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Reaching the limits of nuclear stability 3
1. Introduction

Reaching limits has always been a major driving force for explorations in every field
of science. In addition to the pure curiosity of finding something new, something
that nobody else has ever observed before, the observation (or non-observation) of
new type of matter or the discovery of new particles yields crucial information for the
understanding of the underlying forces.

Nuclei, consisting of a combination of protons and neutrons, can be pushed to
many limits. These limits are typically reached by the collision of two nuclei. At
moderate beam energies (~ 10 MeV /nucleon), the two nuclei can fuse into a compound
system which due to the collision starts rotating. Very fast rotating nuclei can change
their shape to be extremely deformed before they ultimately reach the fission limit
[1, 2]. At higher energies the compound system reaches a temperature limit where it
will disintegrate by multifragmentation [3]. The collision of two heavy nuclei at even
higher energies leads to densities and temperatures at which the protons and neutrons
of the nucleus seize to exist as individual identifiable entities. A new form of matter,
a plasma consisting of quarks and gluons may be formed [4, 5, 6].

The limit discussed in this review concerns the question: which combinations of
neutrons and protons can form a nucleus? The number of protons (Z) in a nucleus
determines the element, and the quest for the heaviest element continues to be an
exciting field of research. This is a topic in itself and has been reviewed on a continuous
basis as the limit has been pushed to heavier and heavier elements [7, 8, 9]. Just as
interesting is the question of what is the largest or smallest number of neutrons N)
that can form a nucleus for any given Z. These limits are called the neutron- and
proton-driplines, respectively [10, 11], although the exact definition of the driplines is
ambiguous and will be discussed in this review.

Pushing the boundary of knowledge further towards more proton-rich and
neutron-rich nuclei has been a priority of nuclear physics for the last 40 years.
Exploring the properties of all these nuclei is important for the understanding of
the nuclear force, nuclear astrophysics and the formation of the elements. Significant
progress has been made since the last major reviews of exotic nuclei and the driplines
[12, 10, 13]. A most recent review concentrated on the features of light neutron rich
nuclei at and beyond the neutron dripline [11].

The following section will give an overview of the chart of nuclei and the definition
of the driplines and nuclei themselves. In section 3 different methods of reaching the
driplines will be discussed. The nuclei at and even beyond these driplines can exhibit
unusual properties. In particular, these nuclei can potentially exhibit exotic decay
modes, for example, neutron radioactivity or di-proton decay. These topics will be
discussed in sections 4 and 5 for the proton and neutron dripline, respectively. The
astrophysical implications of the location of the driplines will be explored in section
6. Finally new opportunities to reaching and exploring the dripline towards heavier
nuclei will be presented in section 7.

2. Nuclear Landscape

There are many combinations of neutrons and protons that can make up a nucleus of
a given mass. In the “Table of Isotopes” known properties of all nuclei are published.
Since the first publication in 1940 [14] it has grown to several thousands of pages
over the last 60 years [15, 16, 17]. It has been customary to use the word isotope
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Figure 1. Chart of nuclel stable (black), presently observed {dark-groy) and
still unknown nuclel as predicted by Tachibana #t ol [18] Uight-grey) are shown.
Phe %= 28 isotopes, N = 82 isotones and A = 100 isobars are indicated by the
herizontal, vertical and diagonal line, respectively.

synonymously with nucleus. Strictly speaking, isotopes are defined as nuclei with the
same number of protons (2 = constant) but different number of neutrons. Similarly,
isotones are nuclei with the same number of neutrons (N = constant) but different
number of protons. In addition isobars are nuclei with the same number of nucleons
{A = constant).

The chart of nuclei shown in Figure 1 displays the nuclei as a function of neutron
mumber and proton sumber. A horizontal line corresponds to isotopes, vertical lines
to isotones, and diagonals from the top left to bottom right are isobars. The Z =
28 isotopes, N = 82 isotones, and A = 100 isobars are indicated by the horizontal,
vertical and diagonal lines, respectively.

There arve almost 300 stable nuclei (with a lifetime greater than 10° years) which
are indicated by the black squares in Figure 1. All other nuclei convert to these nuclei
via radicactive decay with different lifetimes that span from nanoseconds to millions
of years. For masses up to A = 209 typically one or two stable isobars exist for each
mass. A few exceptions are for example 4 = 5 and 8 for which there are no stable
isobars and 4 = 96 which has three stable isobars (**Ru, **Mo, "Zr). Over 2500 of
these nuelei are known and shown in dark-grey in the figure. However, there could
be as many as an additional 5000 nuclei that have yet to be discovered. Potentially
bound nuclei as predicted by Tachibana et al. [18] are shown in light-grey.

Tsobars with the lowest mass are stable where the mass is given by (see also top
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Figure 2. Binding energy per nucleon (£ /A) as a function of N (scaxis) and Z
{y-mxig}. The darker squares indicate stable nuclel,

part of figure 4):
M= Zxmy+Nxm, - Eplc {1}

with my = 038.8 MeV/c? and m, = 939.6 MeV /c®. Ep corresponds to the binding
energy which is unigue for each nucleus. Changing protons into neutrons or neutrons
into protons increases the mass (or energy: E = M¢*) of the stable isobars and
reduces the binding energy. The binding energy per nucleon (Ep/A4) corresponds to
the average binding energy for a pucleon within the nucleus. Figure 2 shows Ep/A
as a function of Z and N in a surface plot. The figure reveals some of the nuclear
structure features. The odd-even staggering shows the increased binding energy due
to pairing of two neutrons or two protons. Additional binding oceurs also for nucled
with magic numbers of protons and neutrons which occur when major shells are filled.
The lines for the magic numbers of 8, 20, 50, 82 and 126 are indicated in the figure
and show up as slight ridges in the surface plot. The most bound nucled in terms of
Ex/A are ®*Ni and **Fe. Overall the binding energy per nuclei stays fairly constant
around § MeV with only a small reduction towards the edge of stability and towards
the upper and lower ends of the nuclear chart.

The binding energy per nucleon represents the overall binding of nuclei, however,
the question of stability in terms of neutron and proton numbers is not determined
by this average quantity, but by the energy necessary to bind the last or least bound
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nucleon. This separation energy corresponds to the energy required to remove a single
nucleon from a nucleus. The neutron separation energy S, and proton separation
energy Sp can be calculated from the difference of the binding energies of two
corresponding adjacent nuclei:

Sn = Ep(Z,N)— Ep(Z,N — 1) (2)
S, = Ep(Z,N) — Es(Z —1,N) 3)

Figure 3 demonstrates the valley of stability by plotting the separation energies with
the larger values towards the negative vertical axis. The figure shows the smaller
value of S,, and S, for a given nucleus. In order to avoid the odd-even staggering only
odd-odd nuclei, i.e. nuclei with odd numbers of protons and odd numbers of neutrons,
are plotted. The special role of the magic numbers at the shell closures can be seen
with the major shells indicated by the darker lines. In addition, the dashed diagonal
line shows nuclei with equal numbers of protons and neutrons (N = Z nuclei). The
trend of the valley of stability towards more neutron-rich nuclei due to the increasing
Coulomb repulsion for heavier nuclei becomes apparent. The figure also shows that
the slope for proton rich nuclei is steeper than the slope on the neutron rich side.

2.1. Definition of the Dripline

There is no clear definition of the dripline. In their 1993 review Mueller and Sherrill
[10] defined the driplines “... where the last nucleon is no longer bound for the lightest
or heaviest isotope and the nucleus decays on the time scale of the strong interactions
(10722 s or faster).” The latest edition of the chart of nuclei defined the dripline as:
“The value of Z and N for which the last nucleon is no longer bound and for which
the nucleus decays on the timescale of 107?s or faster defines the dripline” [19].
In his recent review, B. Jonson states: “The driplines are the limits of the nuclear
landscape, where additional protons or neutrons can no longer be kept in the nucleus
~ they literally drip out.” [11].

In contrast, most theoretical papers use a different definition. B. A. Brown defined
the proton dripline as “the boundary beyond which nuclei are unbound to direct proton
decay” [20]. This definition was also adopted in the review by Hansen and Tostevin:
“(the dripline is) where the nucleon separation energy goes to zero” [21]. Hansen
and Tostevin also point out that the dripline should follow the isotones for neutron
rich nuclei and the isotopes for the proton rich nuclei. In other words !Be and 14Be
are both dripline nuclei. With the above definition there are no cases for which the
dripline is double valued.

For the present review the latter approach is followed and the dripline is defined
as the limits where S, or S, cross zero. Figure 4 shows the mass (top) and the
single proton and neutron separation energies (bottom) for the A = 21 isotones as an
example. Again, the figure displays positive separation energies towards the negative
vertical axis. Nuclei close to the valley of stability decay by converting a proton into
a neutron or vice versa and the emission of a 8+ or 8, respectively. If the difference
between neutrons and protons becomes too large, the separation energies can become
negative and the last neutron or proton is not bound to the nucleus anymore. These
are the nuclei beyond the dripline and they can decay by the emission of a proton or
a neutron. They are sometimes also called particle unbound or just unbound nuclei.
In the figure, 2!C and 2! Al are neutron and proton unbound, respectively.



Reaching the limits of nuclear stoability 7

Figure 3. Separation energies as a function of Z (increasing towards the upper
Jeft) and N (increasing towards the upper right). For each odd-odd nuclens the
numerical smaller value of 5, and %, fs shown with the larger separation energies
towards the negative vertical axis. The solid lines indicate the proton and ventron
magic numbers and dashed Yoe corresponds to N = 2.
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Figure 4. Masses (top) and proton (dashed line) and neutron (solid line)
separation energies (bottom) for A = 21 isotones from 2! Alg to 21Cys.

The decay of an unbound nucleus by the emission of a proton or neutron is
sometimes called proton or neutron decay. This terminology can be confused with the
decay of the proton or neutron itself. On the other hand, a-decay refers also to the
decay of a nucleus by the emission of an o particle and not the decay of the a particle
itself.

The separation energy for unbound nuclei is by definition negative and the
absolute value of the separation emergy corresponds to the energy of the decay:
Edeca.y = ISn,pl-

2.2. Definition of a Nucleus

The definition of the driplines as the limit where S, or S, cross zero determines the
location of the dripline unambiguously. However, the definition of the existence of
nuclei as an entity is not as clear. Sometimes very short-lived unbound nuclei are not
referred to as nuclei at all, but rather only as resonances.

