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Abstract. Halo nuclei are characterized by an approximate decoupling – spatially
and dynamically – of one or two nucleons from the remaining nucleus. This lecture
identifies the key features of halo systems and reviews scaling relations that enable
halos in different systems to be compared. Regions where halos have been seen or
are likely to be found are outlined. A general overview is given of how halos are
studied experimentally followed by a more detailed discussion on nuclear reaction
experiments at energies above 20 MeV/u and on halo effects in beta decay.

1 Introduction

After two decades of halo physics, many reviews now exist [1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11, 12, 13] that will guide the specialist through the literature.
There are also more accessible introductions, e.g., two lectures in the earlier
LNP volume in this series [14, 15] and many overviews given at conferences
and schools, some examples can be found in [16, 17, 18, 19, 20]. The basic
aim of this lecture is that it together with Al-Khalili’s lecture [14] should give
newcomers a good starting point in the field. To allow the reader to build up
some intuition for halo systems the lecture will focus on key concepts and on
many aspects only give a brief overview. When working with halos in practice
one always need to worry about details; references are given for those who
need to do this worrying.

The historical development of halo physics has been covered briefly in [4,
12]. Here it suffices to mention that halos had been anticipated theoretically
quite early on [21] and that several aspects of typical halo behaviour were seen
experimentally and understood as being due to the loose binding, e.g., the
enhancement in (p,γ) reactions [22] and the unusually strong E1 transition
within 11Be [23]. However, the halo concept only emerged clearly when the
first reaction cross section measurements by Tanihata’s group [24, 25] led
Hansen and Jonson [26] to suggest the halo structure in order to explain the
large sizes of nuclei such as 11Li.

I shall start in Sect. 2 by discussing how a halo state differs from normal
nuclear states and how they can be classified. Section 3 then looks at where
halos have been found and where they are likely to show up in the future.
This is followed by a general discussion in Sect. 4 on how halo properties
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can be probed quantitatively in experiments. Section 5 introduces the most
important probe of halo structure, nuclear reactions, and Sect. 6 discusses
the relevance of (and complications in) beta decays.

2 What is a Halo?

The most obvious feature of a halo system is that it is spatially large. To be
more precise, it is unusually large for a system “of its type”. This is not suf-
ficient to distinguish halos from other large systems: we furthermore require
that the outer parts of the system are in a classically forbidden region and
therefore appear due to quantum mechanical tunnelling. This requirement
now ensures that halos in different physical systems are sufficiently alike that
we can describe many of their properties in general terms.

The more exact criteria [2, 12] I adhere to can be summed up in two points.
The first is that the total many-body wave function must have a cluster
structure (or at least a large probability for finding a cluster component),
i.e. we can talk about a core component and one or more halo particles. The
second is that a large part of the wave function for the halo particles must
be in the non-classical region. A reasonable definition of “large part” is that
the probability fh for being in the non-classical region should be at least 0.5,
but where one draws the line between a halo system and a non-halo system
is to some extent a matter of taste. The important point is that halo-specific
features will be more pronounced the larger fh is. It is of course of interest
to know where the best examples of halos are found, but it will clearly also
be interesting to see less developed halos and understand for a given nucleus
what might prevent the appearance of halo features. Section 3 will look more
into this question.

Note that there is no specific quantum number connected with halos. To
get a sizeable tunnelling out into the non-classical region the system needs
to be loosely bound, so the halo structure is in some sense a threshold effect,
the important parameter being the separation energy Sh needed to remove
the halo particle(s) from the core. The structure depends so sensitively on
Sh that the most useful theoretical approach is to use few-body structure
models that are tuned to fit Sh. More complex models that could also describe
the internal structure of the core will typically not be able to reproduce Sh

precisely and will then give wrong predictions for important quantities such
as the total spatial size. A brief discussion of which theoretical approaches
have been attempted was given in [14]. (When reading accounts of these more
complex models one must be prepared to digest phrases such as “coupling to
the continuum”, they sound impressive and tend to be connected to specific
assumptions made in, or limitations inherent in, the model.)
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2.1 Two-body Halos

To see in detail how halos appear, we shall look first at the wave function
for the simplest two-body halos, consisting of a core and one neutral halo
particle. With r being the distance between the two components, µ the re-
duced mass and l the angular momentum quantum number, the radial wave
function at distances large enough that the potential can be neglected is sim-
ply proportional to kl(κr), where the “inverse decay length” κ is given by
Sh = �

2κ2/(2µ) and kl is the spherical modified Bessel function. The latter
is simple to express analytically,

k0(x) =
exp(−x)

x
, k1(x) =

exp(−x)
x

(
1 +

1
x

)
,

kl+1(x) =
2l + 1

x
kl(x) + kl−1(x) . (1)

The outer wave function must be matched to the internal wave function
to solve the problem completely. This is done numerically and it is a good
exercise to try this for oneself.

For completeness we can also write down the momentum wave function.
The Fourier transform of a wave function ψ(r) = R(r)Ylm(r̂) is

g(k) =

√
2
π

ilYlm(k̂)
∫ ∞

0

R(r)jl(kr)r2dr , (2)

jl being the usual spherical Bessel function. When, for r > r0, we have
R(r) = Bkl(κr) one gets the following contribution from the outer part√

2
π

∫ ∞

r0
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= B

√
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For r0 → 0 (when the inner part is neglected completely) this becomes

B

√
2
π

1
k2 + κ2

kl

κl+1
. (4)

However, in this limit the spatial wave function is only normalizable for l = 0
in which case it is simply the Yukawa wave function and B =

√
2κ3/2.

The spatial extent of a system can be characterized by the radial moments
〈rn〉. It is actually not necessary to know the internal wavefunction in order
to derive how the radial moments scale as the binding energy goes to zero.
The results [27] are:

〈rn〉 ∝




S
(2l−1−n)/2
h n > 2l − 1
− ln(Sh) n = 2l − 1
const. n < 2l − 1

. (5)
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Exceptionally large values can occur, in principle arbitrarily large values, if
the binding energy is small and the angular momentum not too high. The
probability distribution itself (n = 0) diverges for l ≤ 1/2 (this is strictly
speaking meaningless, it means that the normalization constant – B in the
above notation – must go to zero) and the mean square radius (n = 2) for
l ≤ 3/2, so good halos will only occur for s and p waves.

If one is looking at an extreme halo system where most of the wavefunction
lies outside of the potential it doesn’t really matter what potential shape
one uses (this was observed early on for the deuteron, where low-energy
scattering can be described using only the scattering length and an effective
range). For convenience many papers in the literature therefore use square
well potentials. For consideration of less extreme systems one can of course
employ more realistic potentials, but this is often not necessary: It turns out
that for most of the interesting halo systems scaling laws apply, so we shall
turn now to an explanation of what the scaling is and how to make use of it.

2.2 Scaling for Halo Systems

The key ingredient in deriving the scaling is to choose the appropriate scale
R on which to measure a given system. We take it as the classical turning
point, the distance where the potential energy is equal to the binding energy.
If one uses a square well potential R is simply the well radius. The classical
turning point is an obvious theoretical choice since it separates the “tunnelling
region” from the region where the potential is large and the wavefunction
could depend on details of the potential shape. We shall discuss below how
one can find R experimentally.

The quantity most often used to measure the size of a system is its mean
square radius (or the square root of it, the rms radius). It is also used here,
but one should not use it uncritically for halos. To see why, consider an s-wave
with negligible core radius where the wavefunction has the simple Yukawa
form. The total mean square radius here is �

2/(4µS) (see e.g., [14]), but
almost half the contribution to 〈r2〉 comes from the outer one third of the
wavefunction (measured in terms of the integrated probability distribution).
The outer tail contributes even more heavily, distances beyond κ−1 contain
only 13.5% of the total wavefunction but contribute 27% to 〈r2〉. We shall
come back to this point several times.

