 and 95)
and %®He (Ref. 88). A new type of collective excitation at
low excitation energies has been suggested to explain the
increased Coulomb-dissociation cross section (see Refs. 5,
92, and 93 and references therein). This new excitation mode
is referred to as the soft dipole resonance.

6.2. The soft E1 excitation mode

It has been suggested that the giant dipole resonance can
have two components. One is the result of oscillations of all
the protons of the core relative to all the neutrons of the core.
The other is the result of oscillation of the entire core relative
to the neutrons of the halo. These two processes are shown
schematically in Fig. 28. The amplitude of the oscillations,
which are referred to as the soft giant-dipole resonance
(GDR) mode, is determined by the nucleon density distribu-
tion and is proportional to the gradient of the density distri-
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FIG. 28. Schematic representation of the two components of the dipole
resonance in neutron-rich nuclei with a halo.

bution, and so the oscillation frequency must be very small.
The excitation energy is therefore expected to be low, in
contrast to the usual giant resonance, where the excitation
energy is of order 20 MeV. The existence of the low-energy
E1 dipole mode has now been confirmed experi-
mentally, 28829495 byt the nature of the excitation mechanism
remains in dispute: experiments®>*'7 indicate that collec-
tive excitation does not exist and rule out the presence of a
two-neutron halo in the form of a dineutron. However, sev-
eral theoretical studies™"'’® assume the direct breakup of a
nucleus with a halo. The soft dipole resonance must there-
fore be manifested in the structure of nuclei with a halo
either as a low-lying dipole level, or as a strong increase of
the reaction cross section near threshold in direct breakup.

The energy of soft GDR modes can be determined using
the usual models for describing the GDR. The GDR with the
usual excitation energy contributes to the cross section for
electromagnetic dissociation ogyp, but for light exotic nu-
clei about 10% of the total E1 transition probability can be
attributed to the soft dipole resonance. The E1 transition
probability is proportional to the square of the number of
neutrons participating in the excitation. Therefore, for ''Li
the ratio of the contributions of the soft dipole resonance
mode and the ordinary mode is 22:62. In this case the energy
E 5 gpr Must be 0.91'8:3 MeV in order to reproduce the ob-
served cross section opyp(!'Li+Pb). The energy E . gpr 1S
insensitive to I'. gpr - Therefore, the excitation energy of
the soft dipole resonance is quite small.

Experimental confirmation of the presence of the soft
dipole resonance mode has been obtained for !'Li in Ref. 28,
where, using the reaction of double charge exchange with
pions [ "'B(#~,7")!!Li], it was possible to observe the level
E*=1.2+0.1 MeV in the pion spectrum and assign it the
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spin and parity 5, 37, or ¥, from which it was concluded

that the E1 transition had been observed. However, we think
that this result is ambiguous, because collective states are
weakly excited in charge-exchange reactions.

Experiments to determine the existence and nature of the
soft dipole mode are being carried out by various groups
(Michigan, USA; RIKEN, Japan; and JINR, Dubna, Russia).

It has recently been reported,96 in agreement with the
result of an earlier study,?® that an excited state of the ''Li
nucleus at E*=1.25 MeV has been observed in the ''Li
+ p reaction. This state is assumed to correspond to a halo
excitation. The experimental inelastic scattering cross
section’’ is described best when it is assumed that orbital
angular momentum L=1 is transferred, i.e., that there is a
dipole excitation.

Here we have touched upon only some of the problems
associated with the properties of light nuclei which are being
solved by using beams of radioactive nuclei. This area of
nuclear physics is developing rapidly. Radioactive beam fa-
cilities are being built in several places: SPIRAL in France,
the RNB Factory in Japan, the Oak Ridge project in the
United States, and so on. The main goal at these centers will
be to study the properties and structure of light exotic nuclei.
These accelerator complexes of the new generation will pro-
duce beams of radioactive nuclei with intensity of up to
10'! particles/sec, and will make it possible to perform im-
portant, large-scale experiments. In all probability, the work
done at these new facilities will represent the next step to-
ward the nucleon stability line for light nuclei. It will result
in the synthesis of new nucleon-stable nuclei of light and
intermediate elements, which are expected to possess new,
unusual states, structural features, and decay modes. Some of
the characteristics of exotic nuclei of light elements will be
discussed in the second part of this review.
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