The above definition of the dripline does not limit the existence of a nucleus.
Especially at the proton dripline, the emission of a proton from the unbound nucleus
can be significantly hindered by the presence of the Coulomb barrier. The unbound
proton has to tunnel through the barrier which can lead to significant lifetimes for the
emission of the proton. These lifetimes can be even longer than the % lifetimes and
even though a nucleus is unbound with respect to proton emission it decays by the
emission of a B+ towards the valley of stability.

In addition to the Coulomb barrier the angular momentum can provide another
barrier. For neutron unbound nuclei it is the only barrier that hinders the neutron
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Figure 5. Calculated lifetimes of 16B, 16F and !5!Lu as a function of decay
energy for angular momenta of L =0 (——),L=1(----),L =2 (—-—) and
L=5(---- ). 18B is a neutron emitter and !6F and !3!Lu are proton emitters.

emission.

The influence of the barriers on the lifetime is demonstrated in Figure 5 for
neutron and proton emitters with different angular momenta. The possible lifetimes
for the neutron unbound nucleus 6B are extremely short and there is only a very small
energy range (a few keV) where the decay can have directly measurable lifetimes. On
the proton-rich side the lifetimes depend strongly on the charge of the nucleus. While
for 18F (Z = 9) only decay energies of < 100 keV lead to longer lifetimes, energies of
1 to 2 MeV are sufficient for 1°'Lu (Z = 71). The lifetimes also depend strongly on
the angular momentum and measured lifetimes have been used to extract the angular
momentum state of the emitted nucleon [13].

A potential definition for the existence of a nucleus could be set by the definition
of radioactivity. Goldanskii stated that “10~!2s corresponds to an approximate limit
for radioactivity as such” [22]. This statement was supported later by Cerny and
Hardy: “.lifetimes longer than 10712 s, a possible lower limit for the process to be
called radioactivity” [23].

This definition would be more restrictive than the definition of an element and
thus is inappropriate. The International Union of Pure and Applied Chemistry
(IUPAC) has published guidelines for the discovery of a chemical element [24]. In
addition to other criteria they state that “the Discovery of a chemical element is the
experimental demonstration, beyond reasonable doubt, of the existence of a nuclide
with an atomic number Z not identified before, existing for at least 10714s.” The
justification for this limit is also given: “This lifetime is chosen as a reasonable estimate
of the time it takes a nucleus to acquire its outer electrons. It is not considered self-
evident that talking about an ‘element’ makes sense if no outer electrons, bearers of
the chemical properties, are present.”

Similarly the definition of a nucleus should be related to the typical time scales
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of nuclear motion. Nuclear rotation and vibration times are of the order of 10~22s
which can be considered a characteristic nuclear time scale [22]. The above mentioned
definitions of the driplines by Mueller and Sherrill [10] and the Chart of Nuclei [19]
can be used as the definition of the existence of a nucleus. If a nucleus lives long
compared to 10~22s it should be considered a nucleus. Unfortunately this is no sharp
clear limit. The most recent editions of the chart of nuclei include unbound nuclei
with lifetimes that are on the order of 107225 [19, 25].

2.3. Experimental Observation of the Driplines

The fact that nuclei exist even beyond the dripline makes the experimental
determination of the actual dripline much more complicated. The production and
unique identification of a specific nucleus in a reaction is sufficient to claim its
existence. Typical direct measurements can identify nuclei with lifetimes longer than
~ 107 9. For shorter lifetimes it is possible to use the uncertainty principle relating the
lifetime to the decay width I' = i/7. Typical detector resolutions in these experiments
of the order of keV, however, limit this method to times shorter than ~ 107%s. Thus
there is a wide range of lifetimes that is currently not accessible (1071% —10~19).

The distinction between dripline and existence is not an issue at the neutron
dripline. The shortest 3-decay lifetimes are of the order of milliseconds which is well
in the range of directly observable nuclei. As shown in figure 5 neutron emission
lifetimes are generally much shorter than picoseconds. The observation of direct
neutron emission with a lifetime longer than picoseconds would qualify as neutron
radioactivity and is an extremely unlikely process because the window of separation
energy is extremely small.

Thus the neutron dripline can experimentally be determined as the boundary
between directly observed and non-observed nuclei. The difficulty is to decide if the
experimental evidence is sufficient to claim the observation of a nucleus or to set an
upper detection limit. There have been several cases where claims of existence as well
as non-existence have been made based on limited statistics which turned out to be
incorrect.

Already in the early 1960’s there were controversies about the existence of certain
nuclei. ®*H was first observed to be particle bound [26], but the existence could not be
confirmed in later experiments [27]: First evidence for the observation of 2!C and 2°0
[28] were premature, and these nuclei are unstable with respect to neutron emission
and thus beyond the neutron dripline [29]. In contrast 4Be [30] and 3!Ne [31], were
both first determined to be unbound, but were subsequently observed (4Be [32], 3! Ne
[33]). Controversial cases at the proton dripline were for example *°Fe [34, 35] and
59Br [36, 37].

The determination of the proton dripline is much harder. The simple observation
or non-observation is insufficient to locate the dripline. In order to prove if a nucleus
at the proton dripline is bound or unbound, it is necessary to measure the mass of
the nucleus with proton and neutron numbers (Z,N) itself, as well as the mass of the
nucleus with (Z-1,N). The proton separation energy can then be calculated from the
difference of the binding energies (see equations 1 and 3), or directly from the masses:

S, = M(Z—1,N) + Mg — M(Z,N) 4)

In order to establish the proton dripline between the nuclei (Z,N) and (Z,N+1) the
masses of the four nuclei (Z,N), (Z,N+1), (Z-1,N) and (Z-1,N+1) have to be measured.
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In case of the unbound nuclei, it is sufficient to determine a lifetime limit which is
shorter than the shorter S-decay lifetimes (~ 1 ms). Of course, the direct observation
of an emitted proton is also sufficient proof that a nucleus is beyond the dripline.

2.4. General Features of the Dripline

The edges of the light-grey area of figure 1 and the edges of the valley shown in figure
3 correspond to the driplines as predicted by the mass model of Tachibana, Uno,
Yamada and Yamada [18]. Overall the neutron dripline is significantly further from
the valley of stability than the proton dripline.

The horizontal staggering of the proton dripline and the vertical staggering of the
neutron dripline is due to pairing. The pairing of two protons or two neutrons adds
significant stability to the nucleus so that even-Z nuclei are more stable toward the
proton dripline compared to odd-Z nuclei and even-N nuclei are more stable than odd-
N nuclei toward the neutron dripline. The staggering is not as obvious in figure 1 for
medium mass nuclei (40 < Z < 80) along the proton dripline because it also displays
0dd-Z nuclei located beyond the proton dripline which have already been observed.

The influence of shell effects is also apparent in figure 3. For example the N =
50, 82 and 126 isotones are significantly more stable than isotones just above these
shell closures. The figure also shows that closed neutron shells shape the landscape
for the neutron-rich nuclei but have essentially no effect on the proton-rich side (see
for example the N = 50 line). The same is also true for the closed proton shells. While
the Z = 20 shell forms a sharp ridge for proton rich nuclei it has no influence on the
neutron-rich side. One of the most interesting current questions is if these traditional
shell closures still exist for very neutron (or proton) rich nuclei [38, 39].

Approaching the proton dripline is typically discussed for isotopes (constant Z).
Thus the nuclei closer to the dripline should be described as neutron-deficient rather
than proton-rich. In order to be consistent, the neutron dripline should then be
discussed for isotones (constant N) instead of isotopes [21]. The present practice of
describing the neutron dripline in terms of isotopes is problematic due to the odd-even
staggering. For example, 2’F, 2°F, and 3'F are bound, while ?®F and 3°F are unbound.
32F is most likely unbound. However, in order to confirm that the dripline has actually
been reached, a definite measurement of 33F is necessary. Changing the description
to isotones eliminates this discussion and it is clear that the neutron dripline in this
region has been reached for all isotones up to N = 23 assuming that *°0 is unbound.
In the following the neutron dripline will be discussed in terms of isotones.

3. Production of Nuclei at the Dripline

Over the years several different experimental techniques were developed to reach the
driplines. Figure 6 shows the first observation of exotic nuclei with Z < 20 (Calcium)
as a function of time.

The black squares correspond to stable nuclei, the light grey squares are nuclei
first observed prior to 1960, and nuclei discovered in the subsequent years are shaded
as indicated in the figure.

It is obviously easiest to reach the dripline in the lightest nuclei where the driplines
are very close to the valley of stability. The proton dripline up to Z = 11 (**Na) and
the neutron dripline up to N = 9 (B) were already reached by 1966. Single or
multiple particle transfer reactions with stable beams and targets as well as target
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spallation reactions were used to reach the dripline. The increased use of heavy-
ion fusion evaporation reactions in the early 70’s explored more proton rich nucled,
while in 1971 deep inelastic reactions began to exiend the knowledge of neutron-rich
nuelei. However, in spite of these developments, by 1974 the proton dripline was only
extended by one additional proton {Z = 12, 3g) and the neutron dripline by three
neutrons (N = 12, Y"B). The exploration of the driplines towards significantly larger
proton and neutron numbers was made possible by the development of the projectile
fragmentation method in 1979 [40].

Figure 7 shows the different production mechanisms used to observe proton and
neutron-rich nuclei for the first time up to Z < 20. Figure & displays only the
production of nuclei along the proton dripline up to Z < 98. The subsequent discussion
will concentrate on these regions because it is unlikely that the proton dripline will be
explored beyond Z = 93 and the neutron dripline beyond N = 40 in the near future.

In the present review the first observation of nuclei is defined by the first
publication in a refereed journal. Observations of nuclei reported earlier in annual
reports or conference proceedings are not congidered.

Again, black squares are stable nuclei, white squares are nuclei discovered before
1960 and the shading of the other nuclei corresponds to the production mechanism of
the first observation as indicated in the figure. With the exception of **Sc only nuclei
with lifetimes larger than ~ 10~%s are shown corresponding to the Jocation of the
driplines in this mass region. In addition to transfer, deep inelastic, target spallation
and projectile fragmentation a few nuclei have been first observed with pion exchange
reactions and fission of relativistic beams. Projectile fragmentation is the method of
choice to reach the neutron dripline for N < 40 and also the proton dripline for Z <
50. For heavier nuclei fusion evaporation is presently the only competitive method to
reach the proton dripline.

In the following discussion, the separation between the different techniques is
based on the production mechanism rather than the subsequent separation mechanism.
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This elassification is not unigue, for example, in addition to target spallation, transfer
and fusion evaporation reactions can also be stopped in a thick target and subsequently
identified using the ISOL technique (Isotope Separation On Line). On the other hand
transfer and fusion evaporation reactions can also oceur in thin targets where the
recoil energy is sufficient for the reaction products to leave the target which can then
be analyzed by recoil mass separators.

