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Abstract

The limits of nuclear stability have not been reached for most elements. Only for the lightest
elements are the minimum and maximum number of neutrons necessary to form an isotope
for a given element known. The current limits, novel features of nuclei at these limits as well
as the future possibilities of pushing these limits even further will be discussed.
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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 a 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
(~10MeV/nucleon), the two nuclei can fuse into a compound system which starts rotating due
to the collision. Very fast rotating nuclei can change their shapes 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 cease to exist as individual identifiable entities. A new
form of matter, a plasma consisting of quarks and gluons may be formed [4-6].

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 increasingly heavier elements [7-9]. Just as interesting is the question of what is the largest
or smallest number of neutrons () 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 reach and explore 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
[15-17]. It has been customary to use the word isotope synonymously with nucleus. Strictly
speaking, isotopes are defined as nuclei with the same number of protons (Z = 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).
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Figure 1. Chart of nuclei: stable (black), presently observed (dark-grey) and still unknown nuclei
as predicted by Tachibana et al [18] (light-grey) are shown. The Z = 28 isotopes, N = 82 isotones
and A = 100 isobars are indicated by the horizontal, vertical and diagonal line, respectively.

The chart of nuclei shown in figure 1 displays the nuclei as a function of neutron number
and proton number. 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 are 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 by radioactive
decay with different lifetimes that range 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, A = 5 and 8 for which there are no stable isobars and A = 96 which has
three stable isobars (**Ru, *Mo, %°Zr). Over 2500 of these nuclei 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.

Isobars with the lowest mass are stable where the mass is given by (see also top part of
figure 4):

E
M = Zmy + Nm, — — (1)
C

with my = 938.8 MeV/c? and m, = 939.6MeV/c?. Ejp corresponds to the binding energy
which is unique for each nucleus. Changing protons into neutrons or neutrons into protons
increases the mass (or energy: E = Mc?) of the stable isobars and reduces the binding energy.
The binding energy per nucleon (Eg/A) corresponds to the average binding energy for a
nucleon within the nucleus. Figure 2 shows E/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 the pairing of two neutrons or two protons. Additional binding
occurs also for nuclei 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 nuclei in terms of
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Figure 2. Binding energy per nucleon (E/A) as a function of N (x-axis) and Z (y-axis). The
darker squares indicate stable nuclei.

Ep/A are ®Ni and *8Fe. Overall the binding energy per nuclei stays fairly constant around
8 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 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 S, can be calculated from the
difference of the binding energies of two corresponding adjacent nuclei:

S, = Ep(Z.N) — Eg(Z,N — 1), @)
S, = E3(Z,N) — Eg(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.
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Figure 3. Separation energies as a function of Z (increasing towards the upper left) and N
(increasing towards the upper right). For each odd—odd nucleus the numerical smaller value of S,
and S, is shown with the larger separation energies towards the negative vertical axis. The solid
lines indicate the proton and neutron magic numbers and dashed line corresponds to N = Z.

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 timescale of the strong interactions (10722 s or faster)’.
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Figure 4. Masses (top) and proton (- - - -) and neutron ( ) separation energies (bottom) for

A = 21 isotones from 2! Alg to 21C;s.

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
10722 s or faster defines the dripline’ [19]. In his recent review, 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. Brown [20] defined the
proton dripline as ‘the boundary beyond which nuclei are unbound to direct proton decay’.
This definition was also adopted in the review by Hansen and Tostevin [21]: ‘(the dripline is)
where the nucleon separation energy goes to zero’. 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 '“Be 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 B, 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 ?' Al are neutron- and proton-unbound, respectively.

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
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Lifetime (s)

Figure 5. Calculated lifetimes of '°B, '°F and '3!Lu as a function of decay energy for angular
momentaof L=0(——),L=1(----),L=2(—-—)and L =5(----- ). 1B is a neutron
emitter and '°F and '*'Lu are proton emitters.

proton or neutron itself. Similarly, «-decay refers to the decay of a nucleus by the emission of
an « particle and not the decay of the « particle itself.

The separation energy for unbound nuclei is by definition negative and the absolute value
of the separation energy corresponds to the energy of the decay: Egecay = S5, |-

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 8* lifetimes and even though a nucleus is unbound with respect to
proton emission it decays by the emission of a 8*, 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 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 '°B 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 '°F (Z = 9) only decay energies of
<100keV lead to longer lifetimes, energies of 1 to 2MeV are sufficient for '3'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 radio-
activity. Goldanskii stated that ‘107! s corresponds to an approximate limit for radioactivity
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as such’ [22]. This statement was supported later by Cerny and Hardy [23]: “...lifetimes
longer than 10!2 s, a possible lower limit for the process to be called radioactivity’.

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 10~'#s’. 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 timescales of nuclear
motion. Nuclear rotation and vibration times are of the order of 10~2? s which can be considered
a characteristic nuclear timescale [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 10722 s 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 of the order of 10~22 s [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 reason to claim its existence. Typical direct measurements
can identify nuclei with lifetimes longer than ~10~°s. For shorter lifetimes it is possible to
use the uncertainty principle relating the lifetime to the decay width I' = % /t. Typical detector
resolutions in these experiments being of the order of keV, however, limit this method to times
shorter than ~10~' s. Thus there is a wide range of lifetimes that is currently not accessible
(1071910 Y5).