The dimensionless measure for the size is 〈r2〉/R2, and the dimensionless
measure for the binding energy S can be chosen as µSR2/�

2. In these units
the pure Yukawa form gives a size equal to the inverse binding energy divided
by 4. A potential of finite size will deviate from this behaviour at larger bind-
ing energies where the core size becomes noticeable, but calculations show [28]
that different potential shapes gives almost the same deviation expressed in
scaled units. This universal behaviour is one reason for using the scaling units,
the other main reason is that it allows systems on widely different absolute
scales (such as nuclei and molecules) to be compared. Figure 1 shows both
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Fig. 1. Scaling plot for two-body halos. The mean square radius of the halo is
plotted versus the binding energy in scaled, dimensionless units. Open points are
theoretical values. Filled points are derived from experimental data as explained
in the text, squares and triangles are from optical limit and few-body approaches,
respectively. Solid lines are for pure s-, p- and d-waves, the dashed line corresponds
to a pure Yukawa wavefunction

the Yukawa behaviour and the scaling curves for angular momenta l = 0, 1, 2.
The thin horizontal lines on the l = 0, 1 curves just below 〈r2〉/R2 = 2 indi-
cate where there is 50% probability of being in the non-classical region. Good
halo systems will lie above this value.

The theoretical values on the plot (reproduced from [29]) are for three sys-
tems outside the field of exotic beams: the H− atom (an electron bound to the
neutral hydrogen atom), the hypertriton (a Λ-particle bound to a deuteron)
and the He dimer (the molecule consisting of two neutral He atoms). As the
last two show some of the best halo systems are actually found outside of our
field.

The experimental data are placed in the plot in the following way. All
masses are taken from the 2003 Atomic Mass Evaluation [30]. Apart from this
one needs to know the mean square radius 〈r2〉 and the scale R. Let us look
first at the deuteron, the classical example of a loosely bound system. The
size of the deuteron [31] is known very accurately from atomic spectroscopy.
However, the value of R will depend on what potential shape one assumes.
The point in the figure corresponds to a value of 1.93 fm as used in [32], but
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slightly different values would be as justified and would correspond to moving
the point parallel to the dashed line (the Yukawa curve). Two conclusions can
be drawn from this. First, the position of a nucleus in the plot may be subject
to some (small) uncertainty. Secondly, it is nevertheless important to use as
trustworthy a value of R as possible since varying R will move the point on
and off the scaling curve, even for s waves (unless one is dealing with as
extreme systems as the He dimer).

For all other points the radii are deduced from measurements of total
reaction cross sections performed at high energy, typically around 1 GeV/u.
We shall look a bit more at these experiments in Sect. 5, but an earlier lecture
[14] discussed these measurements in much detail explaining the Glauber
model and the two versions used of it, the optical limit and the few-body
model. The distinction is important for halo nuclei, where the few-body model
will be more reliable. A compilation of cross sections and of radii deduced
from them (in both approaches) can be found in [33]. Figure 1 employs these
data except for the few-body model radii for 8B and 11Be that are taken from
[34]. Analyses of other types of measurements have also led to deduced radii;
these are in my opinion not as securely founded as the ones from the reaction
cross sections and are therefore not included, but these other data of course
can contribute in a decisive way in determining how much halo character a
given nucleus has. We shall return to this later.

The mean square radius of the halo is given by:

〈r2〉 =
m2

tot

mcmh
〈r2〉tot −

mtot

mh
〈r2〉core , (6)

where the total mean square radii of the halo nucleus and the core nucleus
enter, mtot is the mass of the total system and mc and mh the masses of
the core and the halo particle(s). The mean square core radius also deter-
mines the value of R if one corrects for the difference between the size of
the density distribution and that of the potential. The relation used [29] is
R2 = 5

3 (〈r2〉core + 4 fm2).

2.3 Three-body Halos

Many two-neutron halos are genuine three-body systems and are most effi-
ciently described using relative coordinates between the three constituents.
They are often Borromean [1], meaning that all two-body subsystems are
unbound. The binding of the three-body system is then due partly to all
three interactions being present at once, partly to the changed kinematics,
see [35] for a thorough analysis. Jacobi coordinates (see e.g., [14]) are of-
ten introduced, but it is convenient here to go directly to the hyperspherical
coordinates that are presented in detail in [1, 8] – the transformation is to
one radial and five angle coordinates. The so-called hyperradius ρ and the
corresponding scaling length ρ0 are defined as
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Fig. 2. Scaling plot similar to Fig. 1, but for three-body halos. Solid lines corre-
spond to states with hypermomentum K = 0, 1, 2. The dashed lines indicate where
the extreme Efimov states may appear, see the text for details

mρ2 =
∑
i<k

mimk

mtot
(ri − rk)2 , mρ2

0 =
∑
i<k

mimk

mtot
R2

ik , (7)

where Rik is the scaling length in the two-body subsystem, mi(i = 1, 2, 3) are
the masses of the three components and mtot the total mass. The mass unit m
is in principle arbitrary, it cancels in the ratio ρ/ρ0 and with a scaled energy
mSρ2

0/�
2 (S now being the three-body binding energy, e.g., the two-neutron

separation energy) it also does not enter there. Using these coordinates it is
straightforward to construct a scaling plot for three-body halos, as done in
Fig. 2. Scaling can not be expected to be as good for three-body systems as
for two-body systems but is in practice working fairly well. The borderline
for good halo systems is also here just below 〈ρ2〉/ρ2

0 = 2.
The radial equation in hyperspherical coordinates (shown in [14]) is

rather similar to a two-body radial equation. It contains a centrifugal barrier
(K + 3/2)(K + 5/2)/ρ2 where the hypermomentum K takes the place of the
two-body angular momentum l. In contrast to the two-body system, K will
not be a good quantum number, but it is often used for expansions of the
full solutions and the behaviour of states with good K values is therefore
indicated in Fig. 2. The structure of the radial equation implies that even for
the lowest K value of 0 systems will be much less divergent than the most
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extreme two-body systems (K = 0 has an “effective l” of 3/2). However,
three-body systems have more degrees of freedom and correlations between
the particles can in several cases give systems of larger sizes. A complete dis-
cussion of this has only been given recently [12, 36]; I will here only present
the main conclusions and refer to the original papers for details.

First of all it turns out that the K = 0 curve underestimates the mean
square radius a system can obtain. There is still a universal curve, but it
lies above K = 0 by more than a factor 6 at very low binding energies and
still about 20% at a scaled binding energy of 0.1. The “problem” is that
enforcing K = 0 leaves too little freedom for how the relative distances in
the system are distributed. Secondly, a two-body subsystem may be bound
in which case the behaviour will resemble more a total two-body system,
one body being composite. A good example of this is the hypertriton that
was placed in Fig. 1 (examples of the transition from an effective two-body
to a three-body system can be found in [36]). Thirdly, a peculiar effect will
occur if two subsystems at the same time happen to have a large scattering
length, both when they are just bound and just unbound. Many – in the
extreme case infinitely many – three-body bound states of very large size will
then exist, they are called Efimov states [8, 37]. Roughly speaking, the large
spatial extent of the two-body systems allow bound three-body states to be
built. If Efimov states turn up in two-neutron halo nuclei they would appear
between the two dashed lines in Fig. 2, the ν parameter enters in the effective
three-body potential.

The theoretical points in Fig. 2 are for various Helium trimers, molecules
composed of three He atoms. In the system with three 4He atoms the ground
state is fairly bound whereas the first excited state is a Efimov state, it is
actually a halo built upon a Efimov state [38]. The molecule with two 4He
atoms and one 3He has a large ground state and no bound excited states. The
experimental points for nuclei are based on high-energy reaction experiments
as for two-body systems, the triangles again using radii derived from a few-
body analysis [34] and the squares from a optical limit analysis [33]. The filled
circles use radii derived from elastic scattering experiments on protons at 0.7
GeV/u [39, 40], a well-tested probe of density profiles. It is important to note
that although the scattering data were of very good quality they actually did
not allow to determine the density profile sufficiently far out that the 〈r2〉
was determined accurately, cf. the discussion at the beginning of Sect. 2.2.
One has to assume a specific functional behaviour of the tail of the density
distribution to extract a final value, the value in the figure (a total 6He radius
of 2.45(10) fm) uses an exponential tail as is appropriate for a halo system.
Using a Gaussian tail the derived radius is smaller (2.30(7) fm). Incidentally,
the deduced core radius fits very nicely with the significantly more precise
6He charge radius measured recently [41] using laser spectroscopy.
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2.4 Other Aspects of Halos

What about four-body halos? Or N -body? One can do a transformation
similar to the one leading to the hyperspherical coordinates and obtain a
generalized centrifugal barrier. We know that correlations between particles
will probably be important and give rise to the formation of clusters inside
the system, but in the absence of such clustering the system gets an effective
l of at least 3(N − 2)/2 and halos will therefore only appear for N ≤ 3.
Therefore, it suffices to look for systems composed of effectively two or three
clusters.

