
Exotic nuclei and drip lines



• Unstable vs. stable nuclei: neutron-rich and proton-rich
systems

• Limit of nuclear stability and definition of drip lines



From: Exotic Nuclei, J. Enders, TU Darmstadt, Summer 2003
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proton-rich nuclei

p n
b+ decay:

ep n e n+® + +

neutron-rich nuclei

p n
b- decay:

en p e n-® + +

• Nuclei that are neutron- or proton-rich undergo β-decay.

• Although unstable, these nuclei exist as bound systems.
The limit of nuclear stability with respect to the strong
interaction is the drip line. Neutron and proton drip lines
are sketched in the previous slide but they are only
partially known.



Lifetimes for beta-decay can be quite long and unstable nuclei can
nonetheless be studied nowadays using RIB (Radioactive Isotope
Beam) facilities.

We meet, by further increasing (or decreasing) N-Z the neutron
(proton) drip line. These are defined as the limits beyond which the
systems are unstable against particle emission. In the case of
neutrons, the one-neutron or two-neutron separation energies (Sn =
BE(N)-BE(N-1) or S2n) become zero.

In certain cases, systems beyond the drip lines can be studied: for
instance, if the lifetime is relatively long due to the fact that the extra
neutron (or proton) has a resonant state available. But this is not the
rule !



Discovering new exotic isotopes

M. Thoennessen, B. Sherrill, Nature 473, 25 (2011).

http://www.nscl.msu.edu/~thoennes/isotopes/

In this web page new discovered isotopes are reported.
Updated to 2020.

http://www.nscl.msu.edu/~thoennes/isotopes/
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The 2022 update of the discovery of nuclide project is presented. It is the first update
in four years, and 36 new nuclides were observed for the first time during 2019-2022.
Isotopes that have so far only been published in conference proceedings or internal
reports are also listed.
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1. Introduction

This is the seventh update of the isotope discovery project which was originally
published in a series of papers in Atomic Data and Nuclear Data Tables from
2009 through 2013 (see for example the first1 and last2 papers). Two summary
papers were published in 2012 and 2013 in Nuclear Physics News3 and Reports
on Progress in Physics,4 respectively, followed by annual updates in 2014,5 2015,6

2016,7 2017,8 2018,9 and 2019.10 No updates were published since then because of
the small number of isotopes discovered during these years. In 2016 a description
of the discoveries from a historical perspective was published in the book “The
Discovery of Isotopes – A complete Compilation”.11

2. New discoveries in 2019

In 2019, the discoveries of six new nuclides were reported in refereed journals. At
that time this was the smallest number of isotopes discovered in a year (tying
2014) since 1944 when only two new isotopes were reported. These six new isotopes
are located on the proton-rich side of the chart of nuclides. Three of them were
produced with secondary beams following projectile fragmentation, while the other
three were populated using fusion evaporation reactions. Table 1 lists details of the
discoveries including the production method.
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Table 1. New nuclides reported in 2019. The nuclides are listed with the first
author, submission date, and reference of the publication, the laboratory
where the experiment was performed, and the production method (FE =
fusion evaporation, SB = secondary beams).

Nuclide(s) First Author Subm. Date Ref. Laboratory Type

11O T. B. Webb 12/20/2018 12 MSU SB
220Np Z. Y. Zhang 1/9/2019 13 Lanzhou FE
165Pt, 170Hg J. Hilton 5/13/2019 14 Jyväskylä FE
68Br K. Wimmer 5/15/2019 15 RIKEN SB
31K D. Kostyleva 5/22/2019 16 GSI SB

Webb et al. reported the discovery of 11O in the paper entitled “First Obser-
vation of Unbound 11O, the Mirror of the Halo Nucleus 11Li”.12 A secondary 13O
beam was produced from a 150 MeV/nucleon 16O beam at the National Super-
conducting Cyclotron Facility at Michigan State University. The 11O isotopes were
then populated via two-neutron knockout reaction on a 1-mm thick 9Be target
and identified by measuring charged reaction products in the High Resolution Ar-
ray (HiRA) consisting of 14 �E-E (Si-CsI(Tl)) detectors. “The energies Q2p (and
widths) of the four lowest-lying resonant states in 11O obtained with V0 optimized
to the observed energy spectrum are 4.16(1.30) MeV for 3/2�1 , 4.65 (1.06) MeV for
5/2+1 , 4.85(1.33) MeV for 3/2�2 , and 6.28(1.96) MeV for 5/2+2 .”