The distinction between dripline and existence is not an issue at the neutron dripline.
The shortest S-decay lifetimes are of the order of milliseconds which is well in the range of
directly observable nuclei. Asshown 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 1960s there were controversies about the existence of certain nuclei.
SH was first observed to be particle-bound [26], but its existence could not be confirmed in later
experiments [27]. The first evidences for the observation of 21C and 0 [28] were premature,
and these nuclei are unstable with respect to neutron emission and are thus beyond the neutron
dripline [29]. In contrast, '“Be [30] and 3'Ne [31] were both first determined to be unbound,
but were subsequently observed ("Be [32], 3'Ne [33]). Controversial cases at the proton
dripline were, for example, 4Fe [34,35] and ®Br [36,37].

The determination of the proton dripline is much harder. Simple observation or non-
observation is insufficient evidence to locate the dripline. In order to decide whether a nucleus
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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)+My — M(Z, N). )

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. In
case of the unbound nuclei, it is sufficient to determine a lifetime limit which is shorter than
the shortest 8-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 (TUYY) [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 odd-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, e.g. 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, >’F, *°F, and 3'F are
bound, while 2F and *°F are unbound. 32F is most probably unbound. However, in order to
confirm that the dripline has actually been reached, a definite measurement of 3*F 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 3°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.
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Figure 6. Bound observed nuclei for Z < 20 (calcium). The different shadings indicate the time
of first observation of the nuclei.

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

It is obviously easiest to reach the dripline for 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 spallation (SP) reactions were used
to reach the dripline. The increased use of heavy-ion fusion evaporation reactions in the early
1970s explored more proton-rich nuclei, while in 1971 deep inelastic reactions began to extend
the knowledge of neutron-rich nuclei. However, in spite of these developments, by 1974 the
proton dripline had been only extended by one additional proton (Z = 12, 2°Mg) and the
neutron dripline by three neutrons (N = 12, '"B). The exploration of the driplines towards
significantly larger proton and neutron numbers was made possible by the development of the
projectile fragmentation (PF) 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 8 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 considered.

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 3°Sc, only nuclei with lifetimes larger than
~107% s are shown. In addition to transfer, deep inelastic, SP and PF a few nuclei have been
first observed in pion exchange reactions and fission of relativistic beams. PF is the method
of choice to reach the neutron dripline for N < 40 and also the proton dripline for Z < 50.
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Figure 8. Observed nuclei along the proton dripline for 20 < Z < 98. The different shadings
indicate the experimental detection method of first observation.

For heavier nuclei, fusion-evaporation is, at present, 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. This classification
is not unique, for example, in addition to SP, transfer and fusion-evaporation reactions can also
be stopped using a thick target and subsequently identified using the isotope separation on line
(ISOL) technique. On the other hand, transfer and fusion evaporation reactions can also occur
in thin targets where the recoil energy is sufficient for the reaction products to leave the target,
which can then be analysed by recoil mass separators.
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In addition, the boundaries between the different production methods are not well-defined.
For example, the transition from fusion-evaporation to deep inelastic to PF is gradual. Also,
even at very high beam energies, projectiles can pick up nucleons from the target, however, in
the following, this process is also considered to be PF.

3.1. Transfer reactions

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 nuclei. Obviously, simple one- or two-nucleon transfer reactions, for example,
(p.d), (d,p), (p.t) etc 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, 2°Mg, and *2Al by means of the reactions '>’C(*He,*He)’C [41],
24Mg(a,bHe)**Mg [42] and **Mg(*He,p4n)?*>Al. Examples for multiparticle transfer reactions
populating neutron-rich nuclei are **Ca(°Li,®B)** Ar [43] and “®Ca(*He,®B)**Cl [44].

Transfer reactions with light ions 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 example reactions are 10B(3He,°He)'B [46], 24Mg(p,GHe)lgNa
[47] and "*C(a,*He)®C [42].

The study of unbound nuclei with transfer reactions is always indirect. The unbound
nucleus decays instantaneously in the target and thus cannot be analysed in a magnetic separator.
The energy levels of the unbound nucleus, however, can be inferred from the energy-loss
spectrum of the ejectile. It is advantageous if the ejectile itself does not have any bound
excited states, in order to avoid mis-identification of excitations in the unbound nucleus and
the ejectile.

3.2. Fusion-evaporation

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 nuclei
at and beyond the dripline. This technique is limited to the proton dripline because 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 nuclei.

Nuclei close to the dripline have been populated with fusion-evaporation reactions as
early as 1964. '%Te and '®Te have been identified by their  decay following the reactions
9Ru(100,4n)'%Te and *°Ru('°0,5n)' Te [48].

