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Abstract In this chapter β-decay is discussed as a tool for studying the structure
of atomic nuclei. An attempt is made to give a simple account of the topic so that
the student can understand what they find in the literature about β-decay. The
quantities of spectroscopic interest are defined and the student is shown how they
can be derived from experiments. In the study of exotic nuclei often the first thing
we learn about a nucleus is how it β-decays. A series of examples of β-decay studies
of exotic nuclei is presented with the aim of both illustrating the most up-to-date
techniques and showing the student the breadth of physics that can be addressed

1 Introduction

Our starting point for this chapter on the β–decay of atomic nuclei is the chart
of the nuclides shown in Fig. 7. Often called the Segré chart the version we
see here shows the stable nuclear species as black squares plotted as a function
of the proton number (Z) and neutron number (N).

There are only some 283 such nuclear species which are stable or suf-
ficiently long–lived to be found on Earth. We see them stretching initially
along the N = Z line but then moving steadily to the neutron–rich side of the
chart because of the increasingly disruptive effect of the Coulomb force. The
chart also indicates how many protons (neutrons) the nuclear ground state
can hold and still be bound. Our present knowledge of atomic nuclei suggests
that some 6,000–7,000 distinct nuclear species live long enough to be created
and studied. The limits are set by the drip lines for protons and neutrons and
by the heaviest elements that can exist [1, 2].

In essence we have two main ways of studying nuclear properties, namely
in reactions and in radioactive decay. The study of the prompt radiation from
reactions and the delayed radiations from decay complement each other. There
are many different types of reaction, each with different properties, but they
have some features in common. To illustrate the contrasting features of re-
action and decay studies we have chosen the case of the fusion–evaporation
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Fig. 1. The chart of the nuclides showing the neutron and proton drip lines which
are defined by demanding that the respective binding energies, Bn and Bp, be zero.
The neutron and proton numbers for the closed shells are indicated by the horizontal
and vertical lines. The figure also shows the line where the fission barrier BF goes
below 4 MeV and a prediction of the possible shell structure for the super–heavy
elements (SHE) (See also Plate 7 in the Color Plate Section)

reaction, which was already presented and explained in [3]. Figure 2 shows
schematically how such a reaction proceeds. From the name it will be no
surprise to the student that the two nuclei fuse together to form a compound
nucleus that lasts for a long time compared with the time taken for the projec-
tile nucleus to “cross” the target nucleus, i.e. 10−22 s. The compound nucleus
is now a “hot” (high temperature), rapidly rotating (50–80 �), charged liquid
drop. Not surprisingly the system decays in a way which reduces the tem-
perature, namely it emits particles. This process stops when the excitation
energy of the system lies below the separation energy for either a proton or a
neutron. The system is now much cooler but still rotating rapidly and further
decay occurs by the emission of γ–rays. This means that, typically, a long
cascade of γ–rays is emitted, leading, through a series of excited states, to the
ground state. The ground state then decays by β–emission on a much longer
timescale.

Later in this chapter, when we show examples of β–decay studies, the
reader should remember that, in general, many things have happened prior to
the formation of the β–decaying state but most of the time the decay experi-
ments will not be sensitive to them. This is particularly true in experiments
where the nuclear species of interest has been physically and/or chemically
separated from all the other nuclei produced.



Beta Decay of Exotic Nuclei 101

Fig. 2. Schematic view of what happens in a fusion–evaporation reaction. In general
it is only the ground state, shown on the lower right, which decays by emitting
a β–particle. In some cases two long–lived, low–lying, β–decaying states may be
populated

There are, of course, many possible different types of reaction. In some
cases, a compound nucleus is formed and in others it is not. In some, a large
amount of angular momentum is brought into the system and in others not.
However, they have common features including the fact that the radiation and
particles are generally emitted over a timescale very short compared with the
subsequent radioactive decay of the ground state.
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Typically we can alter the amount of angular momentum injected and
the nuclear temperature by varying either the projectile/target nucleus or the
bombarding energy. Often this allows us to emphasise some aspect of nuclear
properties we wish to study. In this sense reactions are a flexible tool. They
suffer, however, from the disadvantage that often many reaction channels are
open, in the case of the fusion–evaporation reaction this is dictated by the
number and character of the particles evaporated. This greatly reduces the
sensitivity of the measurements of any prompt radiation. As we shall see later,
very similar considerations apply to other types of reaction such as spallation,
fragmentation or fission where we may have several hundred reaction channels
open. Decay studies, in contrast, benefit from the much longer timescale. In
general, this allows one to separate the particular nuclear species of interest
from any others produced and the resulting selectivity greatly enhances the
sensitivity of the measurements. If separated from other species present during
its production it can also be studied with only a very small number of atoms.
This sensitivity also means that it is a prolific source of applications, a forensic
tool that scientists have used in a wide variety of contexts. The corresponding
disadvantage is that nuclear decay is essentially God–given and can only be
altered under certain unusual conditions [4–6].

Thus radioactive decay is more limited as a tool for studying nuclei but it
is often the first means of identifying a new nuclear species and hence also the
first harbinger of a knowledge of its properties. Most nuclear ground states
decay by β–decay, either β− decay on the neutron–rich side of stability or
β+/EC decay on the proton–rich side. Examination of Fig. 7 shows us that
studies of radioactive decay can provide information about nuclear properties
over a wide range of N and Z. Since this process is governed by the weak
interaction, which is a slow process, the half lives are relatively long, ranging
from tens of ms to 1015 years. At and near the proton drip line proton-decay [7]
is also important and as we gradually establish the means to study more and
more neutron–rich nuclei we may encounter neutron–decay near the neutron
drip line [8]. In heavy elements the nuclei may also be unstable to α–decay or
spontaneous fission. In these processes the strong interaction dominates and
the decays will be much faster than β–decay in principle, except where they are
delayed by the Coulomb barrier. Consequently they are often in competition
with β–decay for large values of Z.

It is the study of β–decay which is the focus of this chapter and we now
turn our attention to this topic. The first question is why such studies are
important. As indicated above one main reason is that it is often the primary
source of information about a newly identified nucleus. Once we have demon-
strated that a particular nucleus exists, even a rough measurement of the half
life or its decay Qβ–value, relatively simple quantities to measure, can pro-
vide important clues to its properties. Later when we are able to undertake
a more complete study we are tapping into a much richer vein of informa-
tion about nuclear structure. This is another reason why β–decay studies are
important and in this chapter we will encounter examples to illustrate this.
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In addition, a knowledge of β–decay is important for our understanding of
the creation of the heavier elements in explosive stellar processes. There are
many other applications of β–decay such as Positron Emission Tomography or
γ–radiography, and a knowledge of β–decay properties is essential for the
proper design of nuclear reactors and for associated questions of shielding
and safety. In operation 7–8% of the total heat in a reactor is generated in the
radioactive decay of the fission products. Following shutdown this heating re-
mains and we need a good knowledge of many of the decays involved in order
to be able to calculate the subsequent decay heating as a function of time.

Our aim in this chapter will be to describe how β–decay studies provide
a practical tool to unravel the complexities of nuclear structure rather than
a primer to aid our theoretical understanding of the weak interaction and
β–decay, in particular. Naturally, however, we will provide enough theoretical
information to underpin our “rude mechanical” approach. The student who
seeks a more profound understanding of the background is referred to the
lecture by Severijns [9] and to other articles [10, 11].

2 Beta Decay and Nuclear Structure

One advantage of studying β–decay is that we now have a good understand-
ing of the process. It was not always so. In spectroscopic terms β–decay
was difficult to understand initially because of the continuous nature of the
β–spectrum, which is in stark contrast with the discrete line spectra of α– and
γ–decay, which are readily understood in terms of transitions between the dis-
crete quantum states in nuclei. Pauli’s explanation [12] in terms of the neutrino
and hence a three–body process clarified this. Soon afterwards, the present
basis of our understanding was laid by Fermi’s theory of β–decay [13].

In this chapter we are concerned not with the history of the subject but
with extracting nuclear structure information from β–decay studies as a tool
to understand nuclear structure. In simple terms we can imagine the β–decay
process as involving the transformation of a proton into a neutron or a neu-
tron into a proton. In an intuitive way we can immediately see that the
probability of this process will depend inter alia on the relation between the
wave–functions of the initial and final nuclear states, just as in any transition
between states in a quantised system.

This intuitive idea bears little relation to what a student first encounters
when she seeks information about β–decay. In modern times she will open
the Table of Isotopes [14] (or insert a query into a nuclear data base such
as [15]), where she will find a radioactive decay scheme similar to the one
shown in Fig. 3. Here we see a summary of our knowledge of the β–decay of
132Sn to levels in 132Sb at the time of printing. The so–called parent state,
which is, in general but not exclusively, the ground state of the decaying nu-
cleus, is here the ground state of 132Sn. Figure 3 shows its spin and parity,
0+, and its half life, 39.7 s. It also shows the states in the daughter nucleus
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Fig. 3. Partial decay scheme for the ground state of 132Sn. See Ref. [14] for details

132Sb which are known to be populated directly or indirectly in the β–decay.
It gives their excitation energies relative to the ground state of 132Sb, their
spins and parities and the ways in which they γ–decay. To the left of each
state we see tabulated the percentage of the total direct β–decay feeding to
each state and the log ft value or comparative half life as it is sometimes
called. We will return to this latter quantity later. We also see the Qβ–value,
which is the difference between the nuclear masses of the two ground states.
It is our intention, in this chapter, to explain why these quantities are mea-
sured and their significance in terms of the study of β–decay and nuclear
structure.

Our starting point is that the description of a β–decay process is not as
simple as the transformation of a proton into a neutron or vice versa. More
properly the initial state is a particular state, usually the ground state, in
the parent nucleus but the final state consists of a state in the daughter
nucleus together with an emitted β–particle and a neutrino. However, if we
temporarily ignore the complication that we are dealing with transitions from
one nuclear state to another and think only in terms of the transformation
of an individual nucleon, we can characterise the main types of β–decay as
described below.

Nuclei to the right of the Valley of Stability, mentioned in the introduction
to Fig. 7, decay with the emission of an electron and an antineutrino

β− : n → p + e− + ν̄. (1)
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The neutron–deficient nuclei, left of the valley of stability, decay by emitting
a positron and a neutrino

β+ : p → n + e+ + ν. (2)

There is a third process called electron capture (EC) which competes with
positron emission. In this case an atomic electron is absorbed by the nucleus
with the emission of a neutrino. The end result of this process is to populate
states in the same daughter nucleus as in positron decay.

Again if it were a single proton that interacts with the atomic electron we
can write this process as

EC : p + e− → n + ν. (3)

The reader should note that this process can only occur if the atomic electrons
are present. If the atom is not dressed with electrons, as in a storage ring filled
with fully stripped ions [5, 6] or in a stellar plasma, EC cannot occur and the
nuclear lifetime will be altered.

The processes described above occur in real nuclei where the equations
can be written as follows:

A
Z XN → A

Z+1 X∗
N−1 +e− + ν̄e (4)

A
Z XN → A

Z−1 X∗
N+1 +e+ + νe (5)

A
Z XN +e− → A

Z−1 X∗
N+1 +νe + Xray (6)

where A
Z XN represents a nucleus with chemical symbol X, proton number Z,

neutron number N and mass number A, and Xray represents a characteristic
X–ray from the daughter element emitted following EC. The student who is
alert will realise that Auger emission competes with X–ray emission and so
we may have an Auger electron instead of the X–ray.

The electron (positron) and the antineutrino (neutrino) in the final state
influence the β–decay transition rate in three ways, namely

a) For a given energy released in the decay there is a density of possible final
states for both the electron and antineutrino since they share the energy.

b) The β–particle will “feel” the Coulomb field created by the protons in the
nucleus. In other words the wave–functions of the electron (positron) are
enhanced (suppressed) close to the nucleus.

c) The possible angular momentum and parity in the final state. The product
of the electron and neutrino wave–functions has parity (−1)L, where L is
the orbital angular momentum carried away by the electron.

The first two effects (a) and (b) can be calculated and the combination of the
two is usually called the Fermi Integral.

Naturally the transition rate to a particular state in the final nucleus is
also dependent on the change in nuclear structure, which is embodied in the
matrix element, which we will call Mfi. We define this quantity as
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Mfi =< ψf
∗|V |ψi >, (7)

where ψf and ψi describe the final and initial states, respectively, and V
represents the operator responsible for β–decay. However, we know that for
Quantum systems we cannot measure matrix elements directly; they have to
be deduced from the quantity that can be measured, namely the transition
probability. In Nuclear Physics the transition probabilities are denoted by B,
where B is the square of the matrix element.