In nuclear physics, we are mainly concerned with attractive potentials
that have a short range. Several papers in the literature have looked at more
general potentials, in particular potentials with a power-law behaviour at
large distances. The division between short-range and long-range potentials
is at the r−2 potential that has a somewhat pathological behaviour. For more
information on these matters the interested reader is referred to the overviews
in [12, 29].

Repulsive long-range potentials are relevant for nuclear halos, namely
when the halo particles are charged. The larger the Coulomb barrier is, the
more the tunneling into the nonclassical region will be suppressed, as an
extreme example we do not expect α-decaying nuclei to have a halo structure
even though they are actually unbound. One-proton and two-proton halos are
thereby disfavoured and will always reside in the scaling plots close to (or
below) the limit. The structure will therefore be more sensitive to details in
the potential and one needs to look carefully at each case. General rules are
harder to make, but a simple numerical example as given in [2] indicates that
claims for proton halos much above a core charge of 10 should be scrutinized
carefully.

Finally, there do exist rather general (and consequently not always too
competitive) theoretical results for when two- or more-body systems are
bound [42, 43] as well as for the sizes of halo systems [44, 45]. Those with an
interest in such general analyses should also take a look on the monograph
by Grosse and Martin [46].

3 Where Can One Find Halos?

Turning now to the question of where halos can be found, it is obvious from
Figs. 1 and 2 that some molecular systems have very pronounced halo struc-
ture. There are not so many other physics subfields where halos are found,
they seem rare in atoms although they have a theoretical chance of being
found in negative atomic ions. When the structure of molecular halos can be
studied experimentally in detail (this is yet to come) it will be interesting for
detailed tests of our ideas on how halos behave, but in a way finding halo
systems in molecules is “too easy” since the clustering, the first of the two
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Fig. 3. Two-body scaling plot, as Fig. 1, but for heavier neutron-rich nuclei. The
symbols denote Be and B isotopes (full square), C isotopes (full circle), N isotopes
(full triangle), O isotopes (star) and F isotopes (diamond)

halo criteria mentioned in the beginning of Sect. 2, is almost automatic. In
contrast, clustering is far from being trivial for nuclear systems.

To illustrate how things can go wrong for nuclei, Fig. 3 shows the two-body
scaling plot for many neutron-rich nuclei based on systematic measurements
of their radii [47]. In each case a “core plus one neutron” model is assumed
to hold. Although the scaling curves ought to give upper limits for the size
of a system, several nuclei with scaled binding energy above 0.4 violate this,
among them nuclei very close to the neutron dripline such as 22,23N and
23O. The assumption that these nuclei can be described as simple two-body
systems must fail.

As we approach ‘normal nuclei’ the inert core approximation is increas-
ingly likely to be wrong. Configuration mixing can become important and
would invalidate the simple model, the final nucleus would rather be de-
scribed as a superposition of different core excited states with a surrounding
neutron, and the spatial size of the excited states must be known to calculate
halo radii. In the specific case of the “too large” nuclei shown in Fig. 3 is
has been argued [48] that the core is enlarged. Even in the cases where a
core plus neutron approximation still holds the core might become deformed.
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Deformation by itself does not prevent halo formation [49], but changes in
deformation will of course spoil the simple relation (6). Finally, the nucleus
might be clustered, but with a different cluster division than core plus neu-
tron.

The effects of configuration mixing can be estimated qualitatively once
the level density is sufficiently high [50]. The point is that unless conserved
quantum numbers prevent it (and there are no halo specific quantum num-
bers) different states in a nucleus will mix. For a given excitation energy in a
given nucleus one can estimate the level density and the size of the coupling
matrix element between states, taking into account the dilute wavefunction
of the halo state, and it is then a standard exercise to evaluate how much the
original halo wavefunction is spread out and how much remains in one state.
It turns out that mixing most likely is strong except for the lowest few states
in a given nucleus, so halos will occur mainly close to the groundstate, and
since the binding energy should be low this restricts us to nuclei close to the
driplines except possibly in the very light nuclei.

3.1 Where are the Driplines?

The most remarkable feature of the nuclear chart (when one compares to
other physical systems) is that there are only a limited number of com-
binations of neutron and proton numbers that give a particle stable nu-
cleus. Figure 4 shows two theoretical estimates of where nuclei are bound,

Fig. 4. The extent of the chart of nuclei according to two theoretical estimates.
The points mark nuclei that are stable towards prompt particle emission according
to the Hartree-Fock calculations in [51]. The lines show the valley of beta-stability
and the proton and neutron driplines according to a simple version of the liquid
drop model [32] (excluding pairing to get smooth curves). Some of the heaviest
nuclei shown will be unstable with respect to prompt fission



12 K. Riisager

experimentally we are only about half-way in having seen (not to mention
studied) these nuclei. Fortunately, there is a recent good review [52] on the
limits of particle stability. As shown there in detail we have by now reached
the proton dripline for all odd Z elements up to Z = 91, whereas for even Z
there are still missing isotopes for Z in the range 32–64 and above 82 (ac-
tually, as explained in more detail in [52], the exact position of the proton
dripline is not always known since nuclei that are just unbound to proton
emission will still be long-lived and therefore observable in experiments). On
the neutron-rich side the dripline is known up to about Fluorine (Z = 9), but
it is clearly more appropriate to discuss its position in terms of N : we know
it up to N = 20 and might have reached it up to N = 27, above this value
the expected position rapidly go beyond what experiments can do presently.

The position of the neutron dripline must therefore be taken from theory
for all but the lightest nuclei. The two estimates in Fig. 4 fit reasonably
well to each other, but the question is how reliable the extrapolation from
known nuclei to the dripline is. Some comparisons of different models give the
impression that the position is fairly well established (at least when looking
for a given value of N rather than a given value of Z [52]), but extrapolations
of masses tend to diverge as one leaves the region where they have been fitted,
examples of this can be found in many references (e.g., [53]). The basic reason
is that the physics effects that become important for determining the exact
position of the neutron dripline give very small variations for normal nuclei
and therefore are hard to determine with sufficient accuracy. Two examples
of physics effects that could be important are the isospin-dependence of terms
that are constant in the simple liquid drop model (a good discussion is given in
[54] of the droplet model where the surface term is modified) and the neutron
skin that we shall return to in the next subsection. A recent overview of the
theoretical models used today is given in [53].

The two things to remember from this is firstly that one should still
be sceptical about extrapolations all the way to the neutron dripline and,
secondly, that if we are only interested in getting a picture of how very neutron
rich nuclei could behave it is sufficient to use the very simple liquid drop
model.

3.2 Established and Future Nuclear Halos

We can now return to the question of where halos are positioned in the
chart of nuclei. In the spirit of the conclusion just made the first step is to
look at where simple models would place halo candidate states, i.e. where
we would have s- and p-states at zero binding energy. Such an analysis was
presented in [50] using a simple nuclear potential (even disregarding the spin-
orbit splitting of p-states) and the results are shown in Fig. 5. Both one- and
two-neutron halos need to include substantial amounts of s- or p-wave in
order to be large, so the favoured regions for finding halos are where the
dotted and dash-dotted lines in the figure cross the dripline. Note that the



Nuclear Halos and Experiments to Probe Them 13

Fig. 5. The chart of nuclei as in Fig. 4 except that points here mark nuclei where
the masses are experimentally known or extrapolated from known masses [30]. The
lines show where s- and p-wave neutron states would be situated at zero binding
energy in a square well estimate [50]

first s- and p-states (the orbits up to N = 8) are not shown. The detailed
results of this simple estimate cannot be expected to be very reliable, but
the main features will be robust. We should therefore expect halos to occur
in specific mass regions rather than being spread out uniformly along the
dripline.