Pushing closer to the limit involved increasingly 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 nuclei that can, in principle, be produced by means of 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 that above Z = 50 a few specific choices of
target and projectile combinations get really close to the dripline, making fusion-evaporation
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Figure 9. Chart of nuclei: stable (black), presently observed (dark-grey) and still unknown (light-
grey) nuclei are shown. The small dots represent compound nuclei that can be populated by fusion
reactions with all possible combinations of stable projectiles and stable targets. Dripline nuclei can
be reached by multiple neutron evaporation.

an effective tool to reach the dripline in this region (see also tables 3 and 5). Although it seems
possible that the dripline should reach beyond Z = 80 this is apparently not the case. In order
to populate these very proton-rich heavy nuclei, very symmetric projectile—target combinations
have to be chosen. The Coulomb barrier for these reactions are large, so that it is not possible
to produce these nuclei at excitation energies where none, or only one proton, is evaporated.
These excited compound nuclei decay by fission or a-emission. In addition, not all target
projectile combinations are practical.

3.3. Target spallation

SP 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 observed using SP.

In 1965 Poskanzer et al [51] bombarded a !N target with 2.2 GeV protons. They were able
to show the existence of '>Be by the (p,4p) reaction. With the development of semiconductor
detectors it became possible to identify nuclei directly, 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. '’C [53], 19N and 20 [54] were
first observed with this technique.

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
3 Na were observed [55-58].

Although a very important method to produce rare isotopes, SP can compete with fusion-
evaporation and PF for the exploration of new nuclei along the dripline in only a very few
specific cases. More experimental details of SP can be found in [59, 60].
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3.4. Deep inelastic reactions

Deep inelastic reactions occur typically in abeam energy range between 5 and 10 MeV/nucleon.
The term refers to reactions where the target and projectile exchange a certain number of nuclei.
There is not a clear distinction between deep inelastic reactions and fusion-evaporation on one
hand and PF on the other. In figures 7 and 8 reactions with energies below 10 MeV/nucleon
are considered to be deep inelastic reactions, while those with energies above 35 MeV/nucleon
are considered to be PF. The energy regime between these values has not been used to produce
new nuclei.

Deep inelastic reactions were first successfully used to explore neutron-rich nuclei from
carbon to chlorine [61-65].

3.5. Projectile fragmentation

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

Just like fusion evaporation the success of PF 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 simultaneously.

Figure 10(a) 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
second. The selection of the isotope of interest is achieved by a magnetic separator located
immediately behind the target. Figure 10(b) shows the isotopes transmitted by the separator
tuned in this specific case for 3'F which is produced only with an intensity of a few nuclei 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 centre of the separator and a second stage
of magnetic separation can reduce the number of unwanted fragments even further as seen
in figure 10(c). The rates of figure 10 were calculated with LISE++, a general purpose
fragmentation code [68, 69].

PF 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 limit.

For a few special cases PF 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
[70-72].

3.6. Pion exchange reactions

In a few special cases pion double charge exchange reactions were used to observe nuclei for
the first time. For example %8S and “°Ti were populated by the reactions 28Si(z*, 77)?8S and
OC(*, )T [73].

Similar to transfer reactions, pion charge exchange reactions can also be used to study
unbound nuclei, because the energy levels of the product nucleus is deduced from the
energy-loss spectrum of the 7 ~ ejectile. States of unbound *He [74] and most recently °H [75]
were observed with this technique.
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Figure 10. Production of dripline nuclei using fragmentation of “3Ca: (a) intensity distribution of
all produced secondary fragments, (b) nuclei selected following magnetic separation, (¢) additional
purification of 3'F using a second stage separation.

(This figure is in colour only in the electronic version)

3.7. Fission of fast beams

Figure 7 shows that the first observation of the neutron-rich calcium isotopes >*73°Ca was
achieved by fission of fast beams [76]. In this experiment, a total of 58 new nuclei were
produced in the projectile fission (FI) of 750 MeV/nucleon 2*¥U. The new nuclei ranged from
calcium (°®Ca) to silver ('?’ Ag) with A/Z ratios of up to 2.8. However, the dripline in this
mass region is predicted to be significantly further away at about 7°Ca and > Ag or A/ Z ratios
of approximately 3.4.

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

3.8. Reactions with rare isotopes

With the increasing intensities of rare isotope beams, produced either by the ISOL method or
by PF, it has become feasible to use these beams for secondary reactions.
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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 nuclei. Except for the secondary fragmentation,
the references refer to reviews of the topics. The intensities of rare isotope beams are, at present,
not sufficient 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 already play an important
role in the study of unbound nuclei. For example, resonances in ’H and '°He were first observed
with single charge exchange reactions [83,84]. In addition, single proton knock-out reactions
confirmed that '°B [85] and 2°O [86] are unbound.

On the proton-rich side, single neutron knock-out reactions populated the unbound nuclei
120 [87], ''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-states as well as excited states in the unbound nuclei 1IN[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 the nuclei on the proton-rich side that
were 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 Z = 91. Bound nuclei that have yet 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 those 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 elements. 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 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 scandium, lutethium and
tantalum.

4.1. Light mass nuclei: Z < 20

The proton dripline was reached up to sodium (Z = 11) already by 1960. Table 1 lists
the reactions populating the most neutron-deficient isotopes for heavier elements. They are
most probably the limit of isotopes with lifetimes longer than a millisecond. The significant
shorter lifetimes of the unbound isotopes have been determined for "B [46], 8C [42], '°N [100],
1IN [101], 20, I5E, 'Ne [102], '°Na [47] and '8Na [89]. 'F was reported simultaneously
in [103].