From the point of view of nuclear physics it is interesting to isolate this
part of the transition rate and this is done using the ft value, where t is
the partial half life for the transition to a particular state in the daughter
nucleus and f , the Fermi Integral, takes account of the effect of the neutrino
and electron wave–functions. Using the ft value allows us to compare β–decay
probabilities in different nuclei. As we will see later it turns out that

1/ft α Mfi (8)

In practice one finds that the partial half lives, and hence the ft values,
take a very wide range of values. As a result one has to have recourse to the
logarithm of the ft value (see Fig. 4). Thus it is log ft which is tabulated in
the decay scheme of Fig. 3.

Historically, this wide range of observed ft values led to an empirical classi-
fication of the transitions according to the log ft value. The fastest transitions,
with log ft < 6.0, were called allowed transitions and slower transitions with
larger log ft values were called forbidden. This is one of the many examples in
Physics where the original nomenclature, introduced empirically without an
understanding of the underlying phenomenon, is retained although it may be
misleading if taken literally. Forbidden transitions are not in reality forbidden
but actually occur and are simply slower than allowed transitions; it turns out
for good reason. It is worth noting that our present knowledge of the log ft
values of allowed transitions as tabulated in Fig. 4 shows that they may have
much larger values than 6.0 under some circumstances.

The introduction of the theory of β–decay by Fermi [13] and its early mod-
ification by Gamow and Teller [16] provided an explanation of the observed
large variation in the measured comparative half lives. It is not our intention
to repeat the many descriptions of Fermi’s theory which can be found in nu-
merous textbooks [17, 18]. The students will find these readily for themselves.
Instead we will adumbrate the essence of the theory in order to make clear
the essential features for an understanding of how it explains the phenomenon
of β–decay.

Fermi begins with his Golden Rule derived from perturbation theory, which
is familiar to all undergraduates, for the calculation of transition rates (λ) in
quantum systems

λ =
2π

�
× |〈ψfϕeϕν |V |ψi〉|2 × ρ (Ef ) , (9)
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Fig. 4. Numbers of known allowed (upper panel) and forbidden (lower panel) tran-
sitions of different types (see text) plotted as a function of the log ft values [19]

where ρ(Ef ) is the density of states available to the electron and neutrino.
In 1934 Fermi did not know the form of the interaction V . Intuitively

he chose it by analogy with the well–known electromagnetic interaction. He
found five operators with the correct mathematical form which satisfied spe-
cial relativity. These operators have different transformation properties. They
are vector (V), axial vector (A), scalar (S), pseudoscalar (P) and tensor (T)



108 B. Rubio and W. Gelletly

in form. It is not our purpose here to follow the ups and downs of the experi-
mental attempts to determine which of these operators is favoured by Nature.
It took more than 20 years of experiments examining the symmetries involved
in the decays and the spatial properties of the decay products before this
question was settled.

Initially Fermi’s theory used the V or S forms of the operator but at a
very early stage it was necessary to introduce the A or T forms as well. The
former govern the so–called Fermi decays and the latter Gamow–Teller (GT)
decays, named after the physicists who introduced the corresponding idea.
Eventually, it was shown that parity [20] and charge conjugation [21] are not
conserved in β–decay although the combined CP operation is conserved. This
fixes the V–A combination of operators for the Fermi and GT decays. Any
student who is particularly interested in the vicissitudes of the theory in this
period can avail themselves of the articles in [10]. Some of the same material
is covered in [9] and [11].

Returning to Fermi’s theory after this short digression we find that he
made the assumption that the interaction takes place at a point, the centre
of the nucleus. This is equivalent to assuming that the electron and neutrino
carry away zero orbital angular momentum (L = 0).

In general terms there is ample justification for the assumption. Let us
consider a decay in which a 1 MeV electron is emitted. In a medium-heavy
nucleus with a radius of approximately 6F the maximum orbital angular
momentum for this electron is 1.4 MeV/c. In terms of h/2π this is equal to
∼ 0.04 so the probability of a 1 MeV electron having 1h/2π orbital angular
momentum at the surface is small compared with l = 0. In other words Fermi’s
assumption is a good one. If further justification were needed for Fermi’s
assumption we can find it in the modern theory of the electroweak interaction,
where phenomena such as β–decay are explained in terms of the exchange of
W+/− bosons with a mass of ∼ 80GeV/c2. The masses of these exchange
particles are so large that the interaction is effectively at a point.

Looked at another way we can write the wavefunctions for the electron
and neutrino as

ϕe(�r) =
1√
A

ei	p.	r/� (10)

and
ϕν(�r) =

1√
A

ei	q.	r/�, (11)

where A represents a spherical volume in the momentum space. We can expand
these expressions as follows

ϕe(�r) =
1√
A

(
1 + i�p.�r/� − (�p.�r/�)2 + . . . . . .

)
(12)

Since �p.�r/� ≤ 0.04, Fermi’s approximation is well justified and we can ap-
proximate
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ϕe(�r) =
1√
A

(13)

over the whole nuclear volume. This is the allowed approximation.
By definition the only change in the nuclear angular momentum must come

from the spins of the particles since

Ii = If + L + S, (14)

where Ii is the spin of the parent nucleus, If is the spin of the state populated
in the daughter nucleus, L is the orbital angular momentum carried away by
the leptons (effectively the electron) and S is the vector sum of the electron
and neutrino intrinsic spins, both of which are s = 1/2. In the allowed ap-
proximation L = 0 by definition and S = 0 or 1. As a result ΔI = 0, +/ − 1
in an allowed transition.

In the case with S = 0, the electron and neutrino have their spins an-
tiparallel. This is a Fermi decay, called thus because it corresponds to Fermi’s
original assumption. The other possibility, where we have the spins parallel
to each other and S = 1, means that the change in the nuclear angular mo-
mentum can be either 0, +/ − 1. Such transitions are GT transitions. From
Eq. (14) it follows that in this case 0+–0+ is not possible.

If we turn now to the so–called forbidden transitions, where L �= 0 the
first thing to note is that the name is very misleading as we indicated earlier.
Such transitions are not “forbidden” but merely suppressed relative to the
allowed transitions (see Fig. 4). This does not come as a surprise given our
discussion above of the small probability of an electron of 1 MeV in a medium–
heavy nucleus having L = 1 compared with L = 0. The probability will be
even smaller if L = 2. The forbidden transitions are further classified by their
degree of “forbiddenness”, which corresponds to the value of L. For L = 1
we have first forbidden transitions, L = 2 corresponds to second forbidden
ones and so on. Since the parity of the electron plus neutrino wavefunctions
is given by (−1)L first forbidden transitions must involve a change in parity
of the nuclear states involved. Here again we can have both Fermi and GT
transitions.

For the former, S = 0 means that

ΔI =| If − Ii |= 0, +/ − 1 (15)

with 0 → 0 not possible because of angular momentum coupling and a change
in parity. For the latter L = 1 and with S = 1 this means

ΔI =| If − Ii |= 0,+/ − 1,+/ − 2, (16)

again with 0 → 0 not possible and Δπ = yes.
All of these transitions are suppressed in rate compared with the allowed

transitions. As we see from the simple rules listed above most first forbidden
transitions can be a mixture of Fermi and GT transitions. The exception is
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for ΔI = +/ − 2 when only GT transitions are possible. This leads to a
further quirk in the nomenclature with these transitions said to be unique
first forbidden transitions. This is an example of a more general situation
for a given L, where transitions with ΔI = L + 1 are only possible via GT
transitions and such transitions are called “unique”.

As we said earlier the most probable case is when L is equal to 0, which
means that transitions involving L = 1 or more are slower in principle. In other
words, in a normal decay, where allowed transitions are possible, they will
dominate, and the forbidden ones will be too weak and therefore “invisible”
in experiments. However, there are cases, for instance, for small Qβ–values,
where only the forbidden decay is possible and then we can observe it and
quantify it. The reader should note that as we move away from the line of
stability the Qβ–value will increase with the consequence that the average
electron energy emitted in β–decay will also increase. The corollary of our
earlier simple estimate of the average value of L carried away by an electron
of 1 MeV is that the relative probability of the so–called forbidden transitions
must increase with the increase in energy released. This is likely to be of
importance for our understanding of phenomena such as the astrophysical r–
process where the reaction pathways pass through a network of nuclei with
large Qβ–values far from stability.

Closer attention to Fig. 4 indicates that the allowed GT transitions and
the first forbidden transitions have some overlap in terms of log ft values. In
contrast with the Fermi case, where only one state in the daughter nucleus is
populated, in the GT case it can happen that many final states are possible. As
a consequence the total strength can be fragmented between many individual
levels with relatively large log ft values.

There is yet another classification of allowed and forbidden decays which
can be readily understood in terms of the isospin formalism [22, 23]. If we
assume that nuclear forces are charge-independent we can define the proton
and the neutron as two states of the same particle, the nucleon, characterised
by the isospin T = 1/2 and third component TZ = −1/2 for the proton and
TZ = +1/2 for the neutron. For a nucleus, a system with several protons
and neutrons, the total isospin can be constructed as the sum of the isospins
of the nucleons following the same coupling rules as ordinary vectors. The
corresponding value of TZ = (N −Z)/2. The only unhindered, allowed Fermi
decays are the so–called super–allowed decays, those with ΔT = 0. In other
words, only TZ changes. Such transitions occur between isobaric analogue
states (IAS). Consequently, in β–decay they only occur when the IAS of the
parent state lies within the Qβ–window in the daughter nucleus.

In the isospin formalism the operator responsible for the decay takes a
very simple form. In a Fermi decay only the isopin operator τ acts, either
increasing or lowering the third component of the isospin; in a GT decay the
isospin operator is also active, but in addition the spin operator σ can flip the
spin of the nucleon.
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Fig. 5. Examples of β+ and β− decays indicating where Fermi transitions are pos-
sible (see text)

As one can see in the typical examples of β+ and β− decay shown in Fig. 5,
there is another consideration regarding the Fermi transitions. In the β+ de-
cays of N > Z nuclei the absolute value of Tz always increases by one unit,
consequently it is impossible to keep the T quantum number unaltered unless
one is at negative values of Tz. Thus Fermi decays in nuclei decaying by β+

emission are very often isospin–forbidden. If we again look at Fig. 5 we see
that this is not a problem in the nuclei unstable to β−emission. Here, however,
since the final states usually have T values one unit higher than the ground
state, the IAS is, in general, at high-excitation energy and consequently out-
side the Qβ–window. The reader should note that we have assumed here that
the ground state and low–lying levels in the nucleus have the lowest isospin
possible. This is, in general, a good assumption apart from the nuclei near
N = Z.

Turning to GT transitions we face a different situation. As for Fermi tran-
sitions one can imagine that the operator transforms a neutron to a proton
or vice versa but at the same time the nucleon can have its spin “flipped”. If
nuclear forces were spin–independent as well as charge–independent we would
have a very similar situation to the Fermi decays with the transitions going to
the IAS. However, nuclear forces are strongly spin-dependent, as is evidenced
from the success of the Shell Model (see [17, 18]). As a result the states are
mixed into nuclear states over a wide range of energy centred at the energy
of the expected “resonance” state. Moreover, we know now that the residual
nucleon–nucleon interaction, and more particularly the σσττ term, because
of its repulsive character, moves the strength from the few MeV, zeroth–order
excitation energy of the daughter particle–hole excitations to a resonance peak
at typically 15–20 MeV excitation and consequently outside the Qβ–window.
As in the case of the Fermi transitions, there is a difference between the β−

and β+ decays. In general, all that we have said above applies to the β− case
but the β+ transitions are either very suppressed or forbidden. This is be-
cause the allowed orbitals (the place where “the proton which is transformed
into a neutron” could “go” following the selection rules) are often occupied
on the neutron side. However, this is not always the case as we shall see later.
For instance, sometimes a transition between a state involving a proton with
high-orbital angular momentum can proceed to its spin–orbit partner state
on the neutron side (J ↑→ J ↓).
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Near the line of stability, where the Qβ–values are small, decay schemes
are simpler and more amenable to experimental study because there are fewer
states that can be populated. At the same time they carry less information.
The present thrust of research in this area is to study transition probabilities
in β–decays far from stability where the Qβ–values are large, a wider range
of states can be populated and we have better access to a large fraction of
the GT strength. Although we have been studying β–decay for a long time
we have only really scratched the surface in terms of studying exotic nuclei.
For a variety of reasons experimenters have not devoted the same effort to
develop instrumentation for such studies as they have to develop silicon (Si)
and germanium (Ge) detector arrays for use in studying prompt radiation
from reactions. As a result only a limited number of cases have been stud-
ied in detail but they reveal what one might expect to learn in the future.
Some good examples are the studies of allowed decays to the GT resonance in
nuclei (a) just below 100Sn [24–26] and (b) in the rare–earth region [27–29],
measurements in A ∼ 70–80 nuclei that have allowed the shapes of the parent
ground state to be deduced [30–32] or measurements of super–allowed Fermi
decays of importance as a test of our understanding of the weak interaction
[33–35].