220Np was discovered by Zhang et al. in “New Isotope 220Np: Probing the Ro-
bustness of the N = 126 Shell Closure in Neptunium”.13 The Sector-Focusing Cy-
clotron (SFC) at the Heavy Ion Research Facility in Lanzhou (HIRFL) was used
to accelerate a 40Ar beam to 201 MeV and 220Np was populated in the fusion
evaporation reaction 185Re(40Ar,5n). Recoiled evaporation residues were separated
with the gas-filled separator SHANS and implanted into three position-sensitive
16-strip detectors. 220Np was identified by correlating implantation events with
subsequent detection of ↵ particles. “Based on the measurement of the correlated
↵-decay chains, the decay properties of 220Np with E↵ = 10040(18) keV and T1/2

= 25+14
�7 µs were determined, which are in good agreement with theoretical predic-

tions.”
Hilton et al. discovered 165Pt and 170Hg in “↵-spectroscopy studies of the new

nuclides 165Pt and 170Hg”.14 78Kr beams from the University of Jyväskylä K130
cyclotron irradiated 92Mo (at 418 MeV) and 96Ru (at 390 MeV) targets to produce
165Pt and 170Hg in 5n and 4n fusion evaporation reactions, respectively. The mass
analyzing recoil apparatus vacuum (MARA) was used to separate the residues which
were then implanted in a double-sided silicon strip detector. The isotopes were
identified from correlations with the subsequent radioactive decays. “For 170Hg
an ↵-particle energy of E↵ = 7590(30) keV and half-life of t1/2 = 0.08+0.40

�0.04ms
were deduced, while for 165Pt the corresponding values were 7272(14) keV and
0.26+0.26

�0.09ms.”
In “Discovery of 68Br in secondary reactions of radioactive beams”, Wimmer
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Table 2. New nuclides reported in 2020. The nuclides are listed with the first
author, submission date, and reference of the publication, the laboratory
where the experiment was performed, and the production method (FE =
fusion evaporation).

Nuclide(s) First Author Subm. Date Ref. Laboratory Type

244Md J. L. Pore 1/31/2020 18 Berkeley FE
235Cm J. Khuyagbaatar 2/26/2020 21 GSI FE
222Np L. Ma 5/8/2020 22 Lanzhou FE
211Pa K. Auranen 6/23/2020 23 Jyväskylä FE

sented by Pore et al. should be reassigned to 245Md (with one event each to 245Fm
and 246Md).20 This discrepancy has not been resolved.

In the paper “↵ decay of 243Fm143 and 245Fm145, and of their daughter nuclei”
Khuyagbaatar et al. described the first observation of 235Cm.21 The linear acceler-
ator UNILAC was used to accelerate 40Ar to 185�204 MeV and impinge on a ⇠400
µg/cm2 lead sulfide target. Evaporation residues were separated with the velocity
filter SHIP and implanted in a position sensitive 16-strop silicon detector. 243Fm
was formed in the reaction 40Ar + 206Pb: “A signature for detection of the hitherto
unknown 235Cm was found in the ↵-decay chains from 243Fm. Two groups of ↵
events with average energies of 6.69(2) MeV and 7.01(2) MeV and with a half-life
of T1/2 = 300+250

�100 s are suggested to originate from 235Cm.”
Ma et al. discovered 222Np in “Short-Lived ↵-Emitting Isotope 222Np and the