In addition, the boundaries between the different production methods are not
well defined, For example, the transition from fusion-evaporation to deep inelastic to
projectile fragmentation is gradual. Also, even at very high beam energies, projectiles
can pickup nucleons from the target, however, in the following this process is also
considered projectile fragmentation.

3.1, Transfer Reoctions

Transfer reactions are extremely useful to extract detailed structure information. For
the exploration of the driplines transfer reactions with stable beams and stable targets
are limited to the lightest nuclel. Obviously, simple one- or two-nucleon transfer
reactions, for example (p,d), (d,p), (p,t) ete. and single charge exchange reactions like
(p,n) and (t,"He) are limited to the study of nuclei close to the valley of stability.

The use of more complicated multiparticle transfer reactions lead to the first
observation of the proton dripline nuclei *C, **Mg, and **Al via the reactions
120(3He, " He)?C [41], #*Mg(a,*He)? Mg [42], and **Mg(*He,pdn)*?Al. Examples for
multiparticle transfer reactions populating neutron-rich nuclei are *Ca(®Li*B)* Ar
[43] and ¥ Ca(®He,"BY*C1 [44].

Transfer reactions with light jons have also been very successful in studying
particle unstable nuclei. For example the reaction "Li(t,”He)” He was used to prove the
instability “He [45]. At the proton rich side examples for reactions are '*B(*He,"He)'B
[46), #*Mg(p,“He)'?Na [47] and *C(a,*He)*C [42].
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The study of unbound nuclel with transfer reactions is always indirect. The
unbound nucleus decays nstantaneously in the torget and thus cannot be analyred
in a magnetic separator. The energy levels of the unbound nucleus however can be
inferved from the energy-loss spectrum of the ejectile. 1t s advantageous if the ejectile
Haell does not have any bound excited states in order to avoid misidentification of
exeitations in the unbound nuclens and the ejectile.

3.2, Pusion Bueaporation

Fusion evaporation reactions have been very successful in exploring the proton dripline
especially above Z = 50, where at the present it is essentially the only way to produce
puclei at and bevond the dripline. This technigue is Hmited to the proton dripline
beeause of the curvature of the valley of stability towards neutron-rich nuclei and the
preferential evaporation of neutrons during the cooling of the fused compound nuclel.

Nuclei close to the dripline have been populated with fugion evaporation reactions
as early as 1964, *%Te and '%"Te have been identified by their & decay following the
reactions " Ra{*%0,4n)' %% Te and "Ru(**0,5n)* Te [48].

Pushing closer to the limit involved smaller and smaller cross sections, thus
requiring more sophisticated separation and detection techniques. With the
development of velocity filters [49] and mass separators [50] tremendous progress was
made along the proton dripline. The experimental techniques are described in detail
in the review by Woods and Davids [13].

The accessibility of the proton dripline with fusion evaporation reactions relies on
the availability of stable target projectile combinations. Figure 9 is the same as figure
1, with the addition of all compound nucled that can in principle be produced with
fusion evaporation reactions using any combination of all stable beams and targets.
These compound nuclei are indicated by the small dots. Assuming that the xn or pxn
evaporation channels (with x between 2 and 6) can be separated and identified the
figure shows that the dripline can be explored above Z = 30. It can be seen in the figure
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Figure 9. Chart of nuclei: stable (black), presently observed {dark-grey) and
sl unknown {ight-grey) nuclel are shown. The small dots represent componnd
nuclel that can be populated by fusion reactions with all possible combinations of
stable projectiles and stable targets. Dripline nuclel can be reached by multiple
menbron svaporation,

that above Z = 50 a few specific choices of target and projectile combinations get really
close to the dripline, making fusion evaporation an effective tool to reach the dripline
in this region (see also tables 3 and 5). Although it seems that the dripline should
be reachable beyond Z = 80 this is apparently not the case. In order to populate
these very proton-rich heavy nuclel very symumetric projectile target combinations
have to be chosen. The Coulomb barrier for these reactions are large, so that it is
not possible to produce these muclel at excitation energies where none or only one
proton is evaporated. These excited compound nuclei decay by fission or ceemission,
In addition, not all target projectile combinations are practical.

3.8, Target Spallation

Target spallation was the first method that reached the dripline for nuclei which were
not accessible with simple transfer reactions. Dripline nuclei up to N = 13 (**C) were
first ohserved using target spallation.

In 1965 Poskanzer et al. [51] bombarded a "N target with 2.2 GeV protons. They
were able to show the existence of **Be via the {pdp) reaction. With the development
of semiconductor detectors it became possible to identify nuclei divectly, without
measuring the subsequent decay [52]. The addition of time-of-flight measurements
to the particle identification technique with silicon telescopes increased the sensitivity
even further. 7C [53] "N and #'O [54] were first observed with this technique.
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Another major step forward was the development of online mass spectrometry.
This method was especially competitive for alkali metals which could easily diffuse out
of heated graphite targets [55]. In a series of experiments at ISOLDE sodium isotopes
from “Na up to ¥ Na were observed [55, 56, 57, 58]

Although a very bmportant method to produce rare isotopes, target spallation
can compete with fusion evaporation and projectile fragmentation for the exploration
of new nuclel along the dripline in only a very few specific cases. More experimental
details of target spallation can be found in references [59, 60].

8.4, Deep Inclastic Reactions

Dreep inelastic reactions ocour typically in a beam energy range between 5 and 10
MeV fuucleon. 1t refers to reactions where the target and projectile exchange a certain
pumber of nuclel. There i3 not a clear distinetion between deep inelastic reactions
and fusion evaporation on one hand and projectile fragmentation on the other. In
figures 7 and & veactions with energies below 10 MeV/nucleon are considered deep
inelastic reactions, while energies above 35 MeV/nucleon are considered projectile
fragmentation. The energy regime between these values has not been used to produce
new nuclel

Dieep inelastic reactions were first successfully used to explore neutron-rich nuclei
from Carbon to Chlorine |61, 62, 63, 64, 65].

8.8, Projectile Fragmentation

Projectile feagmentation, as the next step up in beam energy from deep inelastic
reactions, was first used to produce neutron rich nuclei in 1979 [40]. Beginuning in
1985 [66] it was also used to explore the proton dripline. Experimental details of this
method can be found in references [60, 67).

Just like fusion evaporation the suceess of projectile fragmentation is based on
the extremely high level of sensitivity. In order to identify the most exotic nuclei of
interest it is necessary to separate them not only from the intense primary beam, but
also from the large number of other fragments that are produced shimultanecusly.

Figure 10a shows the distribution of fragments following the fragmentation of 140
MeV /nucleon *#*Ca on a *Be target. The initial *Ca intensity is 10'? particles per
socond, The selection of the isotope of interest is achieved by a magnetic separator
located immediately behind the target. Figure 10b shows the isotopes transmitted
by the separator tuned in this specific case for *'F which is produced only with an
intensity of a few nuclel per hour. If the number of overall events are still too large
for the rarest events to be observed an energy-degrading wedge can be inserted in
the center of the separator and a second stage of magnetic separation can reduce the
number of unwanted fragments even further as seen in figure 10c. The rates of figure
10 were caleulated with LISE+-+, a general purpose fragmentation code (68, 69].

Projectile fragmentation is currently the only mechanism to explore new nuclei
at and beyond the neutron dripline and it also has been the dominant production
mechanism to push the proton dripline below Z ~ 50 to its present lmit.

For a few special cases projectile fragmentation has also been used to populate
and study particle unstable nuclei. The decay of "He, '"Li and **Be in flight following
the production from a '®0 beam was measured by coincidence detection of the emitted
neutron and the fragment {70, 71, 72
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Figure 10, Production of dripline nuclei using fragmentation of *Ca {3}
intensity distribution of all produced secondary fragments, (b) nuclel selected
following magnetic separation, {¢) additional purification of ¥ using a second
stage separation.

8.6, Pion Exchunge Reactions

In a few special cases pion double charge exchange reactions were used to observe
nuclei for the first time. For example 28 and 71 were populated by the reactions
Gt 7 )88 and 0C(x*, 7 )10Ti (73]

Similar to transfer reactions, pion charge exchange reactions can also be used to
study unbound nuecle, because the energy levels of the product nucleus is deduced
from the enerpy-loss spectrum of the o ejectile. States of unbound "He [74] and
most recently “H [75] were observed with this technique.
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2.9, Fission of Fast Beams

Figure 7 shows that the first observation of the neutron-rich Calchum isotopes *~*Ca
was achieved by fission of fast beams [76]. In this experiment, a total of 58 new nuclei
were produced in projectile fission of 750 MeV /nucleon ***U. The new nuclei ranged
from ealchum (%%Ca) to silver ("% Ag) with A/Z ratios of up to 2.8. However, the
dripline in this mass region s predicted significantly further away at about "*Ca and
S Ae or AJ7 ratios of approximately 3.4,

In the near future, it is not anticipated that even this powerful technigue of
projectile fission will be able to reach the dripline in this mass region.

8.8, Reactions with Rare Isotopes

With the increasing intensities of rare isotope beams, produced either by the ISOL
method or by projectile fragmentation, it has become feasible to use these beams for
secondary reactions.

For example elastic and inelastic scattering [77], Coulomb excitation [78, 79],
transfer [77, 80, 81], knock-out {21} and most recently secondary fragmentation [82]
have been used to study properties of neutron and proton-rich nuclel. Except for the
secondary fragmentation, the references refer to reviews of the topics. The intensities
of rave sotope beams are presently not suflicient to use these reactions to explore the
dripline themselves with the exception of the very lightest elements.

In the lightest mass region, however, reactions with rare isotopes play already an
important role in the study of unbound nuclei. For example, resonances in “"H and
e were first observed with single charge exchange reactions [83, 84]. In addition,
single proton knock-out reactions confirmed that **B [85] and **O [86] are unbound.

At the protonerich side, single neutron knock-out reactions populated the
unbound nuclei O [87], V'N [88] and Mg [89]. More complicated transfer reactions
populated **Na and *Na [89]. In addition, elastic resonance scattering of rare isotopes
was used to determine ground- as well as excited states in the unbound nuclei ' N
[90, 91], '°F [92] and '"Na [93].

4. Proton Dripline

The proton dripline has been studied since the beginning of nuclear reactions, because
it is much closer to the valley of stability than the neutron dripline. For **Li the proton
dripline is located right next to the stable isotopes of **He and °Li. In addition, as
shown in figure 9, fusion evaporation reactions always populate proton rich nuclei
making the proton dripline more accessible than the neutron dripline. By 1987 all
nuelei on the proton rich side expected to be particle stable up to Z = 23 (Vanadium)
had been observed. Today, the dripline has been reached for all odd Z nuclei up to 2
= 91, Bound nuclei that have vet to be discovered are limited to even Z nuclei in the
regions from Z = 32 through Z = 64 and for Z > 82. As mentioned earlier, only nuclei
which have been reported in refereed publications are included in the present review.