In Sect. 1 we suggested that one could imagine the β–decay process as
the transformation of a proton into a neutron or vice versa. It turns out that
there is a type of nuclear reaction, called a charge exchange (CE) reaction,
which can be described in just the same way. The simplest examples are the
(p,n) or (3He, t) reactions, where a neutron is changed into a proton or the
(n,p) reaction, where a proton is changed into a neutron. Under some specific
experimental circumstances, namely if they are carried out at zero degrees
and at the appropriate projectile energy (about 200 MeV), these reactions are
dominated by L = 0 transfer and can be described in terms of the Fermi,
τ+/− (isospin) or the GT operator, στ+/− (spin–isospin), just as in the case
of the β–decay process.

As the reader might well imagine, these reactions and the corresponding β–
decays are intimately related. At the same time there are essential differences
between them, which we should point out straight away. In general, CE and
β–decay are measured on different nuclei. Beta decay starts with an unstable
nucleus whilst at present, because of experimental limitations, CE is usually
carried out on a stable target nucleus. The immediate corollary is that CE will
provide information near the valley of stability whilst β− decay, as emphasised
earlier, will carry more information if we go far from stability where the Qβ–
values are large.

One very important advantage of the CE reactions is that they are not
restricted to an energy window as in β–decay. The other advantage is that
one can study the (p,n) and the (n,p) reactions on the same target. This is
important because there is a model-independent rule called the Ikeda sum
rule [36, 37] that relates the GT transition probability B(GT) in these two
processes, namely
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B(GT)− − B(GT)+ = 3(N − Z). (17)

In other words, if we can measure the total B(GT) strength on the “β−”
and “β+” sides of the same nucleus, the difference between these two quantities
should be equal to six times the third component of the isospin of the nucleus
concerned.

There are cases where B(GT)+ = 0 and therefore one expects to see
B(GT)− = 3(N − Z). Our example of the decay of 132Sn (see Fig. 3) is
just such a case. To understand this one has to look at the representation of
the ground state of this doubly magic nucleus from the point of view of the
shell model. This is shown in Fig. 6. It is not possible in this case for any
of the protons to be transformed into a neutron. In contrast for all of the
neutrons marked in the figure there are one or two possibilities for them to
be transformed into a proton. As a result, if one were able to measure all the
B(GT)− in the β− decay of 132Sn unrestricted by the energy window, one
should obtain 96 units. We will see later, that the B(GT)− is in this case
severely cut by the energy window. For that we will have to wait until we
learn how to deduce the B(GT) value from the experimental observables.

It came as a surprise when CE experiments were first carried out that,
although the Ikeda sum rule is model-independent, only a part of its value
is obtained. This is a long-standing problem that has puzzled us for more
than 20 years. The interested reader is referred to [38–41] for a detailed view
of this problem. It seems to be related to problems on the experimental as
well as the theoretical side. It is important in this context for the student
to know that CE reactions are experimentally difficult to study because of
ambiguities in the background and also that the extraction of the B(GT)
from the experimental cross-section requires a normalisation factor which is
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Fig. 6. Schematic view of the proton and neutron orbitals near the surface for 132Sn.
The arrows indicate the β–transitions that are possible in the β–decay of 132Sn
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not trivial to determine. In contrast, in β–decay the relationship between the
B(GT) and the experimental quantities is very well defined, as we will see in
Sect. 3, but we will always face the problem of the limitation imposed by the
energy window accessible in the decay.

In only a very few cases has one been able to compare the experimentally
measured BGT in β–decay with the Ikeda sum rule. As it happens it seems that
a normalising factor has to be applied in this case also. The justification is that
the axial–vector constant, extracted from the experiments on the decay of the
neutron has a different value when the decay occurs inside the nuclear medium.
Some times this is also addressed as the influence of the sub–nucleonic degrees
of freedom.

As indicated above this is a long–standing problem that cannot really
progress until new experimental input becomes available. This is among the
things one can expect from the new experiments with radioactive beams,
where for the first time one will be able to carry out a β–decay measurement
on a given nucleus, and a CE reaction on the same radioactive nucleus. The
β–decay will provide the normalisation factor without ambiguities, and the
CE reaction will provide the full B(GT) without energy restrictions. However,
one needs improvements in beam intensities and developments in experimental
technique before this happens.

3 Experimental Considerations

3.1 Measuring the Quantities of Interest

In our brief outline of the Fermi theory we put the emphasis on the matrix
element Mfi as the quantity carrying information about nuclear structure.
However, as mentioned before we have to extract this from the quantity that
can be measured, namely the transition probability. For Fermi and GT tran-
sitions we define it as

B(F) = | < ψf
∗|τ |ψI > |2,

and (18)

B(GT) = | < ψf
∗|στ |ψI > |2.

To proceed further we have to relate these theoretical expressions to the quan-
tities we can measure in an experiment, namely the ft value mentioned ear-
lier. For the general case of a mixed Fermi and GT transition we define the ft
value as:

ft =
k

g2
V B(F) + g2

AB(GT)
, (19)

where k = 2 ln 2π3
�
7

m5
ec4 and the constants gV and gA are the weak interaction

vector and axial–vector coupling constants, respectively.
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If we consider a pure Fermi transition then the GT part of this expression
is zero. Now as we mentioned earlier the Fermi transitions are very simple and
since only the third component of the isospin changes we can best treat them
in the isospin formalism, where the initial state is defined as |T, Tz >, and
the τ+/− operator converts this state into the state with |T, Tz + / − 1 >.

In isospin space the algebra of isospin is the same as angular momentum
algebra so we can write

< T, Tz + / − 1|τ+/−|T, Tz >= [(T − / + Tz)(T + / − Tz + 1)]1/2. (20)

A typical example would be the β–decay of 14O, with T = 1 and Tz = −1.
Thus for the super–allowed transitions we have

< 1, 0|τ+|1, −1 >= (2)1/2 and BF = 2 and in this case ft = k/2gV
2. (21)

As it happens one can assume in general that B(F) = |N−Z|, the constant gV
2

can be extracted from measurements of super–allowed transitions in N = Z
and N − Z = −2, T = 1 parent states [35].

Using this value we can write for the ft value of a GT transition,

1
ft

=
1

6,147 ± 7

(
gA

gV

)2

B(GT)i→f (22)

The ratio of gA/gV is −1.266 [42] and is derived from measurements on the
decay of the free neutron. The reader should note that the above expression
describes the ft value for the transition to a particular state in the daughter
nucleus and t is the partial half life to this particular state.

However, for large Qβ–values where decay will occur to regions of high-
level density, the information is most conveniently expressed by a strength
function [43]

Sβ (Ex) =
1

6, 147 ± 7

(
gA

gV

)2 ∑

Ef∈ΔE

1
ΔE

B(GT)i→f , (23)

where the average transition probability in the energy interval between Ex

and Ex + ΔE is used in the summation. In other words, we are anticipating
that in experiment we will measure the transition probability in energy bins
of this size.

The ft value and the strength function are related to the experimental
observables by the expressions

1
ft

=
Iβ(Ef )

f(Qβ − Ef , Z)T1/2
, (24)

and Sβ(Ex) =

∑
Ef∈ΔE

1
ΔE Iβ(Ef )

f(Qβ − Ex, Z)T1/2
, (25)
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where Iβ is the direct β–feeding either to a state of energy Ef in the first
case or the average to all the levels contained inside the interval ΔE in the
second, f (which depends on the excitation energy, Qβ–value and Z) is the
Fermi Integral and T1/2 is the β–decay half life of the parent nucleus.

From Eq. (25), if we recall that the Fermi integral depends linearly on
(Qβ −Ex)2 one can see that even a small amount of feeding at high-excitation
energy close to the Qβ–value will carry a significant part of the strength. The
term f(Qβ −E,Z) in Eq. (25) depends on the energy available to the electron
and the antineutrino which is just the difference between Qβ, the total energy
available in the decay, and the excitation energy of the level populated in the
daughter nucleus, and Z.

We met the Qβ–value first in Fig. 3, where it was one of the quantities
tabulated in the decay scheme for 132Sn taken from [14]. In the simplest
terms it is defined just as the difference in total energy between the ini-
tial and the final system. More formally we should write in terms of nuclear
masses

For β− decay N(A
ZXN ) − N(A

Z+1XN−1 + e−),

For β+ decay N(A
ZXN ) − N(A

Z−1XN+1 + e+),

For EC decay N(A
ZXN + e−) − (A

Z−1XN+1),

⎫
⎪⎪⎬

⎪⎪⎭
(26)

where N represents a nuclear mass and the other symbols have the obvious
meanings. This is fine but in reality we are usually dealing with tabulations
of atomic masses rather than fully stripped ions and we must refine our defi-
nitions so that we have,

For β− decay
[
M(A

ZXN ) − M(A
Z+1XN−1)

]
c2,

For β+ decay
[
M(A

ZXN ) − M(A
Z−1XN+1)

]
c2 − 2mec

2,

For EC decay
[
M(A

ZXN ) − M(A
Z−1XN+1)

]
c2 − Be.

(27)

The most recent tabulation of masses is given in [44], where we find the
values we require in the useful form of mass excesses. If we use these quantities
instead of the masses themselves in Eq. (25) then we get the Qβ–value directly
in keV.

The question now arises of how to obtain the Iβ feeding to each state. At
first sight this seems straightforward, one has only to measure the β–decay to
each individual state, but the β–spectra are continuous and in complex decay
schemes difficult to disentangle. As a result one cannot derive the β–feeding
to individual states in the daughter nucleus from measurements of the β–
particles themselves except in a few simple cases. The most popular solution
up to now is to use the intensities of the β–delayed γ–rays. This is normally
done using high-resolution Ge detectors. In order to assign transitions to a
particular decay, one uses all of the information available which includes pre-
vious knowledge of the transitions known in the daughter nucleus, if available,
the time behaviour of the observed γ–rays (see later), coincidences with the



Beta Decay of Exotic Nuclei 117

Fig. 7. Feeding of a typical level in the daughter nucleus in β decay (see text)

daughter X–rays, etc. The next step is to establish the decay scheme from
the coincidence relationships between the γ–rays assigned to the decay. Then,
having established the level scheme, one can determine the balance of inten-
sity, feeding and de–exciting each level. If the experiment is properly done,
the difference in intensity for a given level must come from direct β–feeding
(see Fig. 7).

Let us do this for our example for the decay of 132Sn using the information
shown in Fig. 3. If we consider the level at 1,325 keV all of the γ–intensity de–
exciting the level sums up to 97% of the parent nucleus decays and since there
is no γ–feeding, this level should be all due to direct β–feeding. However, to our
surprise we see that instead of 97%, the number quoted is 99%. The reason is,
of course, that not all of the de–excitation of the level proceeds by γ–emission.
Part of the decay goes via the competing process of internal conversion, which
in the case of the low-energy transition of 246.9 keV energy adds the extra
2%. As we will discuss later in Sect. 3.1 there is an inherent problem in the
technique of deducing β–feeding from high-resolution measurements, but if we
assume for the moment that the measurement is correct, we can attempt to
derive the log ft value to this level, and this is done in the following way.