Stability of the N = 126 Magic Shell”.22 A 250 µg/cm2 thick 187Re target was
bombarded with a 198.7 MeV 40Ar beam at the Heavy Ion Research Facility in
Lanzhou, China. 222Np was formed in the reaction 187Re(40Ar,5n). The gas-filled
separator SHANS was used to separate the reaction products. The isotopes of inter-
est were implanted in three position-sensitive 16-strip detectors which also recorded
subsequent ↵ decays. “The decay properties of 222Np with E↵ = 10016(33) keV and
T1/2 = 380+260

�110 ns were determined experimentally.”
“Exploring the boundaries of the nuclear landscape: ↵-decay properties of

211Pa”.23 The University of Jyväskylä K-130 cyclotron accelerated an 36Ar beam
to 178�214 MeV and irradiated 1000 and 450 µg/cm2 thick tantalum targets. Re-
action products were separated with the recoil ion transport unit (RITU) gas-filled
separator and stopped in the implantation detector of the GREAT spectrometer
which also recorded subsequent ↵ decays. “Using a fusion-evaporation reaction and
a gas-filled recoil separator we have produced and, for the first time, identified rigor-
ously the new isotope 211Pa. It was found to ↵ decay with a half-life and ↵-particle
energy of 3.8+4.6

�1.4 ms and 8320(40) keV, respectively, suggesting a favored ↵ decay.”

4. New discoveries in 2021

In 2021, the discoveries of 15 new nuclides were reported in refereed journals. Table
3 lists details of the discoveries including the production method.

March 6, 2023 1:28 WSPC/INSTRUCTION FILE 2022-Update

2022 Update of the Discoveries of Isotopes 5

The neutron-rich nuclei 101Br, 102Kr, 105Rb, 106Rb, 108Sr, 110Y, 111Y, 114Zr, and
117Nb were discovered by Sumikama et al. in the paper entitled “Observation of new
neutron-rich isotopes in the vicinity of 110Zr”.24 The isotopes were produced by in-
flight fission from a 345 MeV/nucleon 238U at the RIKEN Radioactive Isotope Beam
Factory (RIBF) and separated and identified with the large-acceptance two-stage
fragment separator BigRIPS and the ZeroDegree spectrometer. “Ten candidates for
previously unreported neutron-rich isotopes were produced, namely, events corre-
sponding to fully stripped ions of 99,101Br, 102Kr, 105,106Rb, 108Sr, 110,111Y, 114Zr,
and 117Nb. The A/Q values of new-isotope events were consistent with those ex-
trapolated from other isotopes.” Of these isotopes 99Br was not claimed as a new
isotope as it was not possible to determine its production cross section.

The first observation of 280Ds was reported by S̊amark-Roth et al. in “Spec-
troscopy Along Flerovium Decay Chains: Discovery of 280Ds and an Excited State
in 282Cn”.25 A 48Ca beam accelerated to 6.021(2) MeV/nucleon by the Univer-
sal Linear Accelerator (UNILAC) at the GSI Helmholtzzentrum für Schwerionen-
forschung, in Darmstadt, Germany, was delivered to a rotating target wheel of
enriched 244Pu deposited on titanium foils. Reaction products were separated by
the recoil separator TASCA and identified in the TASISpec decay station. “In one
case, a Q↵ = 9.46(1)-MeV decay from 284Cn into 280Ds was observed, with 280Ds
fissioning after only 518 µs.” The spontaneous fission of 280Ds had previously been
reported as tentative31 or uncertain.32

Charity et al. described the discovery of 13F in “Observation of the Exotic
Isotope 13F Located Four Neutrons beyond the Proton Drip Line”.26 The Cou-
pled Cyclotron Facility at the National Superconducting Cyclotron Laboratory at
Michigan State University produced a 69.5 MeV/nucleon secondary 13O beam from
a primary 150 MeV/nucleon 16O beam. The 13O beam impinged on a 1-mm thick
beryllium target after being purified with the A1900 and the radio frequency frag-
ment separators. Charged fragments from the reactions were detected in the high

Table 3. New nuclides reported in 2021. The nuclides are listed with the first author,
submission date, and reference of the publication, the laboratory where the experiment
was performed, and the production method (PF = projectile fragmentation, FE =
fusion evaporation, SB = secondary beams, SP = spallation).