For Mg [104] and 2' Al [95] upper limits of the lifetime were measured. Although not
explicitly stated in figure 3 of [97] it can be concluded that 2P, 23°Cl and 333K 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 2°S, 3°Ar and 3*Ca. As stated in [97]: “The steepness of the
valley of B stability on the proton-rich side and some remaining background events do preclude
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Table 1. Lightest observed bound isotopes, at present, for 12 < Z < 20. The production reaction,
laboratory and reference of the first observation are listed.

Z  Isotope  Method Laboratory ~ Reference
12 Mg 2Mg(*He,*He) Jiilich [42]
13 22Al 24Mg(*He,p4n) LBL [94]
14 22si Ni(*®Ar,X) 85 MeV/u GANIL [95]
15 2p 288i(3He,p4n) LBL [96]
16 ?7s Ni(**Ca,X) 77.4MeV/u  GANIL [97]
17 3lal 36 Ar(PHe,®Li) MSU [98]
18 3Ar Ni(*0Ca,X) 77.4MeV/u  GANIL [97]
19 ¥K 40Ca(®He,%Li) MSU [99]
20 *Ca 40Ca(3He,4n) LBL [66]
&
8 20 A  measured uncertain | CaT]
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Figure 11. Nuclei at and beyond the proton dripline for Z < 20.

any definite statement as to the non-observation of a given isotope’. Also, 2'Si has not been
explored at all.

Figure 11 shows all nuclei close to and beyond the proton dripline. The black squares are
stable nuclei and the dark-grey squares show all bound observed nuclei. The circled light-grey
squares are unbound nuclei where spectroscopic 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 as a dashed line 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 > Al and 2P (striped squares). The latest mass evaluation [105] quotes proton
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separation energies of 17 =95keV and 140 & 196 keV for these two nuclei, 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 22Si and 3! Ar (dashed squares)
are predicted to be bound with respect to one-proton emission, the two-proton separation
energies, defined as

Sp=M(Z—2,N)+2My — M(Z, N) 5)

are calculated to be —16 + 202keV (*2Si) 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 [13] (see also section 4.6).
In the case of 22Si and 3! Ar the searches were unsuccessful because, even if these nuclei 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 B-decay.

It 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
B-decay but the corresponding lifetimes are so short that they cannot be measured with direct
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 '3Ne [106].

The proton dripline exhibits also changes in the shell structures which is a strong effect
at the neutron dripline. The Z = 8 closed shell disappears for highly proton-rich nuclei. The
last proton of "N does not populate the 1p state as expected in the normal shell model, but
rather the 2s state. This level inversion has first been observed in the mirror nucleus !!'Be (see
section 5.1). The existence of 22Si is due to the emergence of the new shell at Z = 14 for
nuclei located far away from the valley of stability. These effects are less pronounced at the
proton dripline relative to the neutron dripline because the proton dripline occurs closer to the
valley of stability.

4.2. Medium mass nuclei I: 20 < Z < 50

Initially the proton dripline in this mass region was approached with fusion evaporation
reactions starting in the early 1970s, however, the available stable target projectile combinations
are not ideally suited to reach the dripline (see figure 9). With a few exceptions the nuclei
at and beyond the dripline were produced with PF. Table 2 lists the most neutron-deficient
isotopes observed at present.

In this mass region nuclei beyond the dripline begin to have significant lifetimes to survive
fragment separator flight times. The Coulomb barrier for proton emission becomes sufficiently
large, so that for nuclei with small decay energies -decay can compete with proton emission.
If the nuclei decay by proton emission the lifetimes can be long enough to qualify as proton
radioactivity (see discussion in section 2.2). Till now no proton emitter has been observed in
this mass region. However, most recently, evidence for two-proton radioactivity was reported
in the decay of “Fe [124, 125] (see also section 4.6).

Figure 12 shows the nuclei along the proton dripline for nuclei with 20 < Z < 50. The
notations in the figure 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 ~1 ps [126].

Lifetime limits for nuclei beyond the dripline (light-grey squares) were determined for
38Ti [35], 4V, #%Mn [34], ®Co, **Cu [127], *Rb [36], ¥'Nb and **Tc [119]. In addition,
reference [126] adopted a lifetime limit of <1.2 ps from the data of [37] for %8Br and 7*Rb.

The only element for which the dripline has been experimentally determined is scandium,
for which it is located between **Sc and *°Sc (doubled black line). *Sc (circled light-grey
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Table 2. Lightest observed isotopes, at present, for 20 < Z < 50. The production reaction,
laboratory and reference of the first observation are listed.