As input we need the parent β–half life, which for the decay of 132Cd
is given as 39.7 s (remember to take the β–branching ratio into account in
any case where there is a competing decay mode such as α–decay, fission or
proton-decay), the β–decay energy (Qβ − EF) = 3, 300 − 1, 324 = 1, 976 keV,
and the direct β–feeding to this level which is Iβ = 99%. The partial half life
to this level is simply

t =
39.7
0.99

= 40.1 s. (28)

We obtain the required value of log f from the tabulated values for β− decay
and Z = 51 in Table 1 of [45]. We find for a β–decay energy of 1,976 keV a
value of log f− = 2.62 and, since log t = 1.61, we have log ft = log f+log t =
4.23, the value given for this level in Fig. 3. As an alternative to this simple
procedure one can use the website (http://www.nndc.bnl.gov/logft/) to find
exactly the same number.
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What does that mean in terms of B(GT) units? If we now use the value
gA/gV = −1.262 [42] in Eq. (24) we obtain

B(GT) =
1

104.2
× 6, 147

(1.262)2
= 0.24. (29)

This quantity is to be compared with the expected total B(GT)− = 96 derived
from the Ikeda sum rule in Sect. 2. As anticipated earlier we see only a small
fraction of the expected total B(GT)− strength, namely 1/400th, within the
energy window accessible in the β–decay.

As mentioned above, the procedure we have described for obtaining the β–
feeding is typical for determining this quantity. There is, however, an inherent
deficiency in such measurements with semiconductor Ge detectors. Figure 7
can be used to illustrate the problem. The level in the daughter nucleus is
fed directly in β–decay and it is fed indirectly by electromagnetic transitions
from higher-lying levels. However, Ge semiconductor detectors, which have
moderately good energy resolution, have modest efficiencies. At present even
the best arrays of such detectors have efficiencies of about 20% for γ–rays
of 1,332 keV energy [3]. To make matters worse their detection efficiency is
strongly dependent on energy. If the β–feeding to a level is deduced from the
difference between the γ–ray intensity feeding the level and the intensity de–
populating it, and many weak transitions are unobserved, then their strength
can add up to a sufficiently large number that we get quite the wrong number
for the β–feeding. Thus, if we use detection techniques where the detection
efficiency is much less than one, we cannot reliably extract the β–feeding or
ft values simply from the γ–ray intensity balances. As we move away from
stability and Qβ–values increase, one expects greater fragmentation of the β–
feeding because of the rapid increase in level density with excitation energy.
One consequence is that, in general, the average γ–ray intensity will also be
reduced and more γ–rays will not be observed. In addition, there will be more
feeding of levels at higher energies, which will be de–excited by higher energy
γ–rays, on average, for which the detection efficiency is lower. Thus we can
expect this difficulty to get worse. This problem was recognised some time
ago [46] and was named the Pandemonium effect by Hardy et al. after the
city where Lucifer reigned in Milton’s epic poem Paradise Lost, a place where
one might expect chaos to reign. The reader should note they may encounter
the expression “apparent log ft” in the literature which addresses exactly this
problem.

Can this problem be overcome? One solution is to adopt a quite different
approach to the measurements. Total absorption gamma spectroscopy (TAGS)
[47, 48] offers just such an approach and will be explained in Sect. 3.2.

3.2 Total Absorption Spectroscopy

In this method of determining the β–strength one still detects the secondary
γ–rays but one aims to measure the population of the levels directly rather
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than indirectly as described earlier. In the ideal case TAGS involves a γ–ray
detector with 100% detection efficiency. In the spectrum from such a detector
one will detect for each and every β–decay the summed energy of all the γ–
rays in the resulting cascade de–exciting the level that is fed initially. It will
be readily obvious that the main difficulty in applying the technique is the
creation of a spectrometer with 100% detection efficiency.

One question that immediately springs to mind is “If it is important to
obtain reliable and accurate β–strength distributions and TAGS provides the
remedy to the problem outlined earlier, why is it not in widespread use?” The
answer lies partly in the difficulty of making a spectrometer with sufficiently
high efficiency, partly in the complexity of the analysis of the data collected in
such experiments and partly the lack of a detailed study of the assumptions
underlying the analysis methods and the associated systematic uncertainties.
As we will find out in the following, all of these questions have now been
addressed.

We are not concerned in this lecture with the history of how the tech-
nique of TAGS has developed. The interested reader is referred to [47, 48].
The critical point is that the early measurements [49–52], although carried
out competently, simply used detectors which were too small and hence were
too far from having the ideal efficiency. They may be characterised as partial
TAGS experiments. In their introduction of the fictitious nucleus Pandemo-
nium, Hardy et al. exposed the difficulties in measuring β–strength functions.
In particular, it is essential for the success of the method that the spectrome-
ter has as high an efficiency as possible. At the same time, it is imperative that
ways are found to analyse the data. There are now two spectrometers [47, 53]
which have the required characteristics and Tain and Cano–Ott [54–56] have
developed a suite of analysis programmes that can be used to analyse the data
from them.

In terms of analysing the data we should remind our reader that the rela-
tionship between the β–feeding I(Ej) and the data di measured in channel i
in the total absorption spectrometer is given by

di =
jmax∑

j=1

RijIj , (30)

where Rij , the response function, is the probability that feeding at an energy
Ej produces a count in channel i. In order to determine the response function
we need to know how the spectrometer responds to individual quanta and β–
particles as a function of energy and also have a knowledge of the branching
ratios for the electromagnetic transitions de–exciting the levels [55]. From
Eq. (30) we see that if we want to determine the β–feeding we must solve
this inverse problem. This is not a trivial exercise because Eq. (30) falls into
the class of so–called “ill–posed” problems and their solution is neither trivial
nor straightforward. Tain and Cano–Ott [54–56] have devoted considerable
effort to examining how to optimise the solutions and these authors make



120 B. Rubio and W. Gelletly

recommendations on how the analysis should be carried out. For details the
reader is referred to their papers. In a nutshell they examined the suitability of
three different de–convolution algorithms for extracting the correct intensity
distribution from the data.

It is necessary in the analysis either to have a knowledge of the branching
ratios of the levels populated or to make some assumption about them in cases
where we do not know the level scheme. Tain and Cano–Ott also examined
how much the results of the analysis depended on assumptions about the
branching ratios and were able to show that in the cases they studied the
results are insensitive to the initial assumptions. However, in other cases [57]
it is important to have a solid knowledge of the level scheme at least up to
some reasonable excitation energy. In recent years, considerable progress has
been made in the Monte Carlo simulation of the response to individual single
quanta and this is also an ingredient in the analysis procedure developed by
Tain and Cano–Ott. Taken overall these authors have put the analysis of
TAGS data on a sound footing although the methods must be applied with
due care and attention to the individual case under study.

The most successful TAGS instrument built to date was installed at the
GSI on–line mass separator [53]. This instrument, called the GSI–TAS, in-
volved a larger single NaI detector than any that had been used previously
[52]; it is of cylindrical shape with dimensions 35.6 × 35.6 cm, with a central
well which could be filled with a matching plug of NaI. The activity from the
mass separator was implanted on to a transport tape which was used both
to allow a freshly prepared source to be carried to the counting position and
to carry away residual daughter activity after a preset counting time. This
is a standard procedure used in many experiments at mass separators (see
Sect. 4.1). The set up included a small Ge detector and ancillary Si detec-
tors placed inside the well, close to the source position, to allow coincidence
measurements of γ–rays in the large NaI with X–rays and β– or α–particles,
respectively. A whole series of measurements have been made with this de-
vice including measurements of the β–decays of spherical, rare–earth nuclei
[27, 28] and neutron–deficient nuclei just below 100Sn [24–26]. In addition to
their work on the solution of the “inverse, ill–posed” problem the Valencia
group looked at the effect of the non–linearity of the light output in the NaI
scintillator [58] and of the pile–up in the electronic circuitry [59] and showed
that these effects could be taken into account satisfactorily.

More recently, the present authors were involved in building and installing
a new total absorption spectrometer Lucrecia at the CERN–ISOLDE mass
separator. There were two main aims for the use of this spectrometer, namely
to take advantage of the wide range of separated nuclear species available from
the ISOLDE separators and to be able to arrange that the separated activity
can be deposited directly at the centre of the spectrometer, thus eliminating
the delay in carrying the sources from an external point of implantation into
the spectrometer. In this mode the tape is used to carry away the daughter
activities rather than to refresh the sources under study. The system was
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designed in such a way that it could still be operated as at GSI with the
sources implanted externally then carried to the counting position in the centre
of the detector. The Lucrecia spectrometer consists of an even bigger single
crystal of NaI (38× 38 cm) with a 7.5 cm through hole, symmetrically placed,
at right angles to the axis of the cylinder. From one side the tape and the
beam, depending on the half life of interest, enter the crystal. From the other,
a number of ancillary detectors can be placed close to the counting position
so that one can measure the total absorption spectrum in coincidence with β–
particles, positrons, X–rays and γ–rays. In the experiments with Lucrecia this
involved a 2 mm thick plastic detector for detecting β–particles placed close
to the source and a Ge telescope, consisting of a 1 cm thick planar detector
backed by a 5 cm thick, co–axial Ge detector.

Detectors as large as the GSI–TAS and Lucrecia are a much better approx-
imation to the ideal detector than those used earlier. This certainly reduces
the uncertainties in the analysis. However, it also means that they are more ef-
ficient in terms of detecting background radiation. In both cases an effort has
been made to minimise the background and hence improve the sensitivity.
At ISOLDE, where the activities are produced in the fission or fragmenta-
tion of heavy targets with a beam of 1.4 GeV protons from the PS–Booster,
one might expect a significant background from both γ–rays and neutrons in
the experimental hall. To minimise the overall background the spectrometer
system was placed inside an 11-ton shield, made up of successive layers of
boron–loaded polyethylene (10 cm thick), lead (5.1 cm), copper (1.5 cm) and
aluminium (2 cm). The resulting spectra show that this is effective with the
main background being due to 40K, which is present as a natural contaminant
in the crystal.

Figure 8 makes a comparison of the performance of the two detector sys-
tems. On the left it shows views of the two central NaI detectors. The GSI–
TAS was mounted with the central axis in the vertical direction. Lucrecia on
the other hand is mounted horizontally, with the through hole pointing along
the beamline delivering the radioactive sources. In the photograph we see the
through hole with the Ge telescope withdrawn from it on the far side from the
direction in which the beam enters. On the right–hand side of Fig. 8 we see
the total and photopeak efficiencies for the two spectrometers. The empty and
filled points represent the results for the GSI–TAS and the Lucrecia TAGS,
respectively. The latter is the larger of the two detectors and instinctively
one feels it should have the higher efficiency but one must remember that it
was designed to allow the radioactive beam to enter directly and a through
hole was used to allow the insertion of the ancillary detectors. In addition,
although a matching plug detector is available to fill the hole, it is not used
in general since the space is used for the β– and γ– detectors. In contrast, in
the GSI–TAS an effort was made to design a special Ge detector that would
allow the NaI plug to fill all the space except for that reserved for the cold fin-
ger. As a result the efficiency of the Lucrecia spectrometer is lower than that
of the GSI–TAS. However, we should remember that these curves represent
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Fig. 8. Photographs of the GSI–TAS [53] (upper left panel) and Lucrecia [47] (lower
left panel) and corresponding total and photopeak efficiency curves for these two
detectors (right panel). The empty and filled points represent the results for the
GSI–TAS and the Lucrecia TAGS, respectively

the efficiency for detecting a single γ–ray of a given energy. In practice, the
de–excitation of a given nuclear level generally involves more than one γ–ray
and in the case of positron emission two 511 keV quanta are also produced.
Thus the probability that at least one of the γ–rays leaves some energy in
the crystal is very high and consequently the difference in total efficiency is
less dramatic than shown in Fig. 8. In other respects, the two spectrometers
are comparable with the energy resolutions and intrinsic backgrounds being
very similar. We will see examples of the use of both these spectrometers in
Sect. 4 below.

4 Some Illustrative Examples

In this section we will discuss the results of a number of different β–decay
studies. They have been chosen both to illustrate some of the topics dealt
with earlier and show the breadth of the science that can be addressed in
such decay studies.
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4.1 The ISOL Method and 130Cd Decay

Our first example is of an experiment that makes use of what one might
call the classical “ISOL” technique [60] with the γ–rays being detected using
high-resolution Ge detectors. In this method the nuclear species of interest
is produced in a reaction, which can be anything from neutron capture in
a thermal reactor to spallation by a high-energy proton beam (∼ 1GeV) or
fission induced by fast neutrons. The nuclear species produced are transformed
into ions and later into a beam of ions of low energy, typically 60 keV, and
then separated in mass with an analysing magnet. In some cases chemical
properties are used to isolate the species of interest by Z as well as A. The
overall aim in doing this is to produce a beam of high purity, the highest
possible intensity and good optical quality which we can transport as far
away as possible from the production site, where there is a large background
from reactions, to a well–shielded experimental setup.