Nuclide(s) First Author Subm. Date Ref. Laboratory Type

101Br, 102Kr, 105Rb, T. Sumikama 7/6/2020 24 RIKEN PF
106Rb, 108Sr, 110Y,
111Y, 114Zr, 117Nb
280Ds A. Samark-Roth 11/16/2020 25 GSI FE
13F R. J. Charity 11/16/2020 26 MSU SB
249No J. Khuyagbaatar 1/3/2021 27 GSI FE
214U Z. Y. Zhang 1/15/2021 28 Lanzhou FE
150Yb S. Beck 4/13/2021 29 TRIUMF SP
18Mg Y. Jin 8/30/2021 30 MSU SB
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Table 4. New nuclides reported in 2022. The nuclides are listed with the first author,
submission date, and reference of the publication, the laboratory where the experi-
ment was performed, and the production method (PF = projectile fragmentation,
FE = fusion evaporation).

Nuclide(s) First Author Subm. Date Ref. Laboratory Type

149Lu K. Auranen 12/15/2021 35 Jyväskylä FE
207Th H. B. Yang 2/7/2022 36 Lanzhou FE
264Lr Yu. Ts. Oganessian 3/11/2022 37 Dubna FE
166Pm, 168Sm, G. G. Kiss 4/29/2022 38 RIKEN PF
170Eu, 172Gd
204Ac M. H. Huang 6/27/2022 39 Lanzhou FE
251Lr T. Huang 6/30/2022 40 Argonne FE
39Na D. S. Ahn 9/8/2022 41 RIKEN PF
286Mc Yu. Ts. Oganessian 10/10/2022 42 Dubna FE

delivered ⇠240 MeV 48Ca beams to 0.36 and 0.38 mg/cm2 thick enriched 243Am
targets. Fusion-evaporation residues were separated with the new DGFRS-2 sepa-
rator where they were identified in two multiwire proportional chambers (MWPC)
and two double-sided strip detectors (DSSD). The implantation events were corre-
lated with subsequent ↵ decays which were recorded in the DSSDs as well as eight
strip detectors forming a box around the DSSD. “The ↵ decay of 268Db with an
energy of 7.6�8.0 MeV, half-life of 16+6

�4 h, and an ↵ branch of 55+20
�15% was reg-

istered for the first time, and a new spontaneously fissioning isotope 264Lr with a
half-life of 4.9+2.1

�1.3 h was synthesized.”
166Pm, 168Sm, 170Eu, and 172Gd were discovered by G. G. Kiss et al. as reported

in “Measuring the �-decay Properties of Neutron-rich Exotic Pm, Sm, Eu, and Gd
Isotopes to Constrain the Nucleosynthesis Yields in the Rare-earth Region”.38 A
345 MeV/nucleon 238U primary beam impinged on a 5 mm thick 9Be target at the
RIKEN Nishina Center and the fragmentation products were separated with the
large-acceptance BigRIPS separator and deposited in the AIDA implantation detec-
tor which consisted of a stack of six double-sided silicon strip detectors. “Only a few
hundred (or even fewer) ions of the most neutron-rich isotopes (166Pm, 167,168Sm,
170Eu, and 170�172Gd) were implanted in the AIDA detector.” These isotopes had
previously been reported in an RIKEN accelerator progress report.43

M. H. Huang et al. discovered 204Ac in “↵-decay of the new isotope 204Ac”.39

The China Accelerator Facility for superheavy Elements (CAFE2) produced a 200
MeV 40Ca beam which was focused on a rotating target wheel of twenty 450 µg/cm2

169Tm targets. Evaporation residues from the reaction 169Tm(40Ca,5n)204Ac were
detected and identified with the gas-filled recoil separator SHANS2 (Spectrometer
for Heavy Atoms and Nuclear Structure-2). The deposited ions and their subsequent
↵-decay were measured with silicon strip detectors. “Nineteen ER - ↵1 � ↵2 � ↵3

decay chains which include eleven chains observed at SHANS2 were assigned to
204Ac.”