Although nuclei at and beyond the dripline have been observed for almost all
the elements, it is surprising that the actual location of the dripline is known for
only a few clements. As was discussed in section 2.3 the experimental determination
of the proton dripline involves the measurement of several masses in the vicinity of
the dripline. With extrapolations and interpolations from known masses and decay
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energies the proton dripline is probably fairly well predicted, but purely experimentally
the dripline has only been determined up to Z = 12 (magnesium), and then again only
for a few elements, for example scandbum, lutethivm and tantalum.

4.1, Light Mass Nuelei: & 4 20

The proton dripline was reached up to sodium (Z = 11) already by 1960, Table 1 lists
the reactions populating the most nentron-deficient isotopes for the heavier elements.

They are most likely the limit of isotopes with lifetimes longer than a millisecond.
The significant shorter lifetimes of the unbound isotopes have been determined for B
[46], BC [42], 1ON [100], "N [101], 120, 15F, **Ne [102], "*Na [47], and '*Na [89]. '°F
was reported simultansously in reference [103}

For Mg [104] and *' A1 {95] upper limits of the lifetime were measured. Although
not explicitly stated in figure 3 of reference [97] it can be concluded that *°P, #03°(]
and ¥3K are beyond the proton dripline and have lifetimes shorter than the time-of-
flight of 170 ns. However, this is not true for the even-Z nuclei S, °Ar and *Ca. As
stated in reference [97): “The steepness of the valley of § stability on the proton-rich
side and some remaining background events do preclude any definite statement as to
the non-observation of a given isotope.” Also, # 8 has not been explored at all.

Figure 11 shows all nuclel close and beyond the proton dripline. The black squares
are stable nuclei and the dark grey squares show all bound observed nuclei. The cireled
Hght grey squares are unbound nuclel where speciroscopic measurements have been
performed. For the light grey squares upper limits on the lifetime have been reported.
The thick solid line shows the measured dripline. The dripline is shown us a dashed
e for elements where it has been predicted but not explicitly measured.

The proton dripline is well established up to magnesium. The uncertainties for
the odd-Z nuclei begin with 22 Al and ?°P (striped squares). The latest mass evaluation
[105] quotes proton separation energies of 17 & 95 keV and 140 & 196 keV for these
two nuclel, respectively, Thus it is not clear on which side of the dripline these nuclei
are located.

The situation for the even-Z nuclei is different. Although **Si and ¥ Ar (dashed
squares) are predicted to be bound with respect to one-proton emission, the two proton
separation energies, defined as

Syp = M(Z ~ 2,N) + 2My ~ M(Z,N) )

Pable 1. Lightest presently observed bound isotopes for 12 < 2 < 200 The
production reaction, laboratory and reference of the first observation are listed.

% Isotope  Method Laboratory  Reference
12 Mg Pug(PHe e Jittich {49
13 *2al Hpte(3He,pin) LBL {04]
14 g MM Ar, X 85MeV fu GANIL {o5]
5 p ?Qgigﬁﬁe,gm} LBL {06}
1w s N {::&,xg 774 MeViuw  GANIL o7
1 A e, i MSU {08]
8 Har Ni(®Ca,X) 774 MeV/u  GANIL {97}
9]

19 WK WP e, 14 MU jo
w0 Ca W Ca{*He win) LBL i

&
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Figure 11, Nuclel ot and bevond the proton dripline foy 2 < 20,

are ealeulated to be ~ 16 & 202 keV (7281 and 126 £ 212 keV (*'Ar). Thus they are
possible candidates for di-proton decay. This exotic decay has been predicted already
in 1960 {22] and attempts to observe it have been performed in many different systems
[18] (see also section 4.6). In the case of ?*Si and *' Ar the searches were unsuccessful
becanse, even i these nuclel are unbound with respect to two-proton emission, the
decay energy is too small, and thus the lifetimes too long to be able to compete with
Pedecay.

1t should be mentioned that the search for the di-proton decay in this mass region
below Z < 12 has concentrated on larger decay energies. These decays then do not
compete with S-decay but the corvesponding lifetimes are so short that they cannot
be measured with divect techniques., First evidence for the possible observation of
di-proton emission has been reported in this mass region for the decay of an excited
state of ¥ Ne [106].

The proton dripline exhibits also changes in the shell structures which is a strong
effect at the neutron dripline. The 7 = 8 closed shell disappears for very proton rich
puclel. The last proton of YN is not populating the 1p state as expected in the normal
shell model, but rather the 2¢ state. This level inversion has first been observed in the
wirror yucleus Y Be {see section 5.1). The existence of **8i is due to the emergence
of the new shell at 7 = 14 for nuclel located far away from the valley of stabillity.
These effects are less pronounced at the proton deipline relative to the neutron dripline
because the proton dripline occurs closer to the valley of stability.
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4.8 Medium Mass Nuclei I 30 < Z < 50

Initially the proton deipline in this wass region was approached with fusion evaporation
veactions starting in the early seventies, however, the available stable target projectile
combinations are not ideally suited o reach the dripline (see figure 9}, With a
few exceptions the nuclel st and beyond the dripline were produced with projectile
fragmentation. Table 2 lists the most neutron deficient isotopes presently observed.

In this mass region nuclel beyond the dripline begin to have significant lifetimes
o survive fragment separator Sight times. The Coulomb barvier for proton emission
becores sufficiently large, so that for nuclel with small decay energies f-decay can
compete with proton emission. If the nuclei decay by proton emission the lifetimes can
be long enough to qualify as proton radionctivity (see discussion in section 2.2}, Up to
now no proton emitter has been ohserved in this mass region. However, most recently
evidence for two-proton radicactivity was reported in the decay of **Fe [124, 125] (see
also section 4.6},

Fignre 12 shows the nuclel along the proton dripline for nuclel with 20 < Z <
50, The notations in the Bgure are different from figure 11, The valley of stability is
not shown, The dark grey squares are nuclei which have been observed with lifetimes
longer than approsimately 1 ps [126],

Fable 2. Lightest presently observed isotopes for 20 < Z < 50, The production
renction, laboratory and reference of the first observation are listed.

% Isotope  Method Laboratory  Reference
21 g (14, He) MEU 167}
22 By MI{PENG,X) 65MeV fu GANIL 108}
2 By NIPF NG X B5MeV /u GANIL 108]
24 Por Be("E N1, X} 600MeV /u GS1 45}
5 e MHOFNIL X BEMeV /u GANIL 109
% e Be(P NI, X) 600MeV fu G851 35]
27 %o MHENLX) BEMeV fu GANIL 108]
b S MI(ENLX) 74.5MeV /n GB1 110}
20 Mo NI(PENGX) B5MeV/u GANIL 108}
30 Mg (PN, X) T4EMeV /u GANIL 111
31 %G NP R, X) 7AMeV/u GANIL 47
32 e WM My, dn) LBL 132
38 Biag NP K, X) 73MeV /u GANIL 47}
3 Hge WA 51,5n) LBL 113}
a5 M BENI(MN,20) BNL 114]
36 Sgy Ni{ TR K, X) 78MeV /u GANIL 37
3t TiRb Nb{pdpxn) 600 MeV CERN 115
a8 gy WA Ar,dnd LBL 116}
o Tey Be(**28n,X) 1GeV/n G5l 117}
a0 By Be(M280 X} 1GeV/u GEt 117}
41 PENp BEN(TMo,X) TOMeV/u MSU 118]
42 Mo NP Mo,X) 60MeV/u GANIL 119
43 e BENI(FE Mo, X} T0MeV/n  MSU 118
44 Ty NP G XY 83MeV /u GANIL 120
45 iy N1 280, %) 63MeV/u GANIL 120}
a6 Hipg NI P50, X ) 63MeY fu GANIL 120}
47 Map N80, X) 60MeV /u MSU 121
am ¥Tod Sulp,pxn) 600 MeV CERN 122]
49 gy NI 250, X) 83MeV /u GANIL 120}
50 1%n  Be(?Xe,X) 1095MeViu GBI 1231
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Pigure 12, Muclet at and beyond the proton dripline for 20 < 2 < 50,

Lifetime limits for nuclei beyond the dripline (light grey squares) were determined
for 39771 [35], 42V, 4450Mn [34], ¥ Co, %Cu [127], 7°Rb [36], *'Nb, and *Tc [119]. In
addition, reference [126] adopted a lifetime limit of < 1.2 ps from the data of reference
[87] for *¥Br and 7 Rb.

The only element for which the dripline has been experimentally determined s
scandium, where it is located between **Sc and *Se (doubled black line). **Se (circled
light grey square) is also the only nucleus beyond the dripline in this region of which
the mass has been measured [107].

The thick solid line in the figure corresponds to the dripline extrapolated from the
latest mass evaluation [105]. The striped squares show nuclel where the uncertainty
of the caleulated separation energy is too large to determine if the nucleus is bound
or unhound. With the exception of strontium, the predictions for the even-Z nuclei
between krypton and palladium do not extend beyond the dripline. The dashed line
indicates the Hmit of the last caleulated isotope, which does not necessarily have to
eorrespond to the last bound isotope.

Experimentally, the dripline has most likely been reached for all odd-Z nuclei in
this mass region. The lightest nucleus that potentially can still be bound and has not
vet been observed is ““Ge. It hos a predicted two-proton separation energy of 48 &
238 keV [105]. For even-Z nuclei beyond strontium the dripline has most probably not
vet been reached experimentally.
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4.8 Medivm Mass Nuclet JI: 50 < 2 < 82

The Yfetimes for proton emission in this mass region are becoming so large for a
wide range of energies that F-decays dominate for many unbound isotopes. For some
slements there are 3--4 Jeemitting otopes before the proton separation energies
become large enough for proton emission to compete with fedecay. Table 3 lsts
the lightest observed lsotopes in this mass region and the reactions with which they
wore frst observed. With the exception of Z = 51, all of them have been produced
with fusion evaporation reactions. The table also lists the primary decay mode.
Figure 13 shows again the nuclel along the proton dripline. The notation i the
same as in figure 12, With the exception of ever-Z nuclei between cerium and hafnium
the dripline has most likely been reached for all nudlei. The solid line again shows
the extrapolated dripline derived from the AME2003 atomic mass evaluation [105],
the dashed line is used for nuclel where the extrapolation does not extend towards the
dripline. Experimentally the dripline has only been determined for lutetium, tantalum
and gold {double black line). In addition, for thallium the driplive could be either

Fable 3. Lightest presently observed isotopes for B0 < 2 < 82, The production
reaction, observed decay, laboratory and reference of the first obeervation are

Hsted.