In our case of 130Cd the nuclei were produced at the ISOLDE facility at
CERN. In this case the selectivity for producing 130Cd was enhanced by using
two techniques which have been recently added to the standard ISOL mass
separation repertoire. The first of these involves the suppression of spalla-
tion products in the primary reaction process which is then dominated by
fission. This reduces the production of proton–rich isobaric elements, which
are not the subject of study here. In essence the idea is to use neutrons to
induce fission in an actinide target. The neutrons are produced using the
1 GeV protons from the CERN PS–Booster by bombarding a W or Ta tar-
get. The neutrons produced are then used to induce fission in a UCX target
situated near the neutron converter [61]. The fission process leads to the pro-
duction of the neutron–rich nuclei of interest. The second innovation was to
use laser ionisation techniques [62] in order to selectively ionise the Cd atoms.
Although laser ionisation enhances the ionisation of the species of interest,
Cd in this case, other elements are still ionised. However, by recording data
with “laser on” and “laser off” we can distinguish the lines corresponding to
the decay of interest. This was essential to differentiate between the Cd decay
lines and the In decay lines of the daughter, which is the most abundant con-
taminant produced. In these experiments the high-resolution mass separator
(HRS) was used with M/ΔM ∼ 4300, the third essential element in obtain-
ing the required selectivity in the experiment. The purified, mass–separated
beam containing 130Cd was implanted into the surface of a moving tape to
form a source which was transported from the collection point to the measur-
ing position in front of the detectors. In this experiment measurements were
made either with four large HpGe detectors for γ–ray singles and coincidence
measurements or with a ΔE–Eβ–telescope replacing one of the Ge detectors
so that β–γ coincidences could be measured.

As explained in Sect. 3, one set of quantities we would like to extract from
the data is the β–feeding to each state. Here for 130Cd the intensities of the
β–delayed γ–rays were used; the most common procedure. Firstly the decay
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scheme is established using the coincidence relationships between the observed
γ–rays assigned to this decay and measured energy sums. Having established
the decay scheme it is then possible to determine the direct feeding to each
level from the difference in the summed intensities of γ–rays feeding the level
and those de–exciting it. To be sure that one has established the fraction of
decays feeding each level we need two other pieces of information. We need
the amount of direct feeding to the ground state of the daughter, with which
no γ–rays are associated and we need to be sure that there is no feeding from
other states, which we have missed or which is too weak to measure. The
former is, in general, difficult to measure although there are cases where it
is possible. In [63] this was not possible and the ground state feeding had to
be calculated using the Gross Theory of β–decay [64]. As far as the latter
feeding is concerned other γ–rays were assigned to 130Cd decay but they are
not shown in the partial decay scheme of [63]. In particular, a cluster of seven
levels with excitation energies about 4.4 MeV was thought to be fed in the
decay. Their combined β–feeding was ∼ 3.5%. Following these considerations
we are left with the percentage β–feeding to each level shown in the extreme
left–hand column in Fig. 9. The reader should note that the figure shows only
a partial level scheme and, if they check, they will find that the β–feeding to
the excited states, plus the β–decay to levels which decay by neutrons (3.6%,
see below) does not add up to 100%. The remaining 12.9% is the fraction
of the feeding the authors estimated they have detected but were unable to
locate in the level scheme.

To go further we also need the half life of the parent nucleus. This has been
measured several times for 130Cd. The value quoted in Fig. 9 was measured
in an earlier experiment [65, 66] by the same authors. The activity was again
produced at CERN–ISOLDE. In a small percentage of decays 130Cd emits
β–particles followed by a neutron. They used a 4π neutron detector to record
the delayed neutrons and measured their intensity as a function of time after
the production of a fresh source. The result of 162(7) ms is given in Fig. 9. In
this case and before all the selectivity techniques described above were fully
developed; this was the best way to avoid contamination from isobars closer
to the valley of stability. The reason is that there are no neutrons emitted in
the decay of possible contaminants in the same isobaric chain. In the following
we will explain how to extract the half life from the observation of the time
behaviour of the radioactivity, whether it takes the form of β–particles, γ–
rays, neutrons, protons, α–particles, etc. In many studies the γ–rays are used
because they are characteristic of the decay (see the example in Sect. 4.2).
Once one has identified the radiation associated with a given decay one can
extract the half life by recording the number of counts in the γ–ray peaks as a
function of time. In [63] this was not the best method because of the elaborate
subtractions of spectra needed to obtain a “clean” spectrum.

To understand how we extract the half life we need only to remember the
radioactive decay law

N = N0 exp(−λt), (31a)
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Fig. 9. Partial decay scheme for 130Cd [63]. Reprinted with permission from I. Dill-
man et al., Phys. Rev. Lett. 91, 162503 (2003). Copyright (2003) by the American
Physical Society

where N and N0 are the numbers of nuclei of the decaying species at times
t and t = 0, respectively, and λ is the radioactive decay constant, charac-
teristic of the decay in question. If we recast this familiar equation in the
differential form

− (dN/dt)/N = λ, (31b)

we see that the probability of decay is constant in time. Using Eq. (31b) and
setting t = 0 we can rewrite Eq. (31a) in the form

dN/dt = (dN/dt)t=0 exp(−λt), (31c)

where the subscript t = 0 indicates the rate of decay at time zero. In the case
of a β–decaying nucleus this gives us the rate of decay of the parent nucleus.
There is, of course, a one–to–one correspondence between the number of nuclei
in the parent which decay and the number of nuclei in states in the daughter
nucleus which are created. Since the percentage feeding to individual levels
in a β–decay is fixed, then for any prompt γ–rays which follow the decay, we
have the same expression for the rate of γ–emission in the daughter nucleus,

dNγ/dt = (dNγ/dt)t=0 exp(−λt), (31d)
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where the subscript now indicates the number of γ–rays emitted. Thus mea-
suring the rate of emission of the β–delayed γ–rays as a function of time allows
us to determine the half life of the parent decay. The reader should note that
we have assumed that the lifetimes of the γ–decaying levels are short compared
with the lifetime of the β–decay involved.

The radioactive decay law also leads to the definition of half life as the time
in which the number of nuclei is reduced by half or the equivalent, namely
that the rate of decay of the nucleus under study has reduced by a factor of
2. Again it is worth noting that if one has identified a γ–ray as belonging to a
nucleus under study it is a relatively easy quantity to measure “on–line” and
hence check that you are dealing with the activity you expected. It is also
useful in identifying that a series of γ–rays comes from the same decay.

In practice, if we are to determine a precise value for the half life from mea-
surements of γ–ray intensities there are a number of practical considerations of
importance. Thus it is important, amongst other things, how one determines
peak intensities in the γ–ray spectra, how one determines the background
(often a delicate matter in γ–ray spectroscopy) and one needs spectra which
are well determined statistically. One must also take due account of changes
in the electronic deadtime and pulse pile–up as the source decays as well as
correcting for the effect of the way in which the counts are binned with time.

As mentioned before one must take account of any short–lived activity
feeding the species of interest. This is avoided if one has chemical separation
or if the parent activity is produced with considerably less yield. Daughter
activity normally present in the sources does not affect the situation in prin-
ciple since the γ–rays from the daughter will normally have different energies
from those of the parent.

After this digression, let us return to the case of 130Cd where, as mentioned,
the half life was measured by detecting the delayed neutrons as a function of
time, since in this particular case they are not emitted from 130In, the main
contaminant in the experiment. In addition to the T1/2 we also need the Qβ
value if we are to determine the log ft values. In [63] this was measured
directly using a version of the so–called Fermi–Kurie plot. In the allowed
approximation one can readily show [17, 18] that

(Qβ − E)∞ sqrt.N(p)/p2F (Z, p), (32)

where N(p) is the number of electrons with momentum p and F is the Fermi
function. If we plot these quantities against one another we should obtain
a straight line which has an end point equal to (Qβ − E). One has to be
very careful, however, when we try to extract the N(p) from the experimental
data since they are folded with the instrumental response function. Dillmann
et al. did this kind of analysis for the β–particles in coincidence with all of the
transitions de–exciting the 2,120 keV level shown in Fig. 9. The coincidence
condition guaranteed that the β–particles were indeed from the 130Cd decay.
Another word of caution with regard to this kind of analysis is the possible
influence of β–particles in the spectra populating the 2,120 keV level indirectly
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via γ–rays from higher lying levels. In other words, the “pandemonium” effect
might deform the spectrum at lower energies. This is probably the reason
why the authors of the article used only the higher part of the spectrum in
their analysis. The resulting end point energy added to the level energy in
their work gave a value of Qβ = 8, 344(±165

157) keV. The short format of the
published letter did not allow the authors to explain in detail how the final
uncertainties were calculated, but one would hope that they included all of
these effects. This is the first direct measurement of this Q–value and it is of
considerable significance in terms of shell quenching at N = 82 (see discussion
in [63]).

The question of how well this value agrees with the predictions of mass
formulae and the tabulated mass values of [44] is an interesting one but is
not germane to our present discussion and we put it to one side. Returning
to our decay scheme of Fig. 9 we now have all the information required to
determine the ft values shown in the second column. The 1− spin and parity
of the 130In ground state are taken from earlier studies. The fast transition
to the 2,120 keV level with log ft = 4.1 is clearly an allowed GT transition
and this fixes the spin and parity of this level as 1+. The log ft values for the
feeding to the 1,171, 1,669 and 2,586 keV levels all suggest non–unique, first
forbidden transitions (see Fig. 4). The spins and parities assigned to these
levels are tentative (they are shown in parentheses) but are based on this
assumption. This leaves the isomeric level at 389 keV, which had been seen
in fragmentation. The spin and parity for this level do not derive from [54]
and are based on the lifetime of the level. The observed limit on the log ft is
consistent with this spin and parity.

It is interesting to compare the experimental results obtained for the de-
cay of 130Cd with shell model predictions. Figure 10 shows schematically the
single particle levels appropriate to a discussion of 130Cd, which we can see in
the simplest terms as having a structure dictated by having two holes, asso-
ciated with two neutrons, in the doubly closed 132Sn core (shown in Fig. 6).
A significant number of GT transitions is possible if we consider all of the
neutron levels in the N = 50–82 major shell. However, only one of them,
namely the νg7/2–νg9/2, is expected at low-excitation energy in 130In because
the final (πg−1

9/2 νg−1
7/2)1+ state is a two–hole state, whereas all other

transitions will lead to a four–particle excitation. As we can see in Fig. 9 we
find only one transition with a log ft corresponding to an allowed transition,
namely the transition to the state at 2,120 keV. This state is thus identified
as the (πg−1

9/2 νg−1
7/2)1+ state. On the other hand, the only way to pro-

duce a spin and parity of 1− for the ground state of 130In is by the coupling
(πg−1

9/2 νh11/2
−1). Thus the excitation energy of the 2,120 keV level is deter-

mined by the difference in the single particle energies of the νg7/2 and νh11/2

orbitals and the difference in residual interaction between the (πg9/2 νg7/2)
and (πg9/2 νh11/2) nucleon–nucleon residual interactions. This difference can
be calculated in the framework of the shell model and on the right-hand side
of Fig. 9 we see the authors’ attempt to do this with the OXBASH code [67].
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Fig. 10. Schematic view of the proton and neutron orbitals near the surface for
130Cd. The arrows indicate the β–transitions that are possible in the β–decay of
130Cd

The fact that this excited state lies at much higher excitation energy in
experiment than in the calculation was a surprise and means that the residual
interaction is larger than anticipated. If this result was repeated in all of
the neighbouring nuclei then the β–decay half lives would be longer than
previously thought.