A selected list of some halo states is given in Table 1. More extensive
tables that also include halo candidates can be found in [12]. The relative
nucleon-core angular momentum l is given for each state; for two-nucleon
halos, l denotes the dominating component. Values in parenthesis are not
firmly established. Not all separation energies are well known; the uncertainty
is given for the nuclei where it is larger than 1 keV. The deuteron is a special
case, both due to its small reduced mass and to it being a “true” two-body
system (as long as we neglect the quark substructure). Among the other one-
nucleon halos 8B, 11Be and 19C were shown in Fig. 1. The last two seem
good halos whereas the proton halo 8B is somewhat smaller, partly due to
it being a p-wave. The excited states in 11Be and 17F probably have values
of 〈r2〉/R2 just above and below 2, respectively. All listed two-nucleon halos
were shown in Fig. 2, here 6He and 11Li are good halos, whereas 14Be and
17Ne are somewhat smaller.

There does not seem to be any really large proton halo, but the listed
systems (and others: 26P was much promoted at a certain stage [55]) are
of course interesting to compare to neutron halos of various sizes. Halos in
excited states have only been considered occasionally and are much harder
to access experimentally, but could give a valuable insight both by testing
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Table 1. Halo states. For each state the excitation and separation energies and the
angular momentum of the halo particle(s) are listed

Nucleus Ex S − E a Configuration l

(MeV) (keV)

d g.s. 2225 n+p 0

8B g.s. 138 p+7Be 1

11Be g.s. 504 ± 6 n+10Be 0

11Be 0.32 184 ± 6 n+10Be 1

17F 0.50 105 p+16O 0

19C g.s. 580 ± 90 n+18C 0

6He g.s. 972 n+n+4He 1

11Li g.s. 300 ± 19 n+n+9Li 0,1

14Be g.s. 1260 ± 130 n+n+12Be (0,1,2)

17Ne g.s. 973 ± 27 p+p+15O (0)

a From [30].

our understanding of where halo formation can occur and by giving more
examples of halo states.

There might not be that many more good halo states to be found in the
near future. Proton halos above 26P are unlikely to exist. The nuclei at the
neutron dripline with N = 15, 16 (where the second s-orbit normally would
appear) might show halo structure, but the only one with a potentially really
low binding energy is 22C whose mass is uncertain by 1 MeV. One has to recall
that since the scaled energy contains the factor SR2 the limit for where good
halos occur is not constant in MeV, but rather decreases as A−2/3. Further
up the dripline the next candidates will have a p-orbit that in the standard
filling of the shell model appears above N = 28, a region where we are still
not certain about the dripline position. However, as many textbooks will tell
you (see e.g., Fig. 9.13 in [32]) the ordering of nuclear orbits is not fixed as
we move around in the nuclear chart, there is a tendency for low angular
momentum orbits to go down in energy as one gets closer to the threshold
(due to tunneling out from the nucleus, the same effect that gives the halo
structure). On top, the residual nuclear forces can move orbits around to
the extent that even magic numbers are changing, see e.g., the discussions
in [10, 56]. It is already clear from the examples in Table 1 that the second
s-orbit can play a role in the whole region N = 8–16 so one should look out
for the second p-orbit before N = 28. An optimist would also search for new
excited state halos.
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The way I have been discussing halo nuclei there is a clear distinction
between them and nuclei with a neutron skin, for halos it is the outer tail
that expands, for neutron skins it is the bulk of the neutron matter that ex-
tends beyond the proton matter [2, 3, 4]. When going through the literature
one must be aware that not all authors agree to this distinction, partly for
historical reasons. Some just look at neutron radii (e.g., [57] and references
therein) or seem satisfied with the neutron density being larger than the pro-
ton density in the tail of the nucleus no matter how far out this happens.
This is a questionable approach, even stable nuclei will eventually have a
neutron density larger than the proton density simply because of the extra
Coulomb barrier for the protons. It can be measured with antiprotons [58]
that annihilate on the neutrons or the protons in the outer surface, roughly
2.5 fm beyond the half density charge radius. The composition of the nuclear
density in this extreme situation is of course interesting by itself, but when
we discuss halos a more restricted view is required: the facts that neutrons
outnumber protons in the surface or that the system is spatially large are
facets of halos, but they are not exhaustive characteristics. The clustering
implies that there is a large amount of single-particle (or few-particle) be-
haviour. We now turn to these other consequences of the halo structure; they
will also illustrate the ways halos can be identified and probed.

4 Probes of Halo Structure

The first step in experimental investigations of a nuclear halo system is to
create it, the deuteron (that occurs naturally) being the only exception. Pro-
duction of radioactive nuclei has been a recurrent lecture subject at the
Euroschools. There are two basic routes, in-flight separation of projectile
fragments and Isotope Separation On Line (ISOL) [59, 60]. An earlier lec-
ture described in-flight separation in detail [61], here the separation happens
faster and one immediately has a secondary beam that can be used in nu-
clear reaction studies. Most halo experiments have taken place at in-flight
facilities, but ISOL facilities [62] are advantageous for precision experiments
and for reaction studies at very low energy.

A list of probes of halo structure would to a large extent be the list of
probes of nuclear structure. We can use all three interactions, the strong,
the electro-magnetic and the weak. The last two are well understood on
the nuclear scale and can be applied immediately for investigations of halos.
In contrast much theoretical work has had to be put into understanding
the reaction mechanism in nuclear reactions involving halos. The nuclear
reactions and β-decay probes are discussed in more detail in Sects. 5 and 6,
respectively. Here some general comments will be given that naturally leads
to a discussion of electro-magnetic transitions.

Whether we are creating the halo state during the experiment or probing
(destructively or non-destructively) a halo coming in a secondary beam at a
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radioactive beam facility, we can model many of the probes by an operator
sandwiched between an initial and final state wavefunction. To give concrete
examples, for a two-body halo with charges Zhe and Zce for the halo and the
core the electric multipole operators are [27]

M(Eλ, µ) =

[
Zce

(
mh

mh + mc

)λ

+ (−1)λZhe

(
mc

mh + mc

)λ
]

rλYλµ , (8)

i.e. a weighted sum of the charges times the usual one-particle multipole op-
erator for the relative coordinate. The factor rλ enhances the large distances.
For proton halos all multipoles are enhanced, whereas for neutron halos with
Zh = 0 the mass factors in (8) reduce the effect drastically when λ ≥ 2. The
magnetic transition operators contain factors of rλ−1 and enhance less. The
explicit expression for the M1 operator for a two-body halo is

M(M1, µ) = µN

√
3
4π

[
gssµ + lµ

(
Zh

Ah

mc

mc + mh
+

Zc

Ac

mh

mc + mh

)]
, (9)

where µN is the nuclear magneton, sµ and lµ are the µth spherical components
of the halo spin and angular momentum, Ah and Ac are the two mass numbers
and gs is the spin g-factor for the halo particle. In both the above cases the
core is treated as inert and structureless so the contributions from the intrinsic
core degrees of freedom are omitted.

When the operator directly enhances the tail of the wavefunction the
matrix element for halos can become much larger than for normal states.
The enhancement is illustrated in the left panel of Fig. 6 using the simple
square well model for a two-body halo. The expectation values of 〈rn〉1/n/R
(the root mean square radius for n = 2) are shown versus the probability that
the halo particle is outside of the potential well of radius R. This probability
will go to 1 for very loosely bound s-waves, but remains less than 2/3 for p-
waves. Nevertheless the expectation values all diverge, the more so the larger
the power n. (For the root mean square radius we have already discussed this
tail enhancement for the pure Yukawa wavefunction in Sect. 2.2.)

The same conclusion is of course reached when there is a halo both in the
initial and the final state. The standard example of this is the E1 transition
between the two bound states in 11Be [23] that is unusually large.