% Isotope  Heaction Dieay  Laboratory  Reference
51 W85L NI(PREaX) B3MeV/u . GANIL 120}
Bg Wy SRR anany i 0%ele) o G851 128
53 0%y Bt P N pdn) @ Daresbury {129
54 MO%e  BENG(RNG2pdn) o G51 128]
5 Mgy 555 N, pind P Pravesbury 130
a6 Maps  BNGEENG ) ] G 131
57 BTLa MZn{®Nipin) p Legnaro 182
5 e oS8 A Lanzhou 133
59 Pipr PERarde pon) -] Dubna 134
60 NG Mo Arin) i Lanzhou 135
61 Epm PRa(Arpin} 8 Lanzghou 135
62 05w Ra{Ar Bn) 8 Lanzhou 135
63 BOEe NP K pin) p ANL 136
84 BRG4 SCAER 30) g Lanshou 137]
B85 TR OB Ar niy) B Lansghou 148
66 00y AOECA0 A in) ] Lanzhon 135}
67 MOe Mo Fepin) P HRiBe 139]
88 MRy UNMABENLpta Y Tmip) - HRIBF 140}
659 M5y PIMG(%E NG pdn) p HRIBF 141
700 YL BEER(0, dn) ] Lanzhou 142
71 WLy RGN pia) P Daresbury 143
e MAHE SR NG Snan ) B Wla) o GSsL 144
a0 1Ty Py BENG ndn) p ANL 145]
M Mty WO N 2pdn} o 481 144
75 MSRe  WSCHUNipIn) p Daresbury {146
76 20g  OSOGRNG In) o GS1 147}
77 My, B0 Kr,phn) p ANL 136}
78 O9Epy (TR Ky dn) 5 ANL 148}
70 Yoan  PRG(TPKrpin) p ANL 136}
70 g YRa(TKr,2n) o ANL 149
81 Ty P AT K piin P ANL 150}
82 BOpL ISR, An) @ LBL 151}
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Figure 13, Nuclel at and beyond the proton dripline for 50 < 2 < 82,

betwesn VI and Y271 or between 5271 and Y¥¥T1 because the measured proton
separation energy is -21 = 77 keV for %711 [105].

The surprisingly large vncertainty of the location of the dripline in this mass
region demonstrates the fact that there is no easy signature for the dripline. The
fairly shallow reduction of the separation energy as a function of isotopes requires
high resolution mass measurements. For example, table 4 lists the proton separation
energies for neutron deficient holmium isotopes [105]. The separation energies for
H2-M8 1y have to be extracted from roass measurements and extrapolations with
uncertainties of hundreds of keV. In contrast, the direct observation of the proton
emission of 1 Ho [152] and “OHo [139] allows an accurate determination of the
separation energy.

The ohservation of ground state proton emitters which were first discovered in
this mass region [153] is thus a great spectroscopic tool. However, in terms of the
dripline, the discovery of proton emitters only establishes that these nuclei are beyond
the dripline. The actual location of the dripline has to be determined from mass

Table 4. Proton separation energies for neutron-deficient bolrium isotopes.

fsotope 5, (keV}
140 ~1004 ok 10
141 Byl i
142 <554 & BBS
143 -390 & 54D
144 163 o 857
145 <113 & 300
146 H568 & 201
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measnrements which are significantly more difficult.

With the recent developments in the different mass measursment fechniques
{154, 155] and the application of digital pulse processing [140] to access even shorter
lived proton emitters the proton dripline for at least the odd-7 nuclei should be
determined in the near future,

Table 4 also indicates ancther interesting phenomenurn, Le. the possibility that
the deipline is not continuous within an isotope chain. *Ho could be unbound with
M40 being bound again. This is similar to the case of 7B,

4.4, Hesvy Nuclei: 85 < Z

This mass region is dominated by o emitiers and so far no ground-state proton emitters
have been observed. Again all nuclel are populated by fusion evaporation reactions.
Table 5 shows the lightest observed isotopes and the reaction with which they were
first observed. 1t should be mentioned that proton radicactivity has been observed in
this mass region from an intruder state in " Bi [170]. Also, the observations of two
heaviest isotopes 2 Cm and M Bk have been observed only very recently [169, 168] and
are the only nuclel included in the present review which have not yet been published
in a refersed journal.

Figure 14 shows nuclel along the dripline up to Z = 97. As in figure 11 the solid
line corvesponds again to the experimentally determined dripline. The dripline has
besn reached for all odd-Z nuclel up to protactinivm. The location of the dripline for
even-7 nuclel is still unknown. The extrapolations [105] (dashed line) for these muclei
do not extend to negative separation energies and the dripline is most likely located
towards even more neutron-deficient isotopes.

In contrast to the medium mass regions, the dripline for odd-Z nuclei is
experimentally known in this mass region because most of these nuclel decay by o
erpission. The accurately measured o-decay energy can be linked to more stable nuclei
where high resolution mass messurements are possible.

With the possibility that '* AL might be bound by 117 & 189 keV {striped square),

Table 5. Lighest presently observed isotopes for 82 < 2 « 88, The production
renction, laboratory and reference of the first observation are listed.

%o lsuotope  Beaction Laboratory  Reference
& g BNRM Mo dn) Gl 156}
84 MEpo MENgIOr gy G5l 157]
g5 Wiay MIpgBipe ) IYPL 158
86 Rn MENAP R0 JYPL 159
EYA L IR L S A Y RIKEN 160
88 ga UOYRYAran) JYFL 161
L I TR L R g Y ) JYFL 162
gp PORpn IBEWRG g JARRI 163
g1 Hipy  IERWEC) 5y JAERY 164
92 My BEIWA0 Ay B JINR 165
93 WNp  0EONe dn) JINR 166
g4 FEpy  HEpRMage dn) JINK 167
5 Boam ALY AL 30 BK{a)  RIKEN 168
96 BECm WP AL 5 G851 169
97 ipk WAL ArSn) HIKEN {168
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Figure 14. Nuclel st and beyond the proton dripline for 82 < 2 < 98,

195 At could be an unbound nucleus (S, = -234 # 15 keV) surrounded by bound nuclei.

For nuclel beyond wranium, the deipline is out of reach for all nuclei. However,
it should be mentioned that in the region of the superheavy nuclei {Z » 110} the
produced nuclei are again closer to the dripline [171].

4.8, Predictions of the Proton Dripline

The location of the driplines is divectly related to the nuclear masses determined by
squations 4 and 5. A recent review compared the predictive power of the commonly
used global mass models in detail {155, Thus the different models will not be
discussed here and only a few representative models will be compared to demonstrate
the theoretical uncertainties in the prediction of the proton dripline. It should be
mentioned that the dripline can be caleulated fairly accurately from the binding
energies of analog neutron-rich nuclei and Counlomb energy shifts [172].  However,
this method can only be applied in mass regions {Z < 30) where the binding energies
of the analog nuclel are well known.

Figure 15 shows the deviations of the empirical model based on p-n interaction by
Tachibana et al. (TUYY) [18], the finite-range droplet model (FRDM) [173], and the
Hartree-Fock-Bogolvubov model (HFB-2) [174] from the exirapolated masses of the
AMEZ003 atomic mass evaluation [105]. The agreement of the three models is quite
good over the whole chart of nuclei, The figure shows the deviations for the odd-7
{top) and the even-Z (bottom) nuclel separately.

With a few exceptions the dripline for odd-Z nuclei is reproduced within one
nentron up to tin. Even beyond tin up to lutethium the deviations are not more than
two neutrons. Considering that the uncertainty of the extrapolated dripline in this
region can be as large as four neutrons {see table 4) these deviations are probably not
significant. The mean standard deviation of the models for known masses is on the
order of a few hundred keV [155].

The ealculations seem to be even better for the even-Z nuclei. Neither of the
models deviates by more than two neutrons all the way up to lead. With the exception
of the HFBR-2 model in the heavy mass vegion, most of the deviations are towards
negative values which is due to the fact that for many of the even-Z isotopes the mass
evaluation does not extrapolate to negative separation energy. This suggests that
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Name- N

Figure 15. Difference of the calculated location of the dripline for odd-Z
(top) and even-Z (bottom) nuclei between the extrapolation by the recent mass
evaluation N 4p7g ([105)) and the three mass models indicated in the figure.

the predictions of these models are probably correct and that the dripline is actually
located at even more neutron-deficient isotopes.

Even the large deviation of 4—6 neutrons beyond lead are most likely due to the
limited extrapolation. Figure 2 of reference [175] shows that the known two-proton
separation energies for even-even nuclei in this mass region do not extend to the proton
dripline.

4.6. Exzotic Decay Modes

Ground-state two-proton radioactivity has been predicted already in 1960 [22]. This
decay can occur in even-Z nuclei beyond the proton dripline where the pairing
energy between the last two protons causes the one-proton decay channel to be
energetically forbidden or at least strongly hindered. The emission of the two protons
can theoretically proceed through several mechanisms [176, 177]. The simultaneous
correlated emission of a “di-proton” competes with the direct three-body breakup and
the sequential binary decay if energetically possible. Searches for short-lived ground
state “di-proton” emitters in the light mass region as well as for real two-proton
radioactivity in medium mass nuclei have been unsuccessful [13] until recently.
Several theoretical calculations predicted that the best candidates for two-proton
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radioactivity were “°Fe, *8Ni and 5{Zn [20, 178, 172]. Finally, in 2002, over 40
years after the initial prediction evidence for this exotic decay was reported for 45Fe
[124, 125].

Figure 16 shows the one-proton and two-proton separation energies for the N =19
isotones (top) and the relations between “°Fe, *Mn and *3Cr (bottom) as calculated
within HFB-2 [174]. The figure shows that the pairing effect is responsible for the
possible occurrence of two-proton radioactivity. While the decrease of the two-proton
separation energy towards the dripline is smooth, the one-proton separation energy
is larger for even-Z nuclei compared to odd-Z nuclei towards the dripline. When the
crossing of S, and Sy, occurs at the dripline the nucleus (4°Fe) is bound with respect
to one-proton emission but unbound with respect to two-proton emission.

The recent experiments did not observe the individual protons, so that the
exact decay mode of *°Fe is not clear. In order to rule out direct three-body
breakup, the angular correlation of the two emitted protons has to be measured. The
sequential emission of two protons depends critically on the one proton separation
energy of °Fe. In all previous two-proton emission experiments where intermediate
states were energetically allowed, no evidence for correlated emission was observed
[87, 106, 179, 180, 181].