The motivation for Dillmann et al. to study this decay lies in its significance
as a waiting point nucleus in the astrophysical r–process [68]. The reader will
find an up–to–date description of the r–process in [69]. Here we simply sketch
out the basic ideas. Most of the heavy nuclei beyond 56Fe are thought to be
produced in reactions induced by neutrons, the process of element building
in stars by charged particle–induced reactions having been brought to an
end by the fact that such reactions become endothermic. Examination of
the measured solar abundances of the elements reveals two peaks related to
each of the closed neutron shells in heavy nuclei. In simple terms the two
peaks are thought to relate to the so–called s– and r–processes, where s and
r stand for slow and rapid neutron capture, respectively. In both processes
there is competition between neutron capture and β–decay and in the r–
process competition with photo–disintegration as well. In a situation where
the neutron flux is low, say 108 neutrons per cm3, β–decay usually occurs
before another neutron can be captured. Since we are on the neutron–rich
side of stability and are concerned with β− decay this increases the nuclear
charge by one unit before another neutron capture occurs. Accordingly, in
such a moderate flux we will get a series of neutron captures followed by β–
decays and we will slowly climb up the Segre chart, remaining always close to
stability. This is the s–process.
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In contrast, if the neutron flux is high, say 1020 neutrons per cm3 or
more, we have a rather different situation. Now three processes are important,
namely neutron capture and the inverse process of photo-disintegration (the
(γ,n) reaction) and β–decay. In explosive processes, where the neutron flux is
high, the flux of γ–rays will be very high as well. Starting with stable species
we will have, for a given isotopic chain, an abundance determined by the
competition between the (n, γ) and (γ,n) reactions. In general the former will
“win” until we reach a point where the neutron–separation energy has dropped
to the point where we have an equilibrium. This happens at the point where we
reach the neutron magic numbers since the capture cross–section is small and
the neutron–separation energy is also small and hence the (γ,n) cross–section
is larger. Now the nuclei in question last long enough for β–decay to occur
back to the line of stability producing a peak in the abundance curve related
to the neutron magic number in question. Thus these closed shell nuclei are
referred to as “waiting point” nuclei.

In Fig. 11 we see the observed solar system elemental abundances in the
region of interest in the case of 130Cd. We also see two calculated curves
called “short” half lives and “long” half lives, respectively. The former is
based on results available prior to the measurements of Dillmann et al. [63]
and the latter was calculated by them assuming that all of the half lives of
the N = 82 nuclei are longer than previously thought, using the residual
interaction deduced from 130Cd (see Fig. 11). The latter curve is clearly in
better agreement with the observations in this A ∼ 130 mass region. If the

Fig. 11. The Solar system abundances observed for the r–process are shown by the
filled circles. The other two sets of points labelled “short” and “long” half lives were
calculated based on the knowledge of 130Cd β–decay before and after the measure-
ments reported in [63]. Reprinted with permission from I. Dillman et al., Phys. Rev.
Lett. 91, 162503 (2003). Copyright (2003) by the American Physical Society
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“long” half–life assumption is confirmed, this is an important result. It also
emphasises how important it is to measure such quantities since we do not
have reliable nuclear models with which to calculate them. In general we are
confident of the basic idea that the heavy elements are created in the s– and
r–processes. There is still uncertainty about where these processes occur and
whether they occur in one type of site only or in more than one. Opinion is
that the s–process occurs in the He–burning shell of pulsating red giant stars,
where T ∼ 30 keV and the neutron flux is 108 neutrons per cm3. More recently
opinion favours Asymptotic Giant Branch stars of low mass in particular. In
the r–process the neutron flux is much higher and a variety of possible sites
have been proposed. Here the favoured site is a core collapse supernova but it
may be that it also occurs in neutron star mergers or similar events. There is
evidence that more than one type of site is required if the observed abundances
are to be reproduced. If good models of the various possible processes are to
be produced then reliable measurements of the properties of exotic nuclei such
as 130Cd are essential to underpin them.

4.2 Fragmentation and Beta Decay of Exotic Nuclei

In the previous example, the experiments used were what we called earlier the
classical “ISOL” technique [60]. As the reader of this reference will find there
are limitations to this technique with two obvious drawbacks in particular.
Firstly there are significant delays in time in extracting a nucleus produced
by the primary beam from the target/ion source. For short–lived isotopes this
will lead to a considerable loss in yield because they will have decayed before
they reach the experimental apparatus. Secondly, in some cases the chemistry
may be such that the technique cannot be used since the ions are not released
from the target. This is true, for example, for refractory elements. There
are, however, steadily fewer cases of this type as techniques are developed to
overcome the difficulties [62, 70].

An alternative is to use the fragmentation of high energy heavy ions and
their separation “in flight”. This minimises or eliminates these problems al-
though it introduces new limitations of its own. The technique is discussed in
detail in [71]. In essence it involves the peripheral interaction of a high energy
heavy projectile nucleus, of energy 20 MeV/u to 2 GeV/u or higher, with a
light target nucleus. In the reaction some nucleons are removed from the nu-
cleus and essentially all of the products are focussed into a narrow forward
cone because of the high-initial velocity. There are recoil effects on the heavy
product which open the cone. They are due to the removal of the nucleons and
the deflection due to the Coulomb field. But these effects are small. Similar
considerations apply to fission fragments produced in fission at high energy
in inverse kinematics. In both cases these products can then be separated
in–flight using a fragment recoil separator [72–75]. Figure 12 shows such a
separator schematically. Typically, they can work in either monochromatic or
achromatic mode. In this brief outline we will confine ourselves to the achro-
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Fig. 12. A schematic view of a typical fragment recoil separator. (In reality the
fragment separator at GSI [72]). The mode of operation of such a separator is de-
scribed in the text. Here the cocktail of ions from the separator is stopped in a
catcher, a passive piece of material. In the experiments described in Sect. 4.2 the
catcher is replaced by an “active” stopper in the form of a stack of double–sided Si
strip detectors (DSSD)

matic mode, where the horizontal position and angle of a particle does not
depend on its momentum as explained in [71]. In the first section of the device
magnetic elements are used to select the ions by the ratio of momentum–to–
charge and at the same time reject the primary beam particles. The latter is
important because scattered beam particles may produce background at the
end of the spectrometer. There is then an energy loss degrader or “wedge”, so–
called because of its physical shape, then a second magnetic system which is
used to select the ions we want to study by their charge–to–momentum ratio.

In principle such a separator works on the basis of a few, relatively simple
physical ideas. If we neglect relativistic effects for the moment then we know
from our elementary physics that a charged particle with mass m, velocity v
and charge q moving in a magnetic field B experiences a force F = q.v⊗B.
For the case of constant field B perpendicular to the velocity of the ions we
can relate its momentum, charge and the constant radius ρ of its trajectory by

mv/q = Bρ. (33)

We also know that when a charged particle passes through material it loses
energy at a rate proportional to (q/v)2 and so its momentum loss in such
a process is proportional to (q/v). In high-energy fragmentation and fission
many nuclear species with the same momentum–to–charge ratio are produced.
In the first half of a typical fragment recoil separator the ions are separated
by m/q by a series of dipole magnets. If we concern ourselves only with fully
stripped ions they are dispersed in the x–direction in m/q = A/Z when they
arrive at the wedge. The ambiguities are removed by the wedge because the
momentum loss is proportional to Z/v. Since the ions all have approximately
the same velocity when they enter the wedge, ions with the same A/Z but
different Z will come out of it with different momenta and have different
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trajectories in the second part of the spectrometer because they will have
different Bρ values. As a result the different ions will be dispersed in the X
direction when they arrive at the final focal plane of the spectrometer. If we
measure Bρ, the time–of–flight (TOF) and the energy loss in a final detector
we can identify the individual ions in A and Z. How do we do this?

From measurements of the x and y positions of the ions after the wedge
and at the final focal plane together with the measurement of the field B in
the magnets one obtains Bρ which is proportional to vA/Z (see Eq. (33)).
The velocity v can be extracted from the TOF in the second half of the
spectrometer and the Z from the energy loss in an ancillary detector, leading
us finally to the determination of A and Z. This simplified picture ignores
many of the details such as relativistic effects and the fact that the ions may
be in different charge states, which must be taken into account in a real
experiment.

If the energies are relatively low, as at the NSCL, MSU, or if one keeps the
dispersion in Bρ small, for example by making the ions pass through narrow
slits, then the TOF is enough to clearly separate the ions. We see such an
example in Fig. 13. It is taken from the next experimental example we want
to explain in this chapter. The data were recorded with the A1900 fragment
separator at NSCL, MSU by Hosmer et al. [76] using a primary beam of
140 MeV/u 86Kr.

In this particular experiment the aim was to study the β–decay of 78Ni by
first implanting the selected ions into a Si detector system and then observing
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Fig. 13. Particle identification plot using energy loss versus time–of–flight for
140 MeV/nucleon 86Kr on a Be target studied at NSCL [76]. Reprinted with permis-
sion from P. Hosmer et al., Phys. Rev. Lett. 94, 112501 (2005). Copyright (2005)
by the American Physical Society
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the subsequent β–decay. In practice, three double–sided Si strip detectors
(DSSD) were used at the final focal plane. The energy loss of the heavy ions
was measured in the first two DSSDs. An Al degrader was located in between
to allow the adjustment of the final energy in order to implant the nuclei of
interest in the last DSSD which had 985 μm thickness and was segmented
with 40, 1mm strips in the horizontal on one side and 40, 1 mm strips in the
vertical on the other, resulting in 1,600 effective pixels. This detector was
used to measure the signal from the implants as well as the energy loss (ΔE)
of the β–particles produced in the subsequent decay of the implanted ion.
Because of the large difference in energy range of these two signals, one of the
order of a few GeV and the other of hundreds of keV, two different electronic
chains were used with different amplifications to provide suitable signals for
processing and recording.

The implanted ion generates a pulse in part of the DSSD which can be
identified in x and y and hence as occurring in a defined pixel. In the sub-
sequent β–decay a pulse will be produced in the same pixel. Such correlated
signals are the markers for events of interest. In essence a histogram of the
number of events with differences in absolute time between the implant events
and their correlated β–particle pulses in the same pixel provides a radioactive
decay curve (see Eq. (29)).

If, in addition, the DSSDs are surrounded by an array of γ–ray detectors
it is then possible to record correlated signals from implants, β–particles and
the subsequent delayed γ–rays.

This is the essence of the methods which are being developed and are
already being used to exploit fragmentation and high-energy fission reactions
to study β–decay.

As indicated earlier such processes have the advantage that all chemical
species are accessible, since they do not depend on chemical properties, as
are very short–lived species since the only time constraint here is that they
can survive transit through the separator, which is typically of the order of
100 ns. The transit time then sets a lower bound on the half life that can be
studied. Accordingly this technique, in general terms, is presently the method
of choice if we are to study β–decays as far away from stability as possible.
As one might suspect, however, there are difficulties hidden in this idealised
explanation. For instance, one must find a means of identifying the centre of
gravity of the energy deposited by the implants since the incoming ion will
induce charges in a number of neighbouring pixels as well as the one that
it hits. In addition a limit in β–decay lifetime is set to such measurements
by random coincidences. The rate of the latter depends on the degree of
pixellation, the rate of implantation, the half lives of the implanted ions, and
the time interval during which we want to measure the nucleus of interest,
which is normally related to its half life.

In Sect. 4.1, we presented the case of a measurement at an ISOL facility
of the half life of a nucleus with N = 82, which was of importance for our
understanding of the astrophysical r–process. Here we present a similar case,
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namely the experimental study of the half life of a nucleus with N = 50 but
even further away from stability. Indeed the 78Ni doubly-magic nucleus is so
far away from the line of stability that there is little hope of producing it with
enough yield to survive the long process of separation at an ISOL facility.
As we can see from Fig. 13 the total number of 78Ni ions produced in the
experiment is quite small, indeed there are too few to determine the half life
from a radioactive decay curve. Instead the authors had to have recourse to
a maximum–likelihood analysis which has been used in other cases [77, 78]
where the statistics are poor. As the reader who peruses [76] will find the
authors had to struggle with the uncertainties in the fraction of decays in
which β–delayed neutrons occur, the half lives of daughter and granddaughter
activities and even the probability that one of the small number of ions might
be misidentified. The end result is a half-life value for 78Ni of 110(±100

60) ms.
Although it is determined with limited precision this number is an important
test of nuclear structure models of very neutron–rich nuclei and was the last
of the important N = 50 waiting point nuclei in the astrophysical r–process
to be measured [79]. In this regard it is thought to be especially important in
terms of the overall delay that nuclei in this mass region impose on the flow of
the r–process towards heavier nuclei. In contrast with our previous example,
the experimental half lives of 78Ni and other nuclei measured in the same
experiment are shorter than predicted with current models. This example
again highlights the need to measure such properties for exotic nuclei.