If we consider now matrix elements Mn of rn between halo states and a
normal well-bound nuclear state there will be two conflicting effects: the fact
that the halo extends further out would increase the contribution from the
large distances, but since at the same time the probability of being inside
the nucleus diminishes, the contribution from this part decreases. The final
outcome is shown in the right panel of Fig. 6, where the bound state is chosen
to have µSR2/�

2 = 1 corresponding to about 5 MeV binding for nuclei with
A � 10. The main thing to note is that it actually takes quite a while even
for an s-wave halo state to “disappear” from a nucleus (a part of the p-wave



Nuclear Halos and Experiments to Probe Them 17

1

10

0 0.2 0.4 0.6 0.8 1

2
4

n = 6

l = 0

l = 1

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

2

4
n = 6

n = 0

〈
〉

Fig. 6. Radial expectation values plotted versus the probability of being outside the
potential for a two-body halo in s- (full lines) or p-wave (dashed lines), estimated
in a square well model. Left panel: The nth radial moment of the halo state. Right
panel: The matrix element of rn between the halo state and a well bound state with
µSR2/�

2 = 1. In both cases the nth root scaled by the well radius R is shown

would always remain). Even the case n = 0 with no enhancement of the
outer part, where the matrix element is simply the overlap between the two
wavefunctions, gives a rather large overlap until we get to extreme halo sizes.
Up to this point also the other matrix elements increase, although of course
not as drastically as the radial moments of the halo itself.

The calculation just presented is very schematic in that it assumes a very
simple structure of the bound state wavefunction, but the conclusions are
general since they show the importance of the tail behaviour when discussing
halos. As stressed earlier it is dangerous to use a “classical interpretation”
of the rms radius when we are dealing with halos. Due to the very extended
tail a halo system can have a large rms radius and at the same time an
appreciable overlap with core states. This point is elaborated a bit more in
[27].

Finally, let us consider the case where a halo state is connected to a
continuum state. If the halo state is the final state in a reaction this could
correspond to radiative capture of protons [22] or neutrons [27, 63]. Here
the enhancement of the halo is felt fully, in particular at low energies of the
incoming particle when the extent of the continuum wavefunction is much
larger than the nuclear size. The inverse process, the halo in the initial state,
would be Coulomb break-up. It shows the same halo enhancements and is the
experimentally doable one for neutron halos. There is a large literature on
Coulomb processes and loosely bound systems, and there is here only space
to refer to some reviews [12, 64, 65, 66, 67]. A key concept here is the dis-
tribution of electromagnetic strength in the nuclei, a recent paper has shown
how one from an effective-range approach can derive an almost universal ex-
pression valid for one-neutron halo nuclei [68]. These distributions will have a
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strong peak just above threshold (see e.g., [66]) from the halo single-particle
contribution – in the early days there were speculations as to whether col-
lective resonances played a role (a so-called “soft dipole resonance”), but we
know now [69] that it is a single-particle effect. That the halo contribution
has to appear at low energy was clear from the beginning [26] due to sum
rules. As an example the total E1 strength for the halo scales as 〈r2〉 whereas
the sum of the energy-weighted strength is a constant, so the larger the radius
the lower the strength has to reside (for more details, see e.g., [70]).

Before turning to nuclear reactions, I should point out that we also need
precision measurements of masses of halo nuclei and that data on their ground
state properties often are very valuable for tests of models of their structure.
Some specific examples can be found in [7, 41, 53], but readers interested
in these types of experiments are encouraged to browse through the other
lectures in this series, see in particular [71].

5 Reaction Studies of Halos

Reactions in inverse kinematics (i.e. the halo nucleus is the beam) at inter-
mediate to high energy (above 20 MeV/u) have so far been the main tool for
exploring nuclear halos. The earlier lecture by Al-Khalili [14] treated reaction
models for these processes in detail and his lecture should be read along with
the present section if one wants a complete picture. I shall focus more on
experimental questions and on the (simple as well as sophisticated) methods
of analysis and data presentation that are used. For a final interpretation we
will often be in the hands of the theoreticians, but I shall present some simple
models and point out possible pitfalls in their use. For more details one can
consult several reviews that among them cover both the experimental and the
theoretical situation [3, 4, 5, 6, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 65].

We shall first discuss the “simple” experiments one can do with beams of
about one ion/sec, then go to more advanced experiments that need higher
count rates and end with a brief look at possibilities with low energy beams
and future machines.

5.1 Some Experimental Considerations

Radioactive beams have low intensities and reaction experiments have to be
designed accordingly. A compromise has often to be found between resolution
and counting rate so the targets employed become quite thick. This gives
higher counting rates, but will, due to energy loss in the target and straggling,
worsen the resolution in angle and (unless the target itself is a detector with
position resolution: an active target) energy too.

Unless the target is very thick we can neglect the decrease of beam in-
tensity as it passes through the target. The total reaction probability P in a
given target is then given by P = 0.6022σd/At (the factor in front is from the
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Avogadro number) where d is the thickness of the target measured in g/cm2,
σ is the total cross section in barns and At is the atomic weight of the tar-
get in units of u. The formulae for specific channels and for differential cross
sections are similar. The total reaction probability is of order 1% for cross
sections of order one barn and targets about one g/cm2, but the probability
will, due to the factor A−1

t , decrease for heavier targets unless the target
thickness (or the cross section) increase drastically. This will normally not be
the case and one therefore must compensate with longer running times for
heavy targets.

The practical limit to the target thickness is given partly by the energy loss
in it, and partly by the angular straggling. The ranges and stopping-powers
for heavy ions in various materials are listed in the tables [72] or can be found
using the SRIM [73] software. In many applications one can approximate the
range by R = a(E/A)α + b (the determining factor in stopping – apart from
the charges – is the ion velocity, which is why it is the energy per nucleon that
enters). The power α depends (for light ions) very little on the ionic charge
and only slightly on the target material and is roughly 1.75. The factor a is
directly proportional to the ion mass so that light isotopes are stopped faster
than heavy ones. If the energy loss ∆E and the total energy E of a particle
is measured, one can construct a “particle identifier” PI = (∆E + E)α −Eα

that can be used to separate different isotopes. One normally does not detect
where in the target the reaction took place. Since a beam particle and the
reaction products will lose energy differently, this uncertainty leads also to a
smearing (on top of the one coming from beam spread and from the reaction
itself) of the energy of the outgoing charged fragments.

Multiple scattering in the target will also deteriorate the resolution. The
deflection of the beam due to multiple scattering can at small angles often
be described by a Gaussian, but the outer tails (of relative intensity a few
percent) will be larger than given by a Gaussian shape. A brief account can be
found in [74]. There is still active research going on in the field of stopping of
heavy ions at energies up to several GeV/u. A recent experimental overview
is given in [75]. Practitioners and users of energy loss data should note that
there will soon be a new evaluation out, a book on the theory behind has
already appeared [76] and a large report is in print [77].

We are dealing with radioactive beam experiments and the intensities are
sometimes very low. If the total number of events at the end of an experiment
is low one needs to be very careful about the statistical analysis, since the
assumption behind standard analysis methods that data are distributed as
a Gaussian (implicit e.g., in the χ2 method) breaks down. This is clearly
an important subject, but it is not possible here to give all the necessary
details. A brief useful overview of statistics is given by the Particle Data
Group [74], more details on analysis methods to be used in nuclear physics
for low count numbers are given in [78]. One specific danger of having few
counts is that it can be harder to separate signal and background. In statistics
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many techniques have been developed to deal with this situation. Such robust
methods have been applied, at least in one case [79], for the analysis of shapes
of the momentum distributions, which we shall discuss in a short while.

5.2 First Generation Experiments

The first reaction observable to measure was the total interaction cross sec-
tion, a review on such experiments is given in [33]. From this nuclear radii
can be extracted, as explained in [14]. In brief, at high energies the colli-
sion happens so fast that the basic process is that individual nucleons in
the projectile interact with individual nucleons in the target nucleus. Since
the nuclear interaction is strong, nucleons will “shadow” each other and the
total reaction probability therefore depends on how much the nucleons are
“spread out” and can, through model calculations, be converted to a value
for the radius. This is in contrast to weak interactions – a neutrino would
not see the difference between a halo nucleus and a normal nucleus, only the
total number of nucleons.