z Isotope  Method Laboratory ~ Reference
21 ¥sc 40Ca(’Li,®He) MSU [107]
22 T Ni(*8Ni,X) 65 MeV/u GANIL [108]
23 Wy Ni(*8Ni,X) 55 MeV/u GANIL [109]
24 *Cr Be(*8Ni,X) 600 MeV/u GSI [35]
25  “Mn Ni(*8Ni,X) 55 MeV/u GANIL [109]
26 “Fe Be(*8Ni,X) 600 MeV/u GSI [35]
27 OCo Ni(*8Ni,X) 55 MeV/u GANIL [109]
28 Ni Ni(*8Ni,X) 74.5 MeV/u GSI [110]
29  SCu Ni(*8Ni,X) 55 MeV/u GANIL [109]
30 Zn Ni(*8Ni,X) 74.5 MeV/u GANIL [111]
31 9Ga Ni("®Kr,X) 73 MeV/u GANIL [37]
32 %1Ge 40ca(**Mg,3n) LBL [112]
33 O4As Ni("8Kr,X) 73 MeV/u GANIL [37]
34 65Se 40Ca(288i,3n) LBL [113]
35 TOBr S8Ni(14N,2n) BNL [114]
36 9Kr Ni(78Kr,X) 73 MeV/u GANIL [37]
37  ™Rb Nb(p,4pxn) 600 MeV CERN [115]
38  7T3sr 40Ca(3 Ar,3n) LBL [116]
39 70y Be('128n,X) 1 GeV/u GSI [117]
40 7r Be('128n,X) 1 GeV/u GSI [117]
41  32Nb 38Ni(*2Mo,X) 70MeV/iu ~ MSU [118]
42 Mo Ni(®?Mo,X) 60 MeV/u GANIL [119]
43 36Tc 38Ni(*2Mo,X) 70MeV/iu ~ MSU [118]
44 ¥Ry Ni(1128n,X) 63 MeV/u GANIL [120]
45  %Rh Ni(1128n,X) 63 MeV/u GANIL [120]
46 °'pd Ni(1128n,X) 63 MeV/u GANIL [120]
47 %Ag Ni(1%Cd,X) 60 MeV/u MSU [121]
48  7cd Sn(p,3pxn) 600 MeV CERN [122]
49  %In Ni(128n,X) 63 MeV/u GANIL [120]
50 100gp Be('%Xe,X) 1095MeV/u  GSI [123]

square) is also the only nucleus beyond the dripline in this region whose 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 nuclei where the uncertainty of the calculated
separation energy is too large to determine if the nucleus is bound or unbound. 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 limit of the last calculated
isotope, which does not necessarily have to correspond 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 yet been observed
is ®°Ge. It has a predicted two-proton separation energy of 48 + 238keV [105]. For even-Z
nuclei beyond strontium the dripline has, most probably, not yet been reached experimentally.

4.3. Medium mass nuclei I11: 50 < Z < 82

The lifetimes for proton emission in this mass region are becoming so large for a wide range
of energies that B-decays dominate for many unbound isotopes. For some elements there
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Figure 12. Nuclei at and beyond the proton dripline for 20 < Z < 50.

are 3—4 B-emitting isotopes before the proton separation energies become large enough for
proton emission to compete with S-decay. Table 3 lists the lightest observed isotopes in this
mass region and the reactions with which they were first observed. With the exception of
Z = 51, all of them have been produced in fusion-evaporation reactions. The table also lists
the primary decay mode.

Figure 13 shows again the nuclei along the proton dripline. The notation is the same as in
figure 12. With the exception of even-Z nuclei between cerium and hafnium the dripline has
most probably been reached for all nuclei. The solid line again shows the extrapolated dripline
derived from the AME2003 atomic mass evaluation [105], the dashed line is used for nuclei
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 dripline could be either between '8! T1 and '82T1 or between '82T1 and '#3T1
because the measured proton separation energy is —21 & 77 keV for '32T1 [105].

The surprisingly large uncertainty 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 '“>714°Ho have to be extracted from
mass measurements and extrapolations with uncertainties of hundreds of keV. In contrast, the
direct observation of the proton emission of 141Ho [152] and *°Ho [139] allows an accurate
determination of the separation energy.

The observation 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
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Table 3. Lightest observed isotopes, at present, for 50 < Z < 82. The production reaction,
observed decay, laboratory and reference of the first observation are listed.

V4 Isotope  Reaction Decay  Laboratory  Reference
51 193gp Ni('28n,X) 63 MeV/u — GANIL [120]
52 106Te N8N, 2pdn) 10Xe(a) o GSI [128]
53 108 54Fe(SgNi,p3n) o Daresbury [129]
54 10xe S8Ni(>8Ni,2p4n) a GSI [128]
55 M2¢s B8Ni(*8Ni,p3n) P Daresbury  [130]
56 114Ba S8Ni(>8Ni,2n) B GSI [131]
57 Mg 64Zn(SgNi,p4n) p Legnaro [132]
58 12lce 92Mo(*2S,3n) B Lanzhou [133]
59 12lpp 9%Ru(32S,p6n) B Dubna [134]
60 12Nd  92Mo(?°Ar,3n) B Lanzhou [135]
61 '2Pm  %Ru(*°Ar,p3n) B Lanzhou [135]
62  12Sm  %Ru(®*°Ar,3n) B Lanzhou [135]
63 13VEu S8Ni(78Kr,p5n) p ANL [136]
64 135Gd 106Cq(328,3n) B Lanzhou [137]
65 1¥Tp 106Cd(30 Ar,p2n) B Lanzhou [138]
66 '¥Dy  106Cd(30Ar,3n) B Lanzhou [135]
67 '“OHo  22Mo(**Fe.p5n) p HRIBF [139]
68 “Er 2Mo(8Ni,p4n) ¥ Tm(p) — HRIBF [140]
69 Tm  22Mo(°®Ni,p4n) p HRIBF [141]
70 9ypb  M28p(*0Ca,3n) B Lanzhou [142)
71 0Ly 9Ru(>*Ni,p3n) p Daresbury  [143]
72 14Hf 106Cd(8Ni,2p4n) B W(a) o GSI [144]
73 Ta 102pq(38Ni,p4n) p ANL [145]
74 18w 106Cd(38Ni,2p4n) o GSI [144]
75 160Re 106Cd(38Ni,p3n) P Daresbury  [146]
76 1020s 106Cd(38Ni,2n) o GSI [147)
77 1% 92Mo("8Kr,p5n) p ANL [136]
78 166p¢ 92Mo("8Kr,4n) o ANL [148]
79 0Au  %Ru(’8Kr,p3n) p ANL [136]
70  ?Hg  %Ru(’3Kr.2n) a ANL [149]
81 7Tl 102pq(78Kr,p2n) p. ANL [150]
82  180pp 1449 m(*0Ca,4n) o LBL [151]