In the paper “Discovery of the new isotope 251Lr: the impact of the hexacon-



Model extrapolations to the drip line

J. Erler et al., Nature 486, 
509 (2012) - SEDF 

A.V. Afanasjev et al., Phys. 
Lett. B726, 680 (2013) -
CEDF 



In the previous figures:

black dots correspond to
stable nuclei: i.e., infinite
lifetime.

Stable nuclei can be
found around the so-
called stability line.

First problems: for each A
(that is, for each isobaric
chain), which is the
nucleus with largest
binding energy ? And
how does this evolve if
we move towards right
(left) in the previous
figure, that is, if we move
increasing (decreasing)
(N-Z) ?



Values:

aV=15.85 MeV 
aS=18.34 MeV 
aC=0.71 MeV 
aA=23.21  MeV

The blue line represents constant
A: for A=120 we meet Z0 close to
50 (i.e., Sn).





Neutron-rich and proton rich nuclei in HF with effective forces:

Reminder: the pp and nn force is active only in the T=1 channel (on
average, not so much attractive), whereas the pn force is active also in
the T=0 channel which provides stronger attraction. This is known from
the existence of the deuteron as a bound system, and the non-existence
of the di-neutron.

Therefore, neutrons feel more the proton attraction than the attraction of
the other neutrons. In a system with increasing N-Z, the neutrons
become much less bound with respect to the protons.

For analogous reasons, in a system which is neutron deficient, the
protons become much less bound with respect to the neutrons.





• Masses (or equivalently binding energies) can be measured with good
accuracy by means of mass spectrometry.

• The difference between stable and unstable nuclei comes at the level of
density measurements. In the case of stable nuclei, electron scattering
has been the main source of information. The electromagnetic interaction
is known, and this has allowed to interpret the data since the differential
elastic cross section for electron scattering is expected to be the Mott
cross section (corresponding to the diffusion on a point charge) multiplied
by the form factor F(q2) squared, that is, the Fourier transform of the
nuclear charge density,

In the case of unstable nuclei, this is not possible. Sizes and densities
have been measured using hadron scattering → with the associated
uncertainities !

Measurements of masses and densities of radioactive nuclei



Table 3.1: cf. next page
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Let us the model (oversimplified !) for the case of 11Be, which is 
a one-neutron halo.

We know Sn is about 0.5
MeV, so that η~1/6 fm-1.

The size of the neutron
orbit in 11Be is two times
the core size

R0 A1/3 = 2.67 fm



1.1 What is a halo?
The word ‘halo’ crops up in many places and disciplines. For example, in solar
physics, coronal mass ejections aimed directly at Earth are called ‘halo events’
because of the way they look to us—as the approaching cloud of an ejection looms
larger and larger it appears to envelop the Sun, forming a halo around it. In general,
a common feature of a halo is that of an extended, dilute, peripheral distribution
around a central object. This is the case for nuclear halos, however, in here it is a
purely quantum effect. Although mainly found in nuclear physics, such quantum
halos are also known to exist in molecular physics. Thus, a first rough definition of a
nuclear halo is a spatial extension of diffuse (low density) nuclear matter signifi-
cantly larger than the rest of the nucleus it envelops.