For heavier targets the Coulomb interaction will also be important and
must be included in the calculations. The resulting target dependence gives
another way of checking the structure of the projectile. The low-lying strength
mentioned at the end of Sect. 4 that is the most obvious halo contribution
would actually be felt stronger at lower beam energies [67]. We return in
Sect. 5.4 to low reaction energies where a description in terms of nuclear
potentials is to be used.

The total interaction cross section can be measured by simply detecting
the disappearance of the beam, the reasoning being that since no (or at least
very few) bound excited states exist in halos any excitation leads to break-up.
By looking at what emerges from the collision one obtains the cross sections
for individual channels. One would expect that the major part of the effects
from the halo appear in the “halo removal” channel. In accordance with this
it has been shown [80] that good halo nuclei satisfy an approximate additivity
relation

σtot(halo state) = σ−halo(halo state) + σtot(core) , (10)

where σ−halo is the halo removal cross section. Independent confirmation
comes from looking at channels that involves reactions of the core, e.g.,
charge changing reactions [81], when going through an isotopic series, such
cross sections tend to vary slowly whereas the total cross sections show the
enhancement from the halo.

As an illustration, Fig. 7 shows state-of-the-art calculations compared
with data (taken from [82]) for 11Li reacting on C and Pb targets. Apart
from the total interaction cross section the separate contributions from two-
neutron removal reactions and core break-up reactions are shown. Note that
for the Pb target the large increase at low beam energies that comes from
the contribution of Coulomb break-up to the two-neutron removal channel.
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Fig. 7. Total interaction cross sections for 11Li reactions on C and Pb targets
shown as a function of beam energy. The contributions from two-neutron removal
and core break-up are shown separately. The figure is taken from [82] where the
theoretical calculations are described in more detail

Considerable effort, starting with one-neutron and one-proton halo nuclei,
has gone into understanding one-nucleon knockout processes [83]. For the
detailed interpretation of the data it is very important to include the effect
of particle bound excited states in the remaining nucleus (the core for a
halo nucleus). If the configuration mixing mentioned in Sect. 3 is large one
would expect core excited states to be prominent in the one-nucleon knockout,
but such final states can also be caused by knockout in the core itself and
corrections must be applied to isolate the halo effects. A similar situation can
of course be expected for two-nucleon halos.

Turning now to the second “classical” observable for halos, momentum
distributions of particles emerging from a reaction, we have gone through
a corresponding gradual refinement of understanding. The main emphasis
has been on the neutrons and the core in the “halo removal” channel, but
neutrons emerging from reactions where the core break up have also been
considered [84] (in this case there can also clearly be a contribution of neu-
trons from the core, but their typical momentum is likely to be significantly
higher). At first, the influence of the reaction was neglected, in which case the
three-dimensional momentum distribution for an extreme halo is simply the
square of the momentum wavefunction (4). For an s-wave this is a Lorentzian
function that, including the Y00 part and expressed in terms of k = p/�, is

ρ3(k) =
1
π2

κ

(k2 + κ2)2
. (11)

Normally one does not display this three-dimensional distribution, but rather
the projection on one coordinate. Integrating in Cartesian coordinates over
two components gives the following results, relevant e.g., for the longitudinal
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Fig. 8. The ρi distributions for a Lorentzian are shown as a function of k/κ,
the extra curve (dash-dotted line) is the ρ3 distribution modified for finite (here
50%) transmission. The distributions have been normalized to coincide at zero
momentum. The difference in shape and width is seen clearly

component of the momentum:

ρ1(k‖) =
1
π

κ

k2
‖ + κ2

. (12)

The two distributions, ρ3 and ρ1, have a different shape, which implies that
experiments with different acceptance of transverse momentum in principle
will measure different longitudinal momentum distributions! This effect is
illustrated in Fig. 8, which also shows the ρ2 distribution (integration over
one Cartesian component) and the longitudinal distribution obtained if only
the central 50% are transmitted in the transverse dimension. That this ef-
fect survives also when effects of the reaction mechanism are included has
been shown both theoretically and experimentally [79, 85, 86]. That does not
mean that theoreticians now need to become experts on experimental accep-
tance effects, but they at least should be aware of this possible experimental
“distortion”.

In the approximation where reaction mechanisms are disregarded we see
that halos give a narrow momentum distribution with width parameter �κ,
i.e. the less bound the system, the larger it is in space and the narrower in
momentum space. However, the reaction does influence the measured momen-
tum distribution and (at least) the following three effects must be considered.
Firstly, momentum is transferred between target and projectile, so some of
the outgoing fragments will have changed momentum. One often neglects
this, since the unperturbed fragments are so localized in momentum space
(a distribution ρ3 around the beam momentum) that at least perturbed neu-
trons are unlikely to contribute much here. The effect is of course felt stronger
for neutrons than for the core. A good example of this effect is the diffractive
dissociation illustrated in [4]. Secondly, since the core reacts strongly with
any part of the projectile that passes it, only the part of the wavefunction
that goes clear of the target will contribute to the observed spectrum (this
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is sometimes called “shadowing”, and differs from the effect mentioned at
the beginning of this section). Finally, if more than one fragment emerges
from the collision with small relative momentum, final state interactions are
likely to play an important role. This is important in particular for detailed
description of two-neutron halos.

If the halo state is large the first two effects will not be prominent, but
for less pronounced halos the “shadowing” can become a problem [87, 88].
For instance, in the halo removal channel it would remove the part of the
wavefunction where the halo and the core overlaps. Thus the resulting distri-
bution tends to become narrower, and one cannot simply convert momentum
width to a value of κ. Inclusion of other observables in the analysis, such as
the cross section for the halo removal channel, is needed to identify good halo
states. A good example of how to use this procedure for a systematic sur-
vey of many neutron-rich nuclei is the experiment by Sauvan et al. [89, 90],
these data were shown already as Fig. 6 in [14]. An example of a one-neutron
halo where these effects are small is 11Be, a recent complete experiment on
this nucleus was performed at GSI [91]. One needs here instead to consider
contributions from core excited states as discussed above, see also Sect. 4 in
[15].

An example for a two-neutron halo is shown in Fig. 9. The core momen-
tum distribution is shown for 11Li breaking up upon C and Pb targets. The
transverse distributions are widened with respect to the longitudinal ones
since contributions from the in- and outgoing parts of the reaction tend to
add in the transverse direction and cancel in the longitudinal. As mentioned
above Coulomb break-up is very important on the heavy targets. The main
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Fig. 9. Momentum distributions of 9Li emerging from reactions of 11Li on C and
Pb targets. The theoretical distributions are from [82], both longitudinal (solid line)
and transverse (dashed line) distributions are shown, as is the contribution (dotted
line) where the core is reacting with the target. The experimental distributions [92],
taken at 280 MeV/u, have been scaled to the calculations
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Coulomb contribution actually comes at rather large impact parameters, the
small kick the core receives is, even at large distances, sufficient to dissociate
11Li. This is in contrast to nuclear break-up that takes place at the nuclear
surface.

5.3 More Advanced Methods

Luckily, technical advances have during the last two decades given a steady
increase in the available intensities of radioactive beams and simultaneously
detection systems have become more complete in coverage. The combined
effect of this progress is that it is now possible to do coincident detection of
several outgoing fragments and get sufficient statistics for detailed studies.