of proton emitters only establishes that these nuclei are beyond the dripline. The actual location
of the dripline has to be determined from mass measurements which are significantly more
difficult.

With the recent developments in different mass measurement techniques [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-Z nuclei should be determined in the near future.

Table 4 also indicates another interesting phenomenon, i.e. the possibility that the dripline
is not continuous within an isotope chain. '**Ho could be unbound with '**Ho being bound
again. This is similar to the case of °B.

4.4. Heavy nuclei: 83 < Z

This mass region is dominated by « emitters and so far no ground-state proton emitters have
been observed. Again all nuclei are populated by fusion-evaporation reactions. Table 5 shows
the lightest observed isotopes and the reaction with which they were first observed. It should
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Figure 13. Nuclei at and beyond the proton dripline for 50 < Z < 82.

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

Isotope S, (keV)

140 —1094 + 10
141 —1177+7
142 —554 £ 585
143 —390 + 540
144 +163 £ 357
145 —113£300
146 +568 £ 201

Table 5. Lightest observed isotopes, at present, for 82 < Z < 98. The production reaction,
laboratory and reference of the first observation are listed.

VA Isotope  Reaction Laboratory ~ Reference
83 I184p;j BNb(**Mo,3n) GSI [156]
84  188pg 142Nd(52Cr,6n) GSI [157)
85 191At 141pr(34Fe 4n) JYFL [158]
86 1%Rn 142Nd(>0Fe,3n) JYFL [159]
87 19Fr 169Tm (30 Ar,6n) RIKEN [160]
88 202Ra 170Yb(36 Ar,4n) JYFL [161]
89  206Ac 175Lu3® Ar,5n) JYFL [162]
90 209Tn 182w (328,5n) JAERI [163]
91 212p, 182w (35C1,5n) JAERI [164)
92 27y 182w (40 Ar,5n) JINR [165)
93  25Np  29Bj(*°Ne,4n) JINR [166]
94 228py 208 pp(24Mg,4n) JINR [167]
95 20Am  7Au(*9Ar3n)**Bk(e) RIKEN [168)
96 23Cm  198py(*0Ar,5n) GSI [169]
97 2Bk 197 Au(** Ar,3n) RIKEN [168]
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Figure 14. Nuclei at and beyond the proton dripline for 82 < Z < 98.

be mentioned that proton radioactivity has been observed in this mass region from an intruder
state in '®5Bi [170]. Also, the observations of the two heaviest isotopes 233Cm and 2**Bk have
been made only very recently [168, 169] and are the only nuclei included in the present review
which have not yet been published in a refereed journal.

Figure 14 shows nuclei along the dripline up to Z = 97. As in figure 11 the solid line
corresponds again to the experimentally determined dripline. The dripline has been reached
for all odd-Z nuclei up to protactinium. The location of the dripline for even-Z nuclei is still
unknown. The extrapolations [105] (dashed line) for these nuclei 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 nuclei decay by a-emission. The accurately
measured «-decay energy can be linked to more stable nuclei where high resolution mass
measurements are possible.

With the possibility that '**At might be bound by 117 & 189 keV (striped square), '* At
could be an unbound nucleus (S, = —234 & 15keV) surrounded by bound nuclei.

For nuclei beyond uranium, the dripline 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].

4.5. Predictions of the proton dripline

The location of the driplines is directly related to the nuclear masses determined by equations (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 calculated
fairly accurately from the binding energies of analogous neutron-rich nuclei and Coulomb
energy shifts [172]. However, this method can only be applied in mass regions (Z < 30)
where the binding energies of the analog nuclei are well known.

Figure 15 shows the deviations of the empirical model based on p—n interaction by
Tachibana et al [18], the finite-range droplet model (FRDM) [173] and the Hartree—Fock—
Bogolyubov model (HFB-2) [174] from the extrapolated masses of the AME2003 atomic
mass evaluation [105]. The agreement of the three models is quite good over the whole chart
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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 Namg [105] and the three
mass models indicated in the figure.

of nuclei. The figure shows the deviations for the odd-Z (top) and the even-Z (bottom) nuclei
separately.

With a few exceptions the dripline for odd-Z nuclei is reproduced within one neutron up to
tin. Even beyond tin up to lutetium 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 of the order of a few hundred keV [155].