The most famous halo nucleus is 11Li, a lithium isotope with no less than eight
neutrons accompanying its three protons. The last two neutrons in this nucleus are
very weakly bound, and so their wave function is spread out over a volume which
extends far outside the range of the other nine nucleons, making 11Li roughly the
same size as a lead nucleus, which has over 200 protons and neutrons. This is
because although the ‘average’ radius of all the particles in 11Li is around 3.5 fm, the
probability density of the last couple of neutrons extends out to 6 fm from the centre.
However, a typical (non-halo) nucleus of mass 11 that scales like the cube root of the
mass number would only have a radius of about 2.7 fm. Figure 1.5 shows the two
best known halo nuclei: neutron-rich isotopes of lithium and beryllium. Both have
the same mass, but one contains a single neutron in its halo and the other has two.

The discovery of halo nuclei in the mid-1980s electrified the community of nuclear
physicists. These nuclei presented a rich variety of phenomena to study, and stretched

Figure 1.4. Confirmed and suggested halo nuclei. Known neutron halo nuclei are shown by dark green squares
and unconfirmed candidates by light green squares. Orange squares show the proton halos. Nuclides only
qualify as candidates when significant enhancements of their interaction cross sections are observed (see later).
A halo nucleus is treated as confirmed when both enhancement of the cross section and narrow momentum
distribution are observed. Reproduced from [7] with permission from Elsevier.

Halo Nuclei

1-5

IOP Concise Physics

Halo Nuclei

Jim Al-Khalili

Chapter 1

Introduction

The atomic nucleus is a strange and complex place. It is often said that it is
important to understanding the structure and properties of nuclei since, if everything
in the world is made of atoms and more than 99.9% of the mass of an atom resides in
its tiny nucleus, then it is a good idea to understand how this matter arranges itself.
However, to simply state that atomic nuclei are bundles of protons and neutrons
(collectively called nucleons) tightly bound together by the strong nuclear force is to
overlook one of the most fascinating and difficult fields in the whole of science.

The atomic nucleus is the playground of quantum mechanics—it is the rules of the
quantum world that govern how protons and neutrons arrange themselves within
the nucleus. Over the past century, many hundreds of experiments have been carried
out to probe the structure of nuclei and yet it seems there have been almost as many
different theoretical models needed to describe this structure, for it is fair to say that
no single framework can claim to be applicable to all atomic nuclei. And yet there
have been many success stories too. The nuclear shell model, for example, describes
the structure of many medium mass nuclei, while mean field approaches do well for
heavier nuclei and few-body cluster models describe lighter nuclei.

This book is about a class of exotic nuclei that break many long-established rules
of nuclear structure and highlight just how different some nuclei can be from the
traditional picture of a bag of tightly packed nucleons. To pick probably the simplest
example, one of the most basic properties of atomic nuclei is their size, but how do
you measure something thousands of times smaller even than the atoms that make
up the measuring instrument itself? Yet in 1909 Rutherford, Geiger andMarsden did
just that. By scattering alpha particles from thin gold foils they discovered that
nuclei were some 10 000 times smaller than the atoms that contained them. Since
then the idea of ‘seeing’ inside atoms, and indeed inside the nuclei themselves, has
involved hitting them with a beam of particles to see what happens: how many
bounce off and at what angles? How easily do the nuclei become excited or break up
or transform into other species? And so on.

doi:10.1088/978-1-6817-4581-7ch1 1-1 ª Morgan & Claypool Publishers 2017

Updated to 2017



• Other experiments which have been historically important, to make the
character of halo nuclei evident, are: (i) momentum distributions of
projectile fragments, and (ii) electromagnetic dissociation.

These are reviewed in papers e.g. by I. Tanihata.

The idea of the momentum distribution experiments is quite simple. If we
hit, e.g., 11Li on a C target at 800 MeV/u we can measure the transverse
momentum of the fragments and we find a “double” distribution.

The component with “small width” has a Δp of about 19 MeV/c. From the
uncertainty principle

Δx ~ hc/Δp ~ 12 fm,

that is, the narrow component is
arising from the halo.

Other evidences