A particularly important extracted quantity is the invariant mass m∗ of
a system. An example could be break-up of 11Li into 9Li and two neutrons,
where the interesting systems to study would be 9Li+n, n+n and 9Li+n+n
depending on which particles actually are detected in the reaction. Given a
number of particles with total rest-mass (i.e. with threshold) M =

∑
mi the

invariant mass is to a good approximation (when the excitation energy is
small compared to M) given by

m∗ − M =
∑
i<j

EiEj − mimjc
4 − pipjc

2

Mc4
, (13)

where Ei and pi are the measured energies and momenta of the particles.
Defined in this way, the invariant mass is always positive. If (and this is a
big “if”) the system on its way to detection goes through a resonance, this
resonance will be seen in the invariant mass spectrum. In our example the rel-
evant systems would be 10Li, the di-neutron and excited (continuum) states
in 11Li. Some people interpret even high-energy reactions in terms of interme-
diate resonances [93], but this seems hard to defend in view of the very short
timescales involved [94] and runs against the standard reaction models used
[12, 14, 65]. (It is interesting to note that the “intermediate resonance” ap-
proximation nevertheless for some nuclei might give a fair description. Quan-
tum mechanically one can always insert a full set of intermediate states, and
an approximation based on only one or two state can be good if these have
a large overlap with the final state. As explained in [94] this will indeed tend
to be the case for two-neutron halos, since it is the same interactions that are
at play in the full halo system and in the subsystems.) A technical remark on
resonances: if an s-wave state is positioned so low in energy that it overlaps
with the threshold to bound states, its “resonance shape” will be essentially
featureless with a monotonic decrease from the threshold, and it is called
a virtual state rather than a resonance (see [95] for a deeper explanation).
Whatever the reaction mechanism, the invariant mass spectrum will show
how much energy is going into the breaking-up of a nucleus or into a specific
subsystem, so it is a useful quantity to consider.
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Just as a three-body state has more degrees of freedom than a two-body
state, there are also plenty of observables to look at in an experiment with
three particles in the final state. One standard tool that can be used to
get an overview of the data is Dalitz plots as used in particle physics [74].
(Essentially the same information comes out in a two-dimensional plot of
the energy of one particle versus the energy of one of the others, but the
specific representation in a Dalitz plot has “nicer” overall properties.) Again,
one should be careful about interpreting structures seen in a Dalitz plot as
resonances, but the effects of final-state interactions can be seen as applied in
an experiment at GANIL [18, 96]. Other new methods applied by the same
group is two-neutron interferometry [18, 97] that with care can be used to
extract the neutron-neutron distance in the halo.

Another possible observable is shown in Fig. 10. One way of interpreting
this plot is as the angular distribution between the two halo neutrons, one
direction being given by the core-n relative momentum and the other by
the direction of the other neutron (in nuclear break-up where typically only
one neutron emerges, the last direction is assumed to be aligned with, but
opposite to, that of the remaining system). Such a distribution will in a naive
picture simply be given by the relative angular momentum. The striking thing
about the distribution shown is that it is asymmetric. This is only possible
by having two simultaneous components of opposite parity and thus proves
directly that the 11Li halo contains both s- and p-wave components [98].
The more complete calculations (actually performed before the measurement)
shown confirm this interpretation.
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Fig. 10. Angular distribution extracted from break-up of 11Li on a C target, as
shown in the inset θ is the angle between the 9Li-n relative momentum and the
centre of mass momentum of 10Li. The data are from [98]. For the theoretical
prediction from [82], components from different reaction mechanisms are shown



26 K. Riisager

The level of sophistication reached by experiments today is such that one
can even combine different analysis methods, so that the angular distributions
just mentioned can be extracted for different energy bins in the invariant
mass spectrum [99]. It can be shown in this way that for both 11Li and 14Be
the dominant contribution just above threshold in the subsystems 10Li and
13Be will be s-waves, whereas p-waves (and d-waves for Be) enter at higher
energies. A detailed reaction modelling of such data has not been done yet.
Much more details on the recent experimental developments and what the
status is today are given in [11].

5.4 Other Types of Reaction Experiments

The reaction experiments discussed so far have taken place at high beam
energy. It is somewhat striking that reactions at lower energy have only re-
cently begun to contribute to halo physics. This is not due to theoretical or
interpretational problems – there is a large experience with elastic scattering
and transfer experiments from work with stable nuclei – but rather due to a
“gap” in the range of beam energies where we can deliver radioactive beams.
This gap is being closed now through postacceleration of ISOL beams and
physics results are starting to appear.

To some extent, experiments at slightly higher beam energies have already
started to look into what might change when one replaces a stable nucleus
with a halo nucleus. Much of this work has been discussed already in the
lecture by Alamanos and Gillibert [15], so I will mainly refer to them. Results
from elastic scattering on protons at high energy were mentioned already in
Sect. 2.3.

There are plans at several future radioactive beam facilities (FAIR and
RIKEN) for doing electron scattering on the radioactive ions. This is a techni-
cally challenging project, but theoreticians have already looked into [100, 101]
how one could gain new information on halo nuclei in this way.

6 Beta-decay and Studies on Halos

An introduction to β-decay was already given in two earlier lectures [102, 103].
I will refer to these and to recent reviews of β-decay of exotic nuclei [104] and
halo nuclei [7] for more details and here only focus on two aspects, namely
β-delayed particle emission and specific halo features in β-decay. The reason
for discussing the β-delayed processes is that they will be prominent in the
decays of nuclei situated close to the driplines, including halo nuclei.

The only place where weak interactions otherwise play a role in halo
physics is in the nuclear muon-capture on 11B [105] to states in 11Be, but
effects are small.
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6.1 Beta-delayed Particle Emission

As we move towards the driplines particle separation energies become smaller
and Qβ-values larger and emission of one or more particles directly from an
excited state fed in β-decay becomes possible. Many different processes have
been seen already, Fig. 11 shows where the processes occur on the nuclear
chart. We shall look at estimates of the Q-values for some of the processes in
a moment, but first I should point out some simple relations [104] for them.

β

β n4 β3n

βt βd βp

ββ2n βn Z+1

Z

Z-1α

NN-1N-2N-3N-4N-5

.

Fig. 11. The position in the nuclear chart of nuclei that can be reached in β- and
β-delayed decays of neutron rich nuclei

For βxn processes (where x is an integer indicating the number of emitted
neutrons) the Q-value is the difference between Qβ and Sxn for the daughter
nucleus so it is obvious how these processes become allowed as we move to
more neutron-rich nuclei. For βp, βd and βt the Q-values depend directly on
the neutron separation energies of the mother nucleus:

QX = c − S , (14)

where the parameters are given in Table 2. At least for βp and βd this implies
that the processes will take place close to the driplines.

To see the systematic behaviour of the Q-values we can use the same
simple model as in Sect. 3.1: the simple liquid drop formula [32] neglecting
pairing so that the odd-even effect is smeared out. We shall mainly consider
neutron-rich nuclei. Figure 12 shows, as an example, the separation energies
for the Kr isotope chain. The last β-stable isotope is 86Kr and the last one for

Table 2. Parameters in (14)

X c (keV) S X c (keV) S

β−p 782 Sn ECn −782 Sp

β−d 3007 S2n ECd 1442 S2p

β−t 9264 S3n EC3He 6936 S3p
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Fig. 12. Neutron separation energies for neutron-rich Kr isotopes. The filled circles
are experimental single neutron separation energies [30], the stars are theoretical
values from Hartree-Fock calculations [51]. The dashed and dotted lines are results
from a simple liquid drop mass formula where pairing has been neglected, the solid
line gives for reference the corresponding Qβ value for Br isotopes. The small circles
show more realistic Qβ-values taken from [30] up to A = 96 and from [51] above
this

which the half-life is known is 99Kr [106]. For comparison, the experimental
Sn values and the ones from a more realistic model are shown as well, apart
from the odd-even effect one also sees the N = 82 shell at A = 118, but
the overall trend is the same. The conclusion that the single-, double- and
triple-neutron driplines lie very close is therefore robust. The Qβ of the Br
isotopes that would feed Kr is also shown both in the simple model and for
the more reliable approach. Even though these two sets of values diverge by
several MeV one would still expect to see e.g., β3n processes for at least the
last ten nuclei before the dripline.