The one-proton separation energy of 180 keV shown in figure 16 seems to indicate
that for 4°Fe the sequential decay channel is clearly not open. The AME2003 [105]
quotes a similar value of 110 keV, however, it has a large uncertainty of 550 keV. The
more detailed calculations predict the single proton separation energy to be between
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Figure 16. One-proton (------ ) and two-proton ( ) separation energies for

N = 19 isotones (top). Decay scheme for the potential two-proton emitter 45Fe
(bottom).
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-24 keV and 10 keV [20, 178, 172]. Even if ®Fe is unbound with respect to one proton
emission, the very small decay energy would lead to an extremely Jong lifetime for this
decay mode. Thus, **Fe is an ideal case to finally observe di-proton emission.

Two proton radivactivity is so rare and hard to observe because the energy window
for this is rather small. It is a delicate balance between a decay energy which is too
high, leading to an unobservable fast decay on the one hand and a too low decay energy,
making the decay so slow that it cannot compete with % emission. In addition to
the efforts in the Fe/Ni region, there is currently significant interest in the potential
two-proton emission of Mg [89, 104, 182}

Since it took over 40 vears to observe two-proton radioactivity, one might
speculate that even more exotic decays could exist and could be observed eventually.

As an example Figure 17 shows the one-, two-, three- and four-proton separation
energies of the N = 105 isotones (top) and the relations between the decay energies of
gy, 1904 189pg 18801 and 9T Pb (bottom) as calculated with the HFB-2 model. In
addition to the pairing effect influencing the one- and three-proton separation energies,
the two-proton separation energy is predicted to increase for **'Rn and "**Fr. Thus,
for 1R, the one-, two, and three-proton separation energies are positive, while the
four-proton separation energy is negative. This could potentially result in an emission
of a four-proton cluster. This particular case is unrealistic because already '**Bi has
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been measured Lo be an o emitter and the two-proton separation energy of '¥Po is
positive. However, figure 17 demonstrates that the interplay of the different nuclear
forces can lead to surprising results for the multi-proton separation energies and in
the region well beyond the dripline very exotic decay modes might exist.

Bven if the emission of a four-proton cluster is very unlikely, the sequential
emission of two or mote protons similar to the e-decay chaing could become observable
onee even-Z nuclel significantly beyond the proton dripline become accessible.

5. Neutron Dripline

The first exotic nucleus observed on the neutron-rich side was 'C [183] with a (t.p)
reaction on a radioactive Y10 target. An exotic nucleus is here defined as a nucleus
that is more than one proton or neniron away from the valley of stability,

Figure 18 shows the chart of nuclei for stable and neutron-rich nuclei up to calcium
7= 90, Stable nuclel are shown in black, bound nuclel in dark-grey and unbound nuclei
in light-grey. For the circled Hght grey unbound nuclel spectroscopic measurements
have been performed. The experimentally determined dripline is shown by the thick
Black line. The dashed line shows the most likely location of the dripline, but which has
strictly speaking experimentally not been confirmed. The dashed squares are nucle
which could be either bound or unbound based on the uncertainties of the AME2003
extrapolations [105]. The grey line shows the dripline as predicted by the mass model
of Tachibana ef al. [18].

In the present review only nuclei up to Z = 20 (calcium) will be discussed,
because beyond caleium the dripline diverges significantly from the reach of current
accelerators.

Following the usual description of the neutron dripline in terms of elements, it is
commonly belisved that the neutron dripline has been reached for all elements up to
oxygen. The last dripline nucleus is **O which was already discovered in 1970 [63]. If
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it turns out that 3!'F is the last stable fluorine isotope [184], it will have taken almost
30 years to push the dripline limit from Z=8to Z= 9.

However, the observation of a certain isotope is not sufficient to determine the
location of the dripline. In addition it is necessary to prove that the next isotope is
unbound and thus beyond the dripline. If the neutron dripline is discussed in terms of
elements even this is not sufficient. In order to show that 22O represents the dripline, it
had to be shown that 2°0 [29], 260 [31] and even 280 [185], which had been predicted
to be bound due to the shell effects, are unbound.

As mentioned in section 2.4 it is more appropriate to discuss the neutron dripline
in terms of isotones, just like the proton dripline was discussed in terms of isotopes.

5.1. Isotones with N < §

According to the above definition, the first exotic dripline nucleus observed was 8He
[186]. With a neutron to proton ratio of 3, 8He can also be considered the most
neutron-rich bound nucleus. The location of the dripline was then established for
the isotones 4 < N < 8 with the “non-observation” of °H [27], "He [52], "H [187],
10L; and 1°He [52]. With the dripline so close to the valley of stability, spectroscopic
measurements were also performed for these nuclei. From the width of the measured
resonances lifetimes of > 1.3 zs (°H, [188]), 4.4 zs ("He, [189]), 0.022 zs ("H, [83, 126]),
> 2.9 zs (1°Li, [190]) and 3.9 zs (:°He [84]) were extracted (1 zs = 1072 s). With the
exception of "H these nuclei have lifetimes which are long compared to the nuclear
time scale (~ 10722s) and should be considered nuclei. The resonance parameters for
5H are still controversial [191, 192]. The lifetime for "H of 2.2 -10~%3s was extracted
from an estimated peak width of 20 MeV [126] and was not quoted in the original
paper [83]. Within the present definition of a nucleus “H certainly does not qualify.

Spectroscopic measurements were even performed on ®H [75, 193] and °He
[74, 194]. In addition to *H [192] these are presently the only measured nuclei within
an isotone chain which are removed from the dripline by two nucleons.

The discussion if these extremely short-lived nuclei can be viewed as nuclei at all
has to address another issue concerning unbound nuclei beyond the neutron dripline.
In absence of the Coulomb barrier, the only force holding an unbound neutron to the
nucleus is the centrifugal force due to the angular momentum. For nuclei between 2
< N < 8 the last neutron should fill the p-shell, i.e. have an angular momentum of
one. The angular momentum barrier for an [ = 1 neutron and a decay energy smaller
than ~1 MeV results in lifetimes of the order of 1072!s (see also figure 5).

However, already in 1960 Talmi and Unna explained the spectrum of ! Be [195]
by an inversion of the 1p-shell with the 2s-shell. This level inversion is not an isolated
occurrence but continues for N = 7 isotones beyond the dripline [70, 194, 196]. The
unbound neutron in the ground state of !°Li and °He is in the s shell and has zero
angular momentum. Thus, there is no barrier which prevents the neutron from being
emitted. The definition of a lifetime based on the width of a resonance is not valid
anymore. These nuclei can only be described as scattering states, or virtual resonances.

The most famous dripline nucleus is probably !!Li. The initial assumption that
it was unbound lead to a misidentification of !?Be [51]. !!Li, together with *1°B
was first observed in a spallation reaction [52]. The lifetime of 8.5+1 ms was first
measured in 1969 [56]. However, it was the observation of its unexpected neutron halo
structure [197] that sparked the tremendous interest in the field of exotic nuclei. The
structure and nature of the halo in !'Li has since been studied extensively (see for
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example reference [198] and reference therein).

Following the observation of !!Li as a two-neutron halo, many other neutron-rich
nuclei for example !>'“Be and !°C have been identified as two-neutron halos (see
references in [11]). 1*Be can even be viewed as a four-neutron halo with a '°Be core.
The breakup of Be into 1°Be and four neutrons has been measured and resulted in
the surprising evidence for the observation of a four-neutron cluster structure [199].

5.2. Isotones with 8 < N < 20

Initially the dripline was first explored with proton spallation reactions, however,
starting from N = 14, projectile fragmentation is essentially the only method to
explore the dripline. Table 6 shows the nuclei at and beyond the dripline together
with production mechanism of the first observation, or non-observation. Although 28F
was stated as being unbound in reference [200] it was not explicitly shown. However,
later it was confirmed that 28F is indeed beyond the neutron dripline [184]. !®Be is
presently the heaviest neutron unbound nucleus where spectroscopic information has
been measured [72].

As can be seen from table 6 the dripline has not been unambiguously measured
for N = 10. Although not observed in the data of references [32, 202], the authors
could not conclusively determine that !3Li was unbound. Thus, strictly speaking,
the neutron dripline has only been established up to N = 9. Again, at N = 14, the
non-existence of 1*Be has not been shown. However, extrapolations of the existing
surrounding nuclei make it very unlikely that either of these two nuclei (*3Li, !®Be)
are bound. Otherwise the neutron dripline has been mapped very well in this mass
region.

The most interesting feature of the dripline in this mass range is the change of
the shell structures. The inversion of the p and s shell for the ground states of the N =
7 isotones close and beyond the dripline reflects the disappearance of the N = 8 shell
gap. It was a first indication that the classical shell structure derived from properties
of nuclei along the valley of stability changes significantly for neutron-rich nuclei.

The disappearance of the N = 20 shell at the dripline is responsible for the fact

Table 6. Last bound and first unbound isotones along the neutron dripline
for 8 < N < 20. The nuclei are produced by target spallation (SP) or projectile
fragmentation (PF). The production reaction and reference of the first observation
are listed.

N Bound Reaction Reference First Unbound Reaction Reference

9 B SP 52] 13Be SP [53]
10 4Be SP 32] —

1 Yc SP 53] 16 SP 32)
12 7B SP 32] 16Be PF 201]
13 19C SP 202] 18 PF 203]
14 °B PF 203] —

15 22N PF 204} 21c PF 29]
16 22C PF 205] 2l PF 206}
17 26F PF 204] 250 PF 29]
18 ?7F PF 28} 260 PF 31]
19 2?Ne  PF 29] 28p PF 184)
20 2F PF [200] 280 PF 185)
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that the otherwise double magic nucleus 220 is unbound. Even 260 is not bound. It
should be mentioned that as early as 1970 it was predicted that, contrary to other
calculations [207, 208] 240 should be the last particle stable oxygen isotope [63].

The first evidence of the unbound character of 260 was reported in 1990, however,
the same measurement also concluded that 3!Ne would be unstable [31]. In 1996 it
was confirmed that 2O was indeed unbound [209].

The question of the instability of the 260 and 280 resulted in a detailed survey
of this mass region. For the three isotones 17 < N < 19 the instability of nuclei with
two neutrons away from the dripline was reported with 24N [205], 2°N, and 27O [184].
Indications for the instability of 270 [185] had been reported in the search for 220.