The example given above is a particularly simple one since it does not
exploit the full power of the technique to study the β–decay of exotic nu-
clei. Another example, again taken from studies at NSCL (MSU) illustrates
how one can exploit correlations between the implants and the subsequent
β–particles and γ–rays emitted. Although it is not aimed at answering a key
physics question in the way the previous example does, it is an excellent ex-
ample of how important it is to carry out detailed spectroscopy if one is to
establish the properties of nuclei properly. Prior to this experiment there was
some confusion about the half life of the nucleus 60Mn. This was largely due
to the fact that two states in 60Mn decay by β–emission. In addition the long
half life of the 60Mn ground state and the apparent direct feeding of the 60Fe
ground state, giving a log ft of 6.7, would make it a candidate for isospin–
forbidden β–decay. To clarify the situation Liddick et al. [80] produced the
60Mn ground state via the decay of the ground state of the parent 60Cr, which
only populates the state with lower spin in 60Mn. Exactly the same techniques
and setup were used as described above but with the addition of 12 Ge detec-
tors from the SEGA array [81] surrounding the β–detector in order to detect
the β–delayed γ–rays. The same primary beam and target were used as in the
previous example and this time, fragment–β and fragment–β–γ correlations
were recorded. Figure 14 shows the delayed γ spectrum for β–decay events
occurring within 1 s of the implantation of a 60Cr ion. Since both 60Cr and
its daughter 60Mn were found to have half lives less than 1 s their β–delayed
γ–decays should appear in Fig. 14.
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Fig. 14. The spectrum of delayed γ–rays from sources of 60Cr as seen in [80]. The
spectrum contains γ–rays from both 60Cr and its daughter 60Mn. Gamma rays from
a few contaminants are marked. Reprinted with permission from S.N. Liddick et al.
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Figure 15 shows the decay curves associated with (a) fragment–β, (b)
fragment–β –349 keV γ and (c) fragment–β–823 keV γ correlations. The as-
signment of the observed γ–rays to the mother or daughter nucleus was ac-
complished using these and other such decay curves. The reader will recall
that the radiation from a single decaying state will follow the radioactive
decay law. If, however, we are interested in the decay of a daughter or grand-
daughter activity then the radiation will follow a composite curve given by
the Bateman equations [82]. Since the 60Mn is produced in the decay of 60Cr
the radiation from its decay follows a more complex curve. The decay curve
of Fig. 15, part (a) was fitted with a function that included the exponential
decay of 60Cr, the growth and decay of 60Mn and a linear background. The
823 keV γ–ray had been assigned in an earlier experiment to the de–excitation
of the first excited 2+ state in 60Fe, the daughter of 60Mn. The decay curve
in Fig. 15, part (c), which involves the triple correlation between the implant,
the β–particle and this γ–ray clearly exhibits the growth and decay of the
60Mn. Decay curves gated on the 1,150 and 1,532 keV γ–rays show the same
shape. The other γ–rays have half lives consistent with the 60Cr parent decay
and were interpreted as transitions de–exciting levels in 60Mn.

All of this information was used to construct the level schemes presented
in Fig. 16 with the half life of 60Mn being deduced from the fitting of the
curve displayed in Fig. 15(c). The newly derived half life of 0.28(2) s imme-
diately called into question the 0+ spin and parity assignment of the 60Mn
since it did not fit for an isospin–hindered, 0+ → 0+ Fermi transition as pro-
posed earlier, since such transitions have longer half lives. All those known
have a log ft > 6.5. This work led to a change in the assignment of the spin
and parity of both the ground state and the 272 keV isomeric state in 60Mn
which decays to the ground state by a ΔJ = 3 transition. The new assign-
ment of 1+ to the ground state is then happily consistent with an allowed
GT decay.

We have already indicated the main advantages of using fragmentation.
They also apply to high-energy fission carried out in inverse kinematics.
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The two examples outlined in this section show first that useful information
can be derived following the production of only a few ions and second that
even far from stability one can make β–decay spectroscopy studies of some
precision.

4.3 The GT Resonance Observed in the Decay of 150Ho

This experimental investigation illustrates very well many of the features of
β–decay studies we have described above. It not only shows the GT resonance
very clearly within the β–window but also shows why one should study β–
decay with both the TAGS technique and in high resolution. Figure 17 gives a
schematic view of the single particle orbitals available above the 146Gd double–
closed shell, or at least those that are relevant to the present discussion. The
150Ho nucleus has two, low–lying, β–decaying states with spins and parities
2− and 9+, respectively. Figure 17 shows the expected configuration of the
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2− isomer with the odd neutron in the f7/2 shell and a proton in the d3/2

orbit. The reader should remember that the pairs of protons in the h11/2

orbits, which couple to 0+, can scatter between all three orbits (s1/2, h11/2

and d3/2).
One reason for the interest in this case and in the decays of neighbouring

nuclei is that, unusually, most of the GT strength lies within the Qβ-window.

Fig. 17. Schematic view of the single particle orbits available above the 146Gd
doubly closed shell relevant to the present discussion
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It is not a very common situation in β+ decay, as we explained earlier, and,
in this case, it occurs because the proton is transformed in the transition into
a neutron in the spin–orbit partner orbital, which lies within the Qβ-window.
Here the transition is from the πh11/2 to νh9/2 level since the decay of the
unpaired proton (in the d3/2 orbit) is forbidden. A similar case open to study
is the πg9/2 to νg7/2 transition which occurs in the N ∼ Z nuclei close to
100Sn.

The four–particle states with spins and parities 1−, 2− and 3− popu-
lated in the 150Dy daughter nucleus have the configuration [(πd3/2νf7/2)
(πh11/2νh9/2)]. A simple approximation to the excitation energy of these
states is just twice the pairing gap for protons plus twice the pairing gap
for neutrons plus the neutron h9/2 single particle energy, i.e. at ∼ 5MeV ex-
citation energy. This is well within the Qβ-window of ∼ 7MeV for this decay.
It should be noted that this decay is closely connected to the decay of 148Dy,
a simpler case since it has just the single proton pair outside the 146Gd core.
The two cases must clearly be much the same and should have a comparable
log ft namely 3.95(3) [27]. It will, of course, be slightly different because of the
presence of the d3/2 proton which will modify the probability of the proton
pair occupying the πh11/2 orbital. With this minor caveat we can say that we
expect the 150Ho 2− state to decay strongly to levels at ∼ 5MeV with a log
ft of about 3.9.

An important feature of this work is that it has been studied in detail in two
ways [28, 29]; with the GSI–TAS described earlier and with a highly efficient
Ge array called the “Cluster Cube”. This array consisted of six EUROBALL
cluster detectors [83] in a highly compact geometry, with four of the detectors
10.2 cm from the source and the other two at a distance of 11.3 cm. The
photopeak efficiency of the array at 1,332 keV was 10.2(0.5)%. As we shall
see this means that one can compare the two methods directly. Because the
direct production of 150Ho in a heavy ion reaction would inevitably favour
the 9+ isomeric state (see Fig. 2 and the related discussion), the 2− state was
produced as the daughter activity of 150Er (see the discussion of 60Mn decay
in Sect. 4.2). This results in clean production of the 150Ho via the decay of the
0+ ground state of 150Er to 1+ states in 150Ho which decay to the 2− ground
state. The details can be found in [28] and [29]. Our concern here is with the
results.

In Fig. 8 we see the measured β–strength as a function of excitation energy
derived from measurements both with the GSI–TAS and Cluster Cube. To give
our reader a feeling for the quality of the CLUSTER CUBE results we should
mention that 1,064 γ–ray lines were observed, which were arranged into a
decay scheme with 295 levels in 150Dy. Compare this with the much more
difficult study of 130Cd discussed earlier, where the nuclear species involved
is much harder to produce. In the 150Ho case, on the assumption that the β–
decays are allowed GT transitions, it was possible to assign spins and parities
to most of them. In this study an analysis, based on the shell model, provides
a prediction of the distribution of B(GT) strength between the 1−, 2− and
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3− states of 3.6:4.0:7.4 normalised to 15 arbitrary units. This is in excellent
agreement with the measured ratios of 3.4:4.2:7.4 (now in units of gA

2/4π)
derived from the CLUSTER CUBE measurements.

In Fig. 8 one can see clearly the most distinctive feature of the spectra
from both types of spectrometer, namely the very strong β–feeding to a nar-
row interval in energy near 4.4 MeV excitation with a width of about 240 keV.
This is the πh11/2 to νh9/2 transition we anticipated seeing earlier. This is the
peak of the GT resonance, more or less at the energy anticipated. The two
spectra have the same shape, which gives confidence in the analysis techniques
used for the TAGS spectrum. There is, however, a clear loss in sensitivity in
the CLUSTER CUBE spectrum at higher energies. Quantitatively we can say
that the total B(GT) up to the highest observed level at 5.9 MeV is 0.267
corresponding to log ft = 4.16 when derived from the CLUSTER CUBE
spectrum. This compares with values of 0.455 and 3.93 obtained for these
quantities from the TAGS up to the same energy. If we take the total B(GT)
up to the Qβ-window then we miss, in total, 50% of the B(GT) in this very
high quality Ge measurement. On the other hand, the individual levels and γ–
transitions can only be disentangled in the spectra from the Ge detector array.
This is shown qualitatively in Fig. 9, where the region of the resonance mea-
sured with the GSI–TAS is compared with the spectra from some coincidence
gates showing γ–rays de–exciting levels in the same region.

What can we conclude from these studies? Firstly, it demonstrates very
clearly and beautifully the population of the GT resonance in β–decay within
the Qβ–window. Secondly, it demonstrates the clear need for the use of both
techniques in such cases. The TAGS measurements are essential because it
is the only way to obtain a proper measure of the GT decay strength. The
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Fig. 19. Comparison of part of the GSI–TAS and CLUSTER CUBE spectra (various
coincidence gates) for the decay of the 2− ground state in 150Ho (see text) (See also
Plate 9 in the Color Plate Section)

high-resolution measurements are also essential if one wants the details of the
daughter level scheme and the fine structure of the resonance.

4.4 Measurement of Nuclear Shapes in Beta Decay

The shape of the nucleus is one of the simplest of its macroscopic nuclear
properties to visualise. In practice it turns out to be very difficult to measure.
In general terms we now have a picture of nuclei at closed shells having spheri-
cal shapes and nuclei with even quite small numbers of valence nucleons being
deformed. The nuclei with A ∼ 70–80 and N ∼ Z are of particular interest in
this context. These nuclei enjoy a particular symmetry since the neutrons and
protons are filling the same orbits. This, together with a low single–particle
level density, leads to rapid changes in deformation with the addition or sub-
traction of only a few nucleons. In terms of mean field models, these rapid
changes occur because of the proximity in energy of large energy gaps for
protons and neutrons at Z,N = 34, 36 on the oblate side and Z,N = 38
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on the prolate side of the Nilsson diagram. Such models suggest [84, 85] the
co–existence of states in these nuclei of quite different shape. There is experi-
mental evidence to support this in the Se and Kr nuclei [86, 87] and it is also
predicted for the lightest Sr nuclei.

As a result it is of considerable interest to map out the deformation of both
the ground and excited states in these nuclei. In practice, this is not a simple
task. There are a number of methods of measuring the ground state defor-
mation in unstable nuclei based on the interaction of the electric quadrupole
moment of the nucleus with an external electric field gradient [88–90]. How-
ever, these methods do not apply to nuclei with J = 0 or 1/2. Apart from
the nuclear re–orientation effect in Coulomb excitation, however, they do not
give the sign of the quadrupole moment and thus cannot distinguish between
oblate and prolate shapes.

In some cases, β–decay provides an alternative way of deducing whether
the ground state of the parent nucleus is oblate or prolate. The basis of the
method is an accurate measurement of the GT strength distribution, B(GT),
as a function of excitation energy in the daughter nucleus. The idea was first
put forward by Hamamoto et al. [91] and was then pursued in more detail
by Sarriguren et al. [92]. In essence they calculate the B(GT) distributions
for various nuclei in the region for the deformations minimising the ground
state energy. In some cases, the calculated distributions within the β–decay
window differ markedly with the shape of the ground state of the parent
nucleus, especially for the light Kr and Sr isotopes.

A number of cases have been studied with the Lucrecia spectrometer de-
scribed earlier. In this chapter we discuss the case of the even–even nucleus
76Sr [31] where the ground state is amongst the most deformed known. This
was based on the measurement [93] of the energy of the first excited 2+ state
and Grodzin’s formula [94], an empirical relationship between the deformation
and the energy of the 2+ → 0+ transition. This tells us nothing about the
sign of the deformation.