The calculations 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
HFB-2 model in the heavy mass region, 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 the predictions of these models
are probably correct and that the dripline is actually located at even more neutron-deficient
isotopes.
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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 *>Fe (bottom).

Even the large deviation of 4-6 neutrons beyond lead are most probably due to the limited
extrapolation. Figure 2 of [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. Exotic 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
radioactivity were ¥*Fe, **Ni and >*Zn [20, 172, 178]. Finally, in 2002, over 40 years after
the initial prediction, evidence for this exotic decay was reported for *Fe [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 **Cr (bottom) as calculated within
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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 S,,, occurs at the dripline
the nucleus (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, 179-181].

The one-proton separation energy of 180 keV shown in figure 16 seems to indicate that for
43Fe the sequential decay channel is not open. The AME2003 [105] quotes a similar value of
110keV, however, it has a large uncertainty of 550 keV. The more detailed calculations predict
the single proton separation energy to be between —24 keV and 10keV [20, 172,178]. Even
if ¥Fe is unbound with respect to one-proton emission, the very small decay energy would
lead to an extremely long lifetime for this decay mode. Thus, *’Fe is an ideal case to finally
observe di-proton emission.

Two-proton radioactivity is so rare and hard to observe because the energy window 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 8* 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 years 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 '°!Rn, 'YAt, '%Po, '38Bi and '*"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 '°IRn and '°2Fr. Thus, for !°!Rn, 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 been measured to be an « emitter and the two-proton separation energy of '3°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.

Even if the emission of a four-proton cluster is very unlikely, the sequential emission
of two or more protons similar to the o-decay chains could become observable once even-Z
nuclei 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 “C target. An exotic nucleus is defined here as a nucleus that is more than
one proton or neutron away from the valley of stability.

Figure 18 shows the chart of nuclei for stable and neutron-rich nuclei up to calcium
Z = 20. Stable nuclei are shown in black, bound nuclei in dark-grey and unbound nuclei in
light-grey. For the circled light-grey unbound nuclei spectroscopic measurements have been
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performed. The experimentally determined dripline is shown by the thick black line. The
dashed line shows the most probable location of the dripline, but which has strictly speaking
experimentally not been confirmed. The dashed squares are nuclei 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 et al [18].

In the present review only nuclei up to Z = 20 (calcium) will be discussed, because
beyond calcium 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
believed 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 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 =09.

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 >*O represents the dripline, it had to be shown that >0 [29],
260 [31] and even 220 [185], which had been predicted to be bound due to the shell effects,
are unbound.
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Figure 18. Nuclei at and beyond the neutron dripline for Z < 20.

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 < 8

According to the above definition, the first exotic dripline nucleus observed was SHe [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], '°Li and '°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 CH, [188]),
4.47s ("He, [189]), 0.022 zs (H, [83, 126]), >2.9 zs ('°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 timescale (~1072?s) and should be considered nuclei. The resonance
parameters for H are still controversial [191, 192]. The lifetime for 7H of 2.2 x 10723 s 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 on whether 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 [195] explained the spectrum of ''Be by an
inversion of the 1p shell with the 2s shell. This level inversion is not an isolated occurrence
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Table 6. Last bound and first unbound isotones along the neutron dripline for § < 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 Last Bound Reaction Reference  First Unbound Reaction  Reference

9 B Sp [52] 13Be SP [53]
10 “Be SP [32] — — —
11 c SP [53] l6g SP [32]
12 "B SP [32] 16Be PF [201]
13 °c SP [202] 18 PF [203]
14 B PF [203] — — —
15 2N PF [204] 2c PF [29]
16 2¢ PF [205] 21g PF [206]
17 2%F PF [204] %0 PF [29]
18 2F PF [28] 260 PF [31]
19  ?Ne PF [29] 2E PF [184]
20 %F PF [200] 20 PF [185]

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 '*SB 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, e.g. [198] and references
therein).

Following the observation of 11 j as a two-neutron halo, many other neutron-rich nuclei
for example 12,14Be and !°C have been identified as two-neutron halos (see [11]). “Be can
even be viewed as a four-neutron halo with a '°Be core. The breakup of '“Be into '°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, PF 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 ?8F was stated as being unbound in [200] it was not explicitly
shown. However, later it was confirmed that 28F is indeed beyond the neutron dripline [184].
13Be is at present 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 [32,202], the authors could not conclusively
determine that '*Li was unbound. Thus, strictly speaking, the neutron dripline has only been
established up to N = 9. Again, at N = 14, the non-existence of 18Be has not been shown.
However, extrapolations of the existing surrounding nuclei make it very unlikely that either of
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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 that
the otherwise double magic nucleus 220 is unbound. Even 20O 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 2°0 was reported in 1990, however, the
same measurement also concluded that 3'Ne would be unstable [31]. In 1996 it was confirmed
that 2°0 was indeed unbound [209].

The question of the instability of the 20 and 20 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 2*N [205], °N, and 270 [184]. Indications for the
instability of 2’0 [185] had been reported in the search for 2%0.

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 = 20to 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 (**0) but also for nitrogen (¥*N) and even carbon (*2C).
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 '*Be.

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.