Connected with the disappearance of the N = 20 shell gap is the appearance of
a new gap at N = 16. A survey of neutron separation energies, in addition to other
evidence, showed clearly the emergence of a new shell gap for oxygen isotopes at N =
16 [210]. In a plot of two-neutron separation energies the shift of the gap from N = 20
to N = 16 can be seen [211]. Another indication for the existence of this shell is the
fact that N = 16 corresponds to the last bound nucleus not only for oxygen (**O) but
also for nitrogen (2*N) and even carbon (22C). It has been speculated that because of
this shell gap !B might be bound. However, a recent experiment could not find any
evidence for the existence of 2! B [206].

There are also experimental indications that another gap exists for N = 14 [212].
The existence of !°B could be evidence for additional binding due to this gap. However,
it also might be a motivation to search for the potential existence of 18Be.

The disappearance and appearance of these shells along the neutron dripline can
be accounted for by recent shell model calculations [213]. In the near future more
spectroscopic data of unbound nuclei beyond beryllium should become available, which
would solidify the shell model calculations.

5.8. Isotones with N > 20

The dripline for odd-N nuclei has experimentally unambiguously been determined
up to N = 27. The heaviest observed dripline nucleus up to date is probably 43Si or
maybe even 4P. For even-N nuclei the location of the dripline has not been established
beyond N = 20 although it is very unlikely that 3°O could be bound. Table 7 lists the
bound and unbound isotones for 20 < N < 36.

The present approach to question the unbound character of 300 seems extreme:
However, extrapolations from known properties to predict the location of the dripline
are unreliable. For example, the measured very short S-decay half-life of 3*Na of 1.5
ms [58], which is the shortest 8-decay half-life measured so far, lead to the assumption
that 37Na should be unbound. Nevertheless, it was subsequently observed to be bound
[214, 215]. The mass measurement of *!Si [216] corresponds to a negative one-neutron
separation energy of -20 & 1930 keV [105]. Although this value is consistent with the
observation that 4!Si is bound [200], one would expect *3Si to be unbound (-190 +
860 keV, [105]). However, 43Si is also bound [214].

The question where the dripline is located for N = 24 is the same as where the
dripline is located for Z = 9, i.e. is 33F bound or not. If it is bound it would be
the first case on the neutron-rich side where a gap in an isobar chain occurs (**Na is
unbound). These gaps certainly do exist for heavier masses along the neutron dripline
and it is just a question for which mass it occurs for the first time. Along the proton
dripline such gaps appear for the first time for masses above A = 40.
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Table 7. Last bound and first unbound isotones along the neutron dripline for
20 < N < 36. The nuclei are produced by target spallation (SP), projectile
fragmentation (PF), or projectile fission (FI). The production reaction and
reference of the first observation are listed.

N Bound Reaction Reference First Unbound Reaction Reference

21 3!Ne PF 33} 30p PF [184]

22 3F PF 184] —

23 3Na  SP 58] 33Ne PF [214, 215)
24 34Ne PF 214, 215] — PF

25 3"Mg PF 33] 36Na PF [214, 215]
26 3"Na PF 214, 215) —

27 40Al PF 217] 39Mg PF [214]

28 41Al PF 217] —

29 43gj PF [214] —

30 45p PF 218] —

31 46p PF 218] —

32 g PF 218] —

33 SlAr PF 200] —

34 Sal PF 218] —

35 54K SP 58] —

36 56Ca  FI 76) —

The next interesting question regarding the location of the dripline in this mass
region is the presence of the N = 28 shell gap. Will the gap persist towards the dripline
and influence the stability of “°Mg and 3°Na? Evidence for a weakening of the shell
gap has been reported for neutron-rich nuclei not located directly at the dripline
[216, 219, 220]. Most global mass models (see for example references [18, 173, 174]) as
well as the AME2003 [105] predict °Mg to be bound. The non-observation of “°Mg
would thus be additional strong evidence for the weakening of the NV = 28 shell at the
neutron dripline.

For nuclei beyond the N = 28 shell the dripline may have been reached for the
odd-N nuclei but certainly not for the even-Z nuclei. While a few more dripline nuclei
will be produced in the near future, major advances will have to wait for second
generation radioactive beam facilities (see section 7).

5.4. Predictions of the Neutron Dripline

Since the driplines will not be accessible much beyond N ~ 28 in the near future the
predictions of the neutron dripline for heavier nuclei by the different mass models can
not be tested. Thus they will be discussed here only briefly.

Figure 19 shows the neutron dripline for the same global models presented for the
proton dripline: the empirical model by Tachibana et al. TUYY [18], the finite-range
droplet model (FRDM) [173], and the Hartree-Fock-Bogolyubov model (HFB-2) [174].
In order to show the differences between the models the curves are offset with respect
to each other by their linewidths.

The valley of stability on the neutron-rich side is much shallower than on the
proton-rich side (See figure 3). Thus assuming the same uncertainties in the models
the uncertainty of the location of the neutron dripline covers a larger range of neutrons.

In order to compare the models more quantitatively, the difference of the FRDM
and the HFB-2 from the TUYY model were calculated. A comparison with the
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AME2003 as was done for the proton dripline in figure 15 is not possible because
the heaviest extrapolation for a nucleus beyond the neutron dripline is for 493 First,
the differences are shown in the usual description of the dripline as a function of Z.

Figure 20 shows deviations of up to 15 neutrons for the location of the dripline

which is significantly worse than the deviations for the proton dripline. However, as
has been mentioned already before, the location of the dripline as a function of Z is
problematic. Because of the odd-even staggering due to the pairing effect it is hard
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Figure 19. Neutron dripline predicted by the mass models indicated in the
figure.
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Figure 20. Difference of the calculated location of the first isotope beyond
the dripline between the mass model of Tachibana, Uno, Yamada, and Yamada
(TUYY) and the two other mass models indicated in the figure.
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Figure 21. Difference of the calculated location of the dripline for odd-N (top)
and even-N (bottom) nuclei between the mass model of Tachibana, Uno, Yamada,
and Yamada (TUYY) and the two other mass models indicated in the figure.

to define the exact location of the dripline. For figure 20 the dripline was defined as
the first occurance of an unbound nucleus.

To be consistent with the proton dripline, the deviations of the neutron dripline
between the models should be displayed as a function of N. Figure 21 shows these
differences for odd-N (top) and even-N (bottom) nuclei. In this presentation the
location of the dripline is fairly well defined. There may be a few exceptions where an
unbound nucleus is surrounded by bound nuclei. The effect also can potentially occur
on the proton dripline as was mentioned for example for 14Ho and %4 At.

Figure 21 shows surprisingly good agreement between the models. On the average
the deviations are less than 3 protons (note the change of scale relative to figure 20).
A larger deviation between the HFB-2 and the TUYY model occurs close to the N =
126 shell closure.

Thus the differences between the model calculations for the location of the neutron
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dripline are not as large as commonly believed.

5.5. Exotic Structures and Decay Modes

Even though the di-neutron is unbound it has been speculated that even larger neutron
clusters might be bound. The existence of a ®n has been reported in 1965 [221] which
started speculation about the stability of *n [222].

This discussion was recently started again by an observation of four neutrons in
the breakup of !*Be into °Be. It was claimed that the data were consistent with a
four neutron cluster and all other possible background events were ruled out [199].
However, this observation has not been confirmed.

In addition to the search for large neutron clusters, a simple but exotic decay
would be neutron radioactivity. In absence of the Coulomb barrier, neutron
radioactivity has to rely on the angular momentum barrier. Even large angular
momenta will open up only a narrow energy window for the unbound nucleus to
exhibit significant lifetimes. Unfortunately, larger angular momentum states at the
dripline are populated only in heavier nuclei which are currently and maybe even in
the future out of reach.

Another possibility is the di-neutron decay. The di-neutron decay has the
advantage over the di-proton decay, that even for the smallest decay energies the
lifetimes will be small compared to 3-decay lifetimes. The decaying nucleus still has
to be bound with respect to one neutron emission and the width of this intermediate
state has to be narrow in order to rule out sequential two neutron emission. The
relation between the one- and two-neutron separation energies and the decay schemes
is equivalent to the di-proton emission shown in figure 16.

It might be that already '®Be is a di-neutron emitter. '®Be is extrapolated [105]
to be bound with respect to one-neutron emission by 191 + 711 keV and unbound
with respect to two-neutron emission by -1581 £ 520 keV.

Essentially all of the even-N nuclei along the dripline could be di-neutron emitters
depending of course on the ground-state properties of the intermediate state. All three
mass models chosen as examples for this review predict 4>Mg to be a di-neutron emitter
[18, 173, 174]. In addition, 3°F [18], **Ne, and 3*Na [174] could also decay by emitting
a correlated di-neutron.

Of course, if di-neutron emission is possible one can also speculate about the
tetra-neutron emission. Even if the free tetra-neutron is not confirmed, the possibility
for the emission of a correlated four-neutron cluster from a neutron-rich nucleus is
not excluded. The FRDM does indeed predict 3¥Ne and Mg to be unbound with
respect to four-neutron emission but bound with respect to one-, two- or three-neutron
emission. Although these nuclei are necessarily four neutrons beyond the dripline, they
might be in reach for future generation facilities.

6. Astrophysical Implications

The importance of the understanding of nuclei along the driplines for the astrophysical
rapid proton capture process (rp-process) and the rapid neutron capture process (r-
process) is currently one of the most interesting problems in nuclear physics. There
are excellent reviews [223, 224] and the details of these processes will not be described
here. Actually, in the following it will only been shown that the location of the driplines
themselves bear very little importance for these processes. This does not mean that
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the nuclear structure of the nuclei at and even beyond the dripline are not extremely
important for the rp- and the r-process.

6.1. rp-process

The rp-process is responsible for powering stellar explosions such as X-ray bursts and
follows very closely the proton dripline. It consists of a combination of radiative proton
capture reactions (p,v) and 3-decays. Waiting points occur when the (p,y)/8 sequence
reaches the proton dripline and the last nucleus at the dripline has a long lifetime.
The lifetimes of the waiting point nuclei determine the duration of the rp-process and
the shape of the X-ray burst light curves.

Although very closely related to the rp-process, the exact location of the dripline
is not relevant. Figure 22 shows as an example the situation for the waiting point
nucleus %8Se. The figure depicts three different scenarios for the separation energy of
89Br: (a) S, < 0, (b) S, =0, and (c) Sp > 0. In all cases it is assumed that "°Kr is
bound with respect to one- and two-proton emission, which is a reasonable assumption
for all even-Z nuclei along the rp-process path.