The simple liquid drop estimate of the regions where β-delayed multi-
neutron emission is energetically allowed is shown in Fig. 13, again neglecting
pairing. In particular when discussing emission of many neutrons one should
keep in mind that these processes could well be sequential – actually, we
have at present very little experimental information on this even for β2n, but
the corresponding β2p processes that are easier to investigate in detail are
predominantly sequential [104]. For a sequential process we need appropriate
levels to be situated inside the decay window. On top of this the branching
ratios to different excitation energies in the daughter nucleus will be biased
towards lower-lying levels due to the phase space factor (the matrix elements
will tend to favour higher-lying levels, but this is typically a smaller effect).
All in all, βn and β2n should be prominent for many neutron rich nuclei, β3n
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Fig. 13. The nuclear chart with liquid drop estimates for dripline positions as in
Fig. 4. The dashed and dotted lines shown where β-delayed multi-neutron emission
becomes energetically allowed according to a simple estimate from the liquid drop
model. The points mark nuclei stable towards particle emission for which the mass
is experimentally known [30]

will certainly be seen closer to the neutron dripline, β4n and more extreme
processes might be more marginal. For completeness, the limits for allowed β-
delayed multi-proton emission are almost symmetrically placed with respect
to the line of beta-stability, but since the proton dripline is significantly closer
than the neutron dripline the multi-proton process will be much less likely.

The corresponding estimates of where the βp, βd and βt processes (and
the ECd and EC3He) are energetically allowed are shown in Fig. 14. As
mentioned above, these decay modes become allowed closer to the driplines,
but as they are “single step” particle decays they can in principle take place
as soon as the Q-value is positive, although the phase space factor of course
will give a suppressed branching ratio. Only βd and βt have been observed
so far, the most interesting process in the present context being βd that has
only been seen in the two-neutron halo nuclei 6He and 11Li.

6.2 Halo Signals in Beta-decay

Apart from using β-decay to probe the presence of specific orbits, as is also
done for non-halo nuclei, there are two halo specific signals [7]. First, since the
halo extends beyond normal nuclear radii the spatial overlap with daughter
states will be reduced. This is a rather small effect as seen from Fig. 6 in
Sect. 4 and would give a general reduction of β-strength. Secondly, since
halo particles are removed from the core the two clusters might β-decay
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Fig. 14. As Fig. 13, but showing instead where β-delayed triton, deuteron and
proton emission becomes energetically allowed according for neutron-rich nuclei.
For proton-rich nuclei the lines are for EC-delayed 3He and deuteron emission

A

A

A+1

A+1

Z

Z+1

Z

Z+1
core core+n

β β

Fig. 15. Schematic model of beta decay of a one-neutron halo. Ideally the decay of
the core (left) and the halo contribute separately (solid and dashed lines at right).
The true eigenstates in the daughter nucleus will probably differ somewhat (extreme
right)

independently from each other. If Oβ is the beta-decay operator one formally
would have:

Oβ |halo state〉 = Oβ (|core〉|halo〉) = (Oβ |core〉) |halo〉 + |core〉 (Oβ |halo〉) ,
(15)

as illustrated in Fig. 15. Note that there would be a rather small energy release
in transitions corresponding to “halo decay”, so these components would be
mainly at high excitation energy. One should not expect this splitting into
two parts to be strictly true, in most cases larger or smaller mixing with other
states in the final nucleus is likely to occur, but one might find transitions
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where (15) is a good approximation. A particular interesting one is Gamow-
Teller decay of a two-neutron halo, where the last term can describe a core
and a deuteron. For the part of the halo where the two neutrons are outside
of the nuclear potential it then makes more sense to describe the decay as
going directly to a free deuteron state rather than through an excited state
in the daughter nucleus. Examples of this will be shown below. It should be
noted that such a decay directly to a continuum state differs qualitatively
from what has been seen in other β-decays.

One case where both terms in (15) will clearly contribute at the same
time is when the core has N 	= Z, i.e. non-zero isospin. Components where
a halo neutron is changed to a proton and where a core neutron is changed
to a proton are both needed to get good isospin in final state. (See Fig. 5 in
[6] for an experimental example, the isospin multiplet including 11Be states.)
Isospin conservation can of course be broken, but calculations [107, 108] show
that isospin mixing will be quite small even for halos. However, the “overlap
effect” can still be present and move strength around between states with the
same isospin.

6.3 Experimental Data

Nuclei close to the dripline will typically have Qβ-values in the range 15–
20 MeV and half-lives that are typically below 10 ms. As mentioned in Sect. 4
the half-life would favour production at in-flight facilities, and many first
studies of β-decay properties are also done there. However, once one wants
to move beyond measurements of emitted neutrons and γ-rays one needs
very thin sources in order that energy losses of emitted charged particles
are minimized. This requirement is much easier to fulfill at ISOL-facilities,
where beams are well-defined in space and in energy. All measurements of
emitted charged particles (including recoil nuclei following neutron emission,
a technique that for light nuclei can be competitive to direct detection of
neutrons) has therefore taken place at ISOL-facilities.

Experiments on 6He have taken place at ISOLDE [109, 110], TISOL [111]
and Louvain-la-Neuve [112]. The main interest is in the βd branch, observed
here for the first time. Even though different theoretical approaches have
been used to describe the decay [113, 114, 115] they all agree that the decay
takes place directly to the continuum and that cancellation effects make it
hard to predict the intensity. At the same time the experiments do not agree
on the absolute branching ratio, but the situation will hopefully be clarified
soon.

There have also been quite a few experiments on 11Li (references can
be found in [7] and through the latest papers [116, 117]). The experimen-
tal difficulty is that the decay includes βγ, βn, βnγ, β2n, β3n, βd and βt
branches (and of course the corresponding recoil nuclei). In particular the
multi-neutron branches are hard to get a handle on, some experimental at-
tempts have been made but nothing is published yet. The deuteron branch
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has been seen, but the energy spectrum is not known. Still, we are progressing
towards a reliable decay scheme and β-decay has already helped in determin-
ing the amount of (p1/2)2 in the neutron halo [7, 118] as at most 50%.

The only other nucleus where several experiments have been performed is
14Be. Again many channels are energetically allowed, but the present decay
scheme is actually surprisingly simple ([119] and references therein). The
main decay branch is to a low-lying 1+ state, exactly as in the core 12Be and
in good accordance with (15), but apart from this no halo features have been
seen – in particular there is too little strength seen at high excitation energies
where a “halo decay” component might appear. For completeness it should
be mentioned that the decays of 8B, 11Be and 17Ne all are well known. Here
the only place where halo effects might enter is a first-forbidden transition
from 17Ne, see [7] for details.

7 Summary and Outlook

Halo states in nuclei will mainly occur in ground states or low-lying excited
states of some nuclei close to the neutron dripline. Both one-neutron and
two-neutron halos are known, if described in terms of neutron orbitals the
halo neutron will mainly be in s- and p-waves. Only a limited number of
proton halos will exist, they are smaller in size compared to neutron halos.

Apart from the large spatial extent the key feature of halos is their pro-
nounced single-particle behaviour. Many experimental probes take advantage
of this.

Most halo experiments so far have employed break-up reactions with beam
energies above 20 MeV/u at radioactive beam facilities. In particular the
halo-removal channel, where the core nucleus and perhaps some outgoing
neutrons are detected, have given much information. The absolute size of
cross-sections as well as the width of momentum distributions for the detected
fragments are important indicators for halo structure, but more sophisticated
analysis methods have been developed for high quality data. For two-neutron
halos the structure of the unbound neutron-core subsystem is interesting both
experimentally and theoretically. Actually “physics beyond the dripline” has
become an important field of research as seen in the recent review [11].

Concerning β-decay, the halo structure will also give rise to changes, as
already observed in several nuclei. The major problem here is that β-delayed
processes become dominant in near-dripline nuclei and makes experiments
harder to perform. A major advantage of this probe is that its results are
completely independent from the ones from reaction experiments. Also other
types of experiments, e.g., measurements of the mass or of static properties
of the halo state, are important, but they have not been treated in detail in
this lecture.

The nuclei with the most pronounced halo structure presently known are
11Li and 11Be. The mass-region A = 6-19 contains nearly all known halo
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states, but not all halos have been sufficiently well studied and there are still
several states whose status have not been clarified yet (this holds even more
when excited state halos are considered as well). There is therefore still much
work to be done before the next generation of radioactive beam facilities start
up and we can have a closer look at dripline nuclei with N around 28 where
the next halos, built upon the second p-orbital, are likely to be found.
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