5.3. 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 *3Si or maybe even “6P.
For even- N nuclei the location of the dripline has not been established beyond N = 20 although
it is very unlikely that *°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 **O seems extreme. However,
extrapolations from known properties to predict the location of the dripline are unreliable.
For example, the measured very short 8-decay half-life of **Na of 1.5 ms [58], which is the
shortest B-decay half-life measured so far, lead to the assumption that *’Na should be unbound.
Nevertheless, it was subsequently observed to be bound [214,215]. The mass measurement of
418i [216] corresponds to a negative one-neutron separation energy of —20 £ 1930 keV [105].
Although this value is consistent with the observation that 418i is bound [200], one would
expect 3Si to be unbound (—190 £ 860 keV, [105]). However, *}Si is also bound [214].
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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 Last Bound Reaction Reference  First Unbound Reaction  Reference

21  3INe PF [33] 30p PF [184]

22 3If PF [184] — — —

23 3Na SP [58] BNe PF [214,215]
24 3Ne PF [214,215] — PF —

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

27 YAl PF [217] Mg PF [214]

28 YAl PF [217] — — —

29 4si PF [214] — — —

30 %p PF [218] — — —

31 4op PF [218] — — —

32 % PF [218] — — —

33 Slar PF [200] — — —

34 Slcl PF [218] — — —

35 MK SP [58] — — —

36 %Ca FI [76] — — —

The question as to where the dripline is located for N = 24 is the same as to where the
dripline is located for Z = 9, i.e. is 3*F 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.

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, e.g. [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
N = 28 shell at the neutron dripline.

For nuclei beyond the N = 28 shell the dripline may have been reached for some odd-N
nuclei but certainly not for the even-N 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 [18], the FRDM [173] and the HFB-2 [174].
In order to show the differences between the models the curves are offset with respect to each
other by their linewidths.
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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 (TUY'Y) and the two other mass models
indicated in the figure.

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 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 °S. 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
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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.

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 to define the exact location of the
dripline. For figure 20 the dripline was defined as the first occurrence 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 **Ho and '**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 TUY'Y model occurs close to the N = 126 shell closure.

Thus the differences between the model calculations for the location of the neutron dripline
are not as large as is commonly believed.
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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 an *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 B-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 £ 711keV 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 *?Mg to be a di-neutron emitter [18,173,174].
In addition, 3*F [18], 3**Ne, and **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 ®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 within reach for future generation facilities.

6. Astrophysical implications

The importance of understanding the 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 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
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Figure 22. Possible decay schemes involving the rp-process waiting nucleus %%Se, assuming:
(@)S, <0,(h) S, =0,and (c) S, > 0 for ®Br.

reactions (p,y) and B-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 %Se.
The figure depicts three different scenarios for the separation energy of ®Br: (a) S » <0,
(b) S, =0, and (c) §, > 0. In all cases it is assumed that 70Kr 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 Br is unbound, a minimum proton energy (equal to S ») is necessary in order for the
first capture reaction to proceed. This initial reaction can either be followed by a second
proton capture populating "°Kr, or the proton can be re-emitted decaying back to ®¥Se. 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 ®Br which cannot or are very unlikely to decay back to %%Se.
Thus, once captured, **Br will de-excite to its ground-state where it can capture the second
proton to continue the rp-process to heavier masses.
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Figure 23. Stellar lifetime of ®3Se as a function of the Br proton separation energy S p (adapted
from [223]). The arrows refer to the energy schemes of figure 22.

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

S,/kT

Aotal = Agz) +8(T)e < py >z4 (6)

The overall stellar lifetime of %®Se (Tgenar = 7 /Aww) in this environment depends on the
B-decay width of %8Se (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 ®3Se at a temperature of 1.5GK and a
density of 10° gcm™3. 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 §, = 0. The overall lifetime of the waiting point
nucleus already begins to decrease while the intermediate nucleus %°Br is still unbound.
The actual crossing of the dripline is just an undistinguishable point along the decreasing
lifetime.

Nevertheless it is crucial to measure the masses of all three nuclei involved (°®Se, ®Br
and "°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 [224-226]. 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.
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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.

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 by the neutron capture
reactions. The balance between (n, y) and (y, n) reactions occurs for nuclei with the same Z.
The r-process proceeds by means of S-decay as soon as the neutron separation energy drops
significantly below 3 MeV (for the current example). Thus, 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.
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Figure 25. Difference of the calculated location of the r-process (assuming a path along
S, = 3MeV) between the mass model of Tachibana, Uno, Yamada and Yamada (TUYY) [18]
and the two other mass models indicated in the figure.

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 PF 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 PF [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 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 PF facilities and the next
generation ISOL type machine EURISOL [231]. The proposal for the rare isotope accelerator
(RIA) 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 mostrecent NUBASE evaluation [126]. Itis 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)
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Figure 26. Reach of the proposed rare isotope accelerator RIA at and beyond the proton dripline.

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 ~10~? s (solid
line). The grey squares show the estimated reach of the proposed RIA 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 by means of PF, 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 TUY'Y [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
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Figure 27. Reach of the proposed rare isotope accelerator RIA at the neutron dripline.

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].

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 10722 s 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 <107%2s. It is not easy to set a sharp
limit and the recent charts of nuclei include even nuclei with lifetimes as short as 10722 s.

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 driplines 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 of radioactive
beam facilities are completed. Overall they will be able to produce more than a thousand 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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