CERN–ISOLDE is, at present, the ideal place for measuring the β–decay
of 76Sr, since it provides the most intense, mass–separated, low–energy beams
of neutron–deficient Sr nuclei. The half life of 76Sr is just 8.9 s. This is long
enough for us to be able to implant the activity on the tape outside the shield-
ing for Lucrecia and then transport it to the counting point. The tape system
was moved every 15 s in order to avoid the build–up of the 76Rb daughter
activity, which has a half life of 36.8 s. The γ–ray spectrum was recorded in
coincidence with positrons and X–rays using the ancillary detectors placed
close to the implanted source in the central through hole in the NaI detector.
The upper part of Fig. 20 shows the experimental total absorption spectrum of
the β–decay of 76Sr overlaid with the recalculated spectrum after the analysis.
In the lower panel we see the B(GT) distribution derived from this spectrum
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with the shading indicating the experimental uncertainty. These results were
based on the singles spectra and did not use the recorded coincidences.

Fig. 20. Singles spectrum of 76Sr overlaid with the spectrum recalculated after anal-
ysis (upper panel) and B(GT) distribution extracted from these data as a function of
excitation energy in the daughter nucleus (lower panel) [31]. The shading indicates
the experimental uncertainty

The reader should note a number of points. Firstly, the analysis of the
TAGS spectrum was carried out as outlined in Sect. 3.1. Secondly, the pro-
ton separation energy is 3.5 MeV. As a result β–delayed proton emission has
been observed at excitation energies from 4.8 to 5.8 MeV [95]. However, this
contribution is only ∼ 2% in B(GT), i.e. very small compared to decay via
β–delayed γ–rays. Thirdly, the marked strength at 0.5, 1.0 and 2.1 MeV is to
states already known [96] but the B(GT) values reported earlier are in dis-
agreement with the TAGS measurements as a result of the “Pandemonium”
effect described earlier.

The theoretical derivation [92] of the B(GT) distribution starts with the
construction of the quasi–particle basis self–consistently from a deformed
Hartree–Fock (HF) calculation with density-dependent Skyrme forces and
pairing correlations in the BCS framework. From the minima in the total HF
energy versus deformation plot they derive the possible ground state deforma-
tions. In the case of 76Sr two minima are found; one is prolate with β2 = 0.41,
the other is oblate with β2 = −0.13. Using these results the quasi–random–
phase approximation (QRPA) equations are solved with a separable residual
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interaction derived from the same Skyrme force used in the HF calculation. To
calculate the B(GT) it is assumed that the states populated in the daughter
nucleus have the same deformation as the parent state. Figure 21 shows the re-
sults of these calculations using the SK3 residual interaction. This plot shows
the sum of the B(GT) at any given energy bin up to that energy bin. The
theoretical results are shown for both prolate and oblate states. It also shows
the measured, accumulated B(GT). The shading indicates the experimental
uncertainty. The agreement of the experimental plot with the calculation for
a prolate shape is very good over the energy range 0–5 to 6 MeV. In contrast
there is no agreement with the results of the calculation based on an oblate
shape. Thus our results confirm the large deformation, β2 ∼ 0.4, deduced from
the in–beam studies and give the first definitive evidence that the deformation
is of prolate character.

This result also validates this method of determining the ground state de-
formation. It was also applied to the case of 74Kr [32], where earlier measure-
ments [87] of the decay of the isomeric, first excited 0+ state had indicated
strong mixing of the oblate and prolate shapes. Again the TAGS measure-
ments were made at CERN–ISOLDE. Figure 21 also shows the accumulated
B(GT) as a function of excitation energy for both theory and experiment for
this case. This time it is clear that there is a mixture of prolate and oblate
shapes in the 74Kr ground state. This is confirmed by the Coulomb excitation
of a beam of 74Kr [97].

Summarising, it is clear that it is possible, in some cases, where there is
sufficient difference between the calculated curves, to determine the shape of

Fig. 21. Summed value of the measured B(GT) as a function of the excitation
energy in the daughter nucleus for the decay of 76Sr compared with the theoretical
distributions for oblate and prolate shapes (left panel) [31] and the corresponding
data for 74Kr [32] (right panel)
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the nuclear ground state from measurements of the B(GT) distribution in
β–decay. As part of the same programme of measurements a number of other
Kr and Sr decays were also studied. The results will appear in the literature
in due course.

4.5 Reactor Decay Heat

Quite apart from its use as a tool for understanding nuclear structure a knowl-
edge of β–decay is important in many practical applications. Here we will
restrict our discussion to just one example.

There are more than 400 nuclear reactors operating world–wide, a number
which will significantly increase in the near future given the effects of climate
change and the desire to use electricity production methods which minimise
the emission of “Greenhouse gases”. During the operation of such reactors
some 7–8% of the total power comes from the β–decay of the very large number
of neutron–rich fission products of the fission process. When the reactor stops
this reactor decay heat, as it is known, remains and dies away over a long
period with a complex decay pattern which depends on the mix of decay
products, which, in turn, depends on the initial composition of the fuel, the
reactor configuration and the time for which it has been running. A knowledge
of how the decay heat varies with time is important because (a) it is necessary
for economic reasons to optimise the refuelling procedure, (b) one needs to
maintain cooling because of the decay heating and (c) when the fuel is finally
removed from the reactor it must be properly shielded. The form and extent
of the cooling and also of the shielding needs to be specified on the basis of
what are called decay heat calculations. Naturally, the decay heat varies as
a function of time after shutdown and can, in principle, be calculated from
known nuclear data. The calculations are based on the inventory of nuclei
formed in reactor operation and the subsequent decays and a knowledge of
their properties. They depend on libraries of nuclear cross–sections, fission
yields and a detailed knowledge of radioactive decay schemes. A number of
such databases are maintained by the U.S. [98], Japan [99] and Europe [100].
The question of importance to us here is how good the accumulated and
recorded decay data are. It turns out that they suffer from two problems. The
first we have already met, namely the Pandemonium effect. In many cases
the studies have been carried out faithfully but rely on Ge detectors. As we
explained in Sect. 3 the poor efficiency of such detectors means that many
weak γ–rays, particularly of high energy, are not observed. As a result the
mean γ–energies are underestimated and the mean β–energies overestimated.
The second problem is that many of the isotopes produced in high yield in
thermal fission belong to refractory elements. As a result it has been difficult
or impossible to extract them from a standard ion source and ionise them. The
solution to the first problem is the application of total absorption spectroscopy
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to the cases of interest and new techniques under development will gradually
solve the second problem.

Not surprisingly a great deal of attention has been focussed on the effi-
cacy of reactor decay heat calculations. Gradually the calculations have been
refined and they can now reproduce integral measurements [101] reasonably
well for a range of fissioning isotopes that are important in operating reactors.
There are, however, differences in the approaches used in the main databases
and there remains quite a large discrepancy in the calculations for the period
300–3,000 s after a fission pulse [101]. The authors of Ref. [101] dubbed this
the γ–ray discrepancy. This discrepancy appears for 233U, 235U and 238U as
well as for the Pu isotopes.

In order to have a sufficiently reliable library of the relevant decay data
it is not necessary to measure or re–measure all of the radioactive decays
which contribute to the decay heat, some are more important than others
because of the large variation in yield with mass in thermal fission. Recently,
in [102], a careful analysis homed in on a more limited list of radioactive de-
cays that should be measured with some care since they contribute strongly
to the decay heat in the time period of interest. Amongst them are the
isotopes of Tc.

Algora et al. [103] have used the total absorption technique to study the
decay of 104Tc. This is a species near the lower peak of the thermal fission
mass curve and is produced in high abundance. The decay of this isotope
and its neighbours is poorly known because Tc is a refractory element and
thus difficult to extract from conventional ion sources. However, sources of
such isotopes can be produced using an Ion–Guide Isotope Separator On–
Line (IGISOL) [104]. In this method, the products of nuclear reactions (in
the present case fission) from a thin target recoil into a gas, usually helium,
where they are brought to rest. As a result of a complex series of collisions
in the slowing down of the ion, including processes such as CE and collisions
with impurity atoms, a significant fraction of the products end up in the 1+

charge state. There is a continuous flow of helium gas and this carries the
ions out of the chamber, through a nozzle, into a region where they are sep-
arated from neutral gas atoms prior to re–acceleration and mass separation.
This process is fast, less than a ms overall, and chemically non–selective.
It is an ideal way to produce and prepare sources of refractory elements
such as Tc.

In the experiment carried out by Algora et al. [103] a 30 MeV proton beam
from the Jyväskylä cyclotron was used to induce fission in a natural uranium
target of 15mg/cm2 thickness. The beam current was typically about 4 μA.
Following mass separation with the IGISOL system the beam of separated Tc
was then moved to the centre of the total absorption spectrometer, the details
of which are given in [103]. One difficulty in such experiments is to ensure that
one has clean sources. This is a particular problem in TAS measurements since
they are based on 4π scintillation detectors with modest intrinsic resolution
(the best being NaI with typically ΔE/E ∼ 8% under experimental condi-
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tions) and we cannot distinguish between the activity of interest and their
decay products or other contaminants using the detector. In this experiment
it was possible to eliminate the isobaric contamination by means of selecting
an appropriate collection/measuring cycle. Naturally this can only be done in
cases with appropriate half lives for the parent and daughter nuclei. As a fur-
ther check a second experiment was carried out with the separated beam from
the IGISOL being injected into the Penning trap available at the Jyvaskyla
IGISOL, which is called the JYFLTRAP [105]. The Penning trap acts as if it
were a very HRS. These data have not yet been analysed for 104Tc but this
procedure is ideally suited to any experiment where one wants a very clean
source.

The data from the first experiment but not yet the second, have been
analysed using the methods [54, 55] outlined in Sect. 3.1. The details are
given in [103]. Figure 22 shows the results for the feeding as a function of
excitation energy. They are compared with what was known previously from
experiments using Ge detectors [106]. One sees very clearly how these earlier
measurements suffered from the Pandemonium effect. It is abundantly clear
that a large amount of β–feeding is observed at high excitation in the daughter
nucleus which was not previously seen in the high-resolution experiments. The
mean γ– and β–energies derived from this experiment are 3263(65) and 915(35)
keV, respectively, values which are quite different from those in the JEFF 3.1
library [100], where the corresponding values given are 1890(30) and 1595(75)
keV. Not surprisingly this makes a large difference to the decay heat curves
as we see in Fig. 23.

Without data from experiments with the TAGS technique the fit to the
experimental decay heat is poor, particularly for the period of 10–3,000 s after
the pulse. The agreement is better if one includes measurements with the
TAGS technique on a series of nuclear species made by Greenwood et al. [52],
however, this still leaves a considerable discrepancy for the period 200–3,000 s.
Adding the new result on the single isotope 104Tc removes a significant part

Fig. 22. Comparison of the deduced β–strength [101] for 104Tc (dots) with the
strength predicted by the gross theory of β–decay (dot–dashed histogram). The dis-
crete lines represent the strength derived from β–decay studies with high-resolution
detectors [100]
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of this discrepancy and clearly makes further measurements of this kind a
priority.

5 Future Measurements

One of the most important changes in studies of nuclear physics in recent
years has been the steady improvement in our ability to accelerate radioac-
tive nuclear species. It is this sea change which is the raison d’etre for the
Euroschools on Exotic Nuclei. As a corollary this new–found ability has meant
a considerable increase in our capacity to produce a wide range of short–lived
nuclear species since the main aim is to re–accelerate them. This has allowed
us and will continue to allow us to study the β–decay of more and more exotic
nuclear species. As we have explained earlier, if we are to extract the fullest
information from these studies we must use both the high resolution and total
absorption techniques.

The examples in Sect. 4 show that experiments are already underway to
exploit β–decay to the best of our present abilities. At the new international
radioactive beam facilities FAIR, to be built at GSI, Darmstadt, and SPI-
RAL2, to be built at GANIL, France, plans are already underway [107, 108]
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to allow both types of study and also to allow studies of β–delayed neutrons
as well. At these facilities and others which are under construction or on the
drawing board, there will be a step change in beam intensities. Thus at FAIR
the aim is to improve the intensities of the exotic beams delivered by three
or four orders–of–magnitude. This will allow much better experiments on nu-
clei close to stability and also allow us to extend the range of nuclei that
can be studied. It is not just a matter of an improvement in beam intensity.
Considerable effort is being devoted to develop new methods of ionising chem-
ical species or of other means of ionising radioactive species caught in a gas
catcher [109] and in some cases transferred to a Penning trap to allow a pure
beam/source to be produced (see Sect. 4.5).

At the same time considerable effort is being devoted to producing a range
of equipment tailor–made to measure sources of short–lived species. It would
be a foolish man or woman who forecasts where this will lead. We will cer-
tainly greatly extend our knowledge of β–decay far from stability but what
phenomena we will uncover and what applications will be derived from our
measurements and techniques we will leave to our youthful readers to discover
for themselves.
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