If %9Br is unbound, a minimum proton energy (equal to S,) is necessary in order
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Figure 22. Possible decay schemes involving the rp-process waiting nucleus %8Se,
assuming: (a) Sp < 0, (b) Sp = 0, and (c) Sp > 0 for 8°Br.
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Figure 23. Stellar lifetime of %8Se as a function of the *Br proton separation
energy Sp (adapted from reference [223]). The arrows refer to the energy schemes
of figure 22.

for the first capture reaction to proceed. This initial reaction can either be followed
by a second proton capture populating 70Kr, or the proton can be re-emitted decaying
back to %8Se. The initial capture cross section decreases with increasing separation
energy and the probability to decay back increases as the separation energy increases.
Both effects reduce the probability of bridging the waiting point by sequential two
proton capture.

On the other hand, if ®Br is bound, no minimum energy is required and the
direct proton capture can populate states in 5*Br which cannot or are very unlikely to
decay back to ®8Se. Thus, once captured, 89Br will deexcite to its ground state where
it can capture the second proton to continue the rp-process to heavier masses.

The situation where S, = 0 is not a singularity and has no special significance
as it applies to the stellar lifetime. For low temperatures (T < 2 GK) during the
rp-process the total decay width for a waiting point nucleus with proton number Z is
given by [223]:

Atotal = Ag(zy +9(T) * € * < py>z41 (6)

The overall stellar lifetime of %8Se (7stettar = B/Mtotar) in this environment depends
on the B-decay width of %®Se (Ag(z)) and the proton capture rate on **Br. g(T) is a
smooth function of temperature. The most important parameter is the exponential
factor.

Figure 23 shows the overall stellar lifetime of %8Se at a temperature of 1.5 GK
and a density of 106 g/cm®. The figure was adapted from the review by Schatz et al.
[223]. The three arrows indicate the location of the three scenarios of figure 22. It is
obvious that there is nothing special about the point S, = 0. The overall lifetime of
the waiting point nucleus already begins to decrease while the intermediate nucleus
89Br is still unbound. The actual crossing of the dripline is just an undistinguishable
point along the decreasing lifetime.

Sp/kT
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Nevertheless it is crucial to measure the masses of all three nuclei involved (%% Se,
8Br and 7°Kr) in order to determine if a particular nucleus (%¥Se) is a waiting point
along the rp-process path.

6.2. r-process

The r-process is the equivalent process on the neutron-rich side. It consists of a rapid
succession of radiative neutron capture processes until it reaches very neutron rich
nuclei where the (n,y) process is in equilibrium with the inverse (y,n) process, at which
point it continues by B-decay [224, 225, 226]. The r-process follows approximately a
path along nuclei for which the neutron binding energy is ~ 2—4 MeV.

Figure 24 shows a possible r-process path, assuming it follows along nuclei with
neutron separation energies of 3 MeV, for the three different global mass models used
as examples in this review.

The figure demonstrates the importance of the detailed nuclear structure. The
question of the disappearance of the standard shell gaps and the possible emergence of
new gaps is crucial for the r-process path. Nuclei with neutron shell gaps are waiting
points for the r-process because the separation energy for the next isotope beyond the
magic number is small and the lifetimes of the shell gap nuclei are long. If the shell
gaps vanish, the waiting points disappear and the path changes significantly resulting
in different distributions of the final abundances [227].

The discussion of the neutron dripline in terms of neutron numbers chosen in this
review is not adequate for the r-process. The r-process follows isotopic chains via the
neutron capture reactions. The balance between (n,y) and (v,n) reactions occurs for
nuclei with the same Z. The r-process proceeds via $-decay as soon as the neutron
separation energy drops significantly below 3 MeV (for the current example). Thus,

E 90
Q -
g n
I
a,
70
50 =
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30—
50 70 90 110 130 150
neutrons

Figure 24. Location of the r-process assuming a path of nuclei with S, =3 MeV
as predicted by the mass models indicated in the figure.
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Figure 25. Difference of the calculated location of the r-process (assuming a path
along S, = 3 MeV) between the mass model of Tachibana, Uno, Yamada, and
Yamada (TUYY) ([18]) and the two other mass models indicated in the figure.

for the r-process a description similar to figure 20 instead of figure 21 has to be chosen.

The deviations between the models for the constant Z description was significantly
larger than the constant N description. Figure 25 shows the difference between the
models for the location along an isotopic chain, where the neutron separation energy
drops below 3 MeV for the first time.

The deviations follow closely the trend of the neutron dripline shown in figure 20,
however, although still significant, the magnitude of these deviations is not quite as
large as for the dripline. This is due to the fact that obviously S, = 3 MeV is closer
to the valley of stability then S, = 0 MeV, and the divergences of the mass model
extrapolations are smaller.

While the neutron dripline may potentially never be reached in the mass region
of the r-process, the r-process path has already been explored for nuclei at the N = 82
shell and it is anticipated that the major part of the r-process path will be mapped
with the next generation radioactive beam facilities. The most important nuclear
quantities that have to be measured for nuclei along the r-process are the masses to
determine the neutron separation energies and the lifetimes.

7. Future of Dripline Studies

The present day facilities will not be able to push the knowledge of the driplines much
further. Increases of primary beam intensities at projectile fragmentation facilities
might discover a few more isotopes at the proton dripline below Z = 50 and at the
neutron dripline for N < 30. The possible observation of proton dripline nuclei above
Z = 50 using projectile fragmentation [228] could be explored further and might
compete with fusion evaporation reactions. Improvements of the sensitivity of the
fusion evaporation reactions could lead to the observation of a few more new isotopes
at the proton dripline above Z = 50.

Significant advances have to wait for the next generation radioactive beam
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facilities. Many different approaches are currently being pursued, for example the
Radioactive Ion Beam Factory at RIKEN [229] and the International Facility at GSI
[230] as projectile fragmentation facilities and next generation ISOL type machine
EURISOL [231]. The proposal for RIA, the Rare Isotope Accelerator in the US.
combines the two approaches [232].

These new facilities will be able to produce hundreds of new nuclei, most of them
towards the neutron dripline.

7.1. Proton Dripline

It is important to distinguish between observing new nuclei at and beyond the dripline
and measuring the dripline itself. As was pointed out earlier, the actual location of the
proton dripline is virtually unknown beyond Z = 12. In order to determine the proton
dripline, high resolution mass measurements of the nuclei at and beyond the dripline
are necessary. Recent advances in storage rings [233] and ion traps [234, 235] resulted
in many new measured masses during the last few years. Over 300 new masses have
been reported since the mass evaluation of 1997 [236] and they are included in the
most recent NUBASE evaluation [126]. It is conceivable that the proton dripline for
at least the odd-Z nuclei will be mapped experimentally within the next few years.

The observation of new nuclei beyond the dripline and the determination of the
actual location of the limit of nuclear existence is probably harder. In the heavy mass
region (Z ~ 80) nuclei with lifetimes of the order of picoseconds can be located up to
~ 11 neutrons away from the driplines [175].

Figure 26 shows the presently known nuclei (black squares), the dripline calculated
by TUYY [18] (dashed line), and a simple extrapolation of the lifetime limit of ~ 107 9%
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Figure 26. Reach of the proposed rare isotope accelerator RIA at and beyond
the proton dripline.
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(solid line). The grey squares show the estimated reach of the proposed Rare Isotope
Accelerator with a production limit of approximately one nucleus per day. The figure
shows that RIA will be able to map out the whole dripline including all even-Z nuclei
up to Z = 80. RIA has the potential to produce well over 200 new nuclei most of them
beyond the proton dripline. About 100 nuclei will still be out of reach.

In addition to the direct production of these nuclei via projectile fragmentation,
the high intensities for radioactive nuclei closer to the dripline will potentially make
fusion evaporation reactions with these nuclei possible. Thus the limitation of stable
projectiles shown in figure 9 is not relevant anymore and new nuclei at and beyond
the proton dripline might also be populated with fusion evaporation reactions with
radioactive projectiles. The expected reduced beam intensity might be compensated
by the choice of evaporation channels with larger cross sections. For nuclei beyond Z
~ 80, this might be the only chance to further explore the proton dripline.

7.2. Neutron Dripline

The neutron dripline is significantly harder to reach than the proton dripline. Even
RIA will not be able to produce all bound neutron-rich nuclei. Figure 27 shows the
presently observed nuclei (black squares), the neutron dripline predicted by TUYY
[18] (solid line) and the nuclei expected to be populated at RIA with a rate of one per
day (grey squares). It is expected that RIA will reach the dripline (depending on the
model) up to Z ~ 30 (N ~ 60) and the last sighting of the dripline could be at N ~
88.

For the mass region shown in the figure (Z < 50) approximately 400 new nuclei
will be produced with hundreds more above Z = 50. However, the neutron dripline
itself will be out of reach. Potentially the only chance to advance the knowledge of
the neutron dripline even further is secondary fragmentation or secondary fission of
radioactive beams. This concept is currently being explored for the next generation
European ISOL facility EURISOL [237].
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Figure 27. Reach of the proposed rare isotope accelerator RIA at and beyond
the neutron dripline.
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8. Conclusion

There are at least three different definitions of the driplines. In the present review the
dripline was defined as the zero crossing of the neutron or proton separation energies.
Others use the typical nuclear timescale of 107225 as the definition of the dripline,
whereas in this review this timescale is referred to as the limit of nuclear existence. A
third definition is the condition that the nucleus must be directly observable (> 10~°%s).

The first and the third definition are identical for the neutron dripline. The
second definition would include several light mass nuclei with lifetimes of < 10722s.
It is not easy to set a sharp limit and the recent charts of nuclei include even nuclei
with lifetimes as short as 10722s.

The location of the proton dripline when defined as S, = 0 is experimentally not
well determined. However, this is not critical, because the location of the dripline
itself does not have any practical implications. Due to the Coulomb barrier there is
no unique experimental signature. Several mass measurements of nuclei in the vicinity
of the dripline are necessary in order to locate the S, = 0 dripline. The definition of
the dripline related to direct observation is in a sense arbitrary because it will change
with time as experimental techniques improve.

No major breakthroughs are expected for the observation of new nuclei at and
beyond the dripline in the near future. The improvements of mass measurements
should be able to establish the exact location of the proton dripline (S, = 0) for many
more nuclei. The neutron dripline might be extended by a few more isotones (or
isotopes) with increases in primary beam intensities. In the light mass region neutron
and proton coincidence measurements of nuclei beyond the neutron and proton dripline
will yield new spectroscopic information. The elusive di-proton emission is finally
within experimental reach and additional cases might be found.

However, significant advances will have to wait until the next generation
radioactive beam facilities are completed. Overall they will be able to produce more
than a thousand of new nuclei. About 200 new nuclei beyond the proton dripline
and approximately 400 new nuclei at or very close to the neutron dripline will be
accessible.
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