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Abstract. In this lecture the development of arrays of γ-ray detectors is described.
The starting point is the reason why we want to study γ-rays emitted in nuclear
reactions. An account of how gamma rays interact with matter follows. The characteristics of the γ-ray detectors needed for the study of both exotic nuclei and
high spin states are then outlined. The development of γ-rays arrays is followed up
to the present introduction of detectors based on gamma-ray tracking. Examples
taken from experiment are used throughout.

1 Introduction
In these lectures we shall be concerned with the development of arrays of γray detectors for studies of nuclear spectroscopy. Although the topic is thus
limited in scope we shall ﬁnd that it touches on many other aspects of nuclear
spectroscopy, since it cannot be isolated from them. Where, then, should one
begin? This is always a diﬃcult question: the choice is often just a matter
of taste. Since the need and desire for improved multi-detector germanium
(Ge) arrays has its roots in spectroscopy we shall begin there.
The study of any physical system is likely to follow a general pattern:
nuclear structure studies are no exception. We have tried to identify key
parameters in the nuclear system and then study how nuclear properties
vary with these parameters.
Figure 1 shows schematically a few of the quantities of importance in
the nuclear system. One of the key parameters is angular momentum, which
dictates how rapidly the nucleus is rotating. This is important because atomic
nuclei are not really inﬂuenced by electric and magnetic ﬁelds of the strengths
we can generate in the laboratory. Applying such ﬁelds to other physical
systems is often one of the principal tools for studying them. In nuclei the
Coriolis force plays this role. It takes the same form mathematically as the
force exerted by a magnetic ﬁeld and so it mimics the eﬀects. As a result
these lectures are very much concerned with the study of so-called “High
Spin” states; so known because they are rotating rapidly. Most of the drive
to build and improve γ-ray arrays has come from such studies. However, as
often happens in science, they have found many other uses. In particular they
have turned out to be important for the study of exotic nuclei, the subject
of the Euroschool Lectures.
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Fig. 1. Diagram showing the space deﬁned by three key parameters describing
the atomic nucleus. Studies of nuclear reactions allow one to vary these parameters, namely the excitation energy, angular momentum and the ratio of neutrons to protons. The various cartoons are intended to give an impression of some
of the phenomena observed as the key parameters are varied. To indicate just a
few of the many phenomena observed as we vary the parameters, a series of abbreviations are used. They are as follows: GR-Giant resonance, QGP-Quark gluon
plasma, EMC-The EMC eﬀect, ∆-Delta resonance, ND-Normal deformed states,
SD-Superdeformed states, HD-Hyperdeformed states, n-halo-Neutron halo, n-skinsNeutron skins, RNBs-radioactive nuclear beams, Acc + Dets-accelerators and detectors, SPIN-total angular momentum. The reader should further note that the
scales on the axes are notional and the break in the energy/temperature axis is
simply meant to indicate that the various eﬀects indicated occur at much higher
excitation energies. The small set of labelled axes in the bottom right hand corner
is meant to indicate the key element that needs to be developed to progress further
with examining how each parameter aﬀects nuclear properties and phenomena. As
will be seen from the main text these technical developments are also important
for exploring these and other parameters; cf. Plate 9 in the Colour Supplement
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Our starting point is the studies [1] of Morinaga and his co-workers in the
1960s. In these experiments α-particle beams of 27 MeV energy were used to
bombard targets of rare-earth elements and the prompt γ-rays released were
detected with NaI scintillators clustered around the target. An example of
the γ-ray spectra recorded in such studies is shown in Fig. 2. It turns out
that we see a series of peaks sitting on an underlying, continuous background
of γ-rays: they are the successive transitions de-exciting levels in the groundstate rotational band of 162 Dy. From many such studies, then and later, we
have built up a picture of so-called fusion-evaporation reactions of which the
160
Gd (α,2n)162 Dy reaction of Fig. 2 is an example.

Fig. 2. Example of the γ-ray spectra recorded in early studies of fusion-evaporation
reactions. In this case the γ-rays from the 160 Gd (α,2n)162 Dy reaction recorded with
a NaI detector in singles. The γ-ray photo-peak energies are labelled in keV. The
target was composed of an oxide of Gd and the various spectra correspond to
measurements with various thicknesses of Lead between the target and the counter
(see [1] for details). This spectrum is shown courtesy of Nuclear Physics

A large fraction of the studies which have been carried out with large
γ-ray arrays involve fusion-evaporation reactions, although Coulomb excitation and other reactions have been used as well. The picture we now have of
such reactions is summed up in Fig. 3. In the initial stage of the reaction the
two nuclei fuse to form a compound system that exists for a long time on a
“nuclear” time scale; usually taken to be the time for the projectile nucleus
to cross the target nucleus, i.e. ≈10−22 s. This compound system is “hot”, i.e.
it is at high excitation energy and rotating rapidly. The angular momentum
(J) can be as large as 50–80 -h, i.e. a rotational frequency of ∼1020 Hz. In
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Fig. 3. Schematic view of what happens in a fusion-evaporation reaction (see text)
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essence we now have a hot, electrically charged, rapidly rotating liquid drop.
Not unexpectedly, it does what any liquid drop would do to reduce its temperature: it evaporates particles. These neutrons, protons and alpha particles
carry away energy but little angular momentum since the centrifugal barrier
they face means that the emission of particles with high angular momentum
is strongly inhibited. The evaporation comes to an end when the nucleus is
left in an excited state with an energy below the lowest particle separation
energy. The nucleus is now cooler but still rotating very rapidly. The only
way it can lose more energy is by emitting γ-rays, which also carry away
angular momentum. Thus a long sequence of 30–40 γ-rays follows, leading,
through a series of excited states, to the ground state. In even-even nuclei the
lowest states normally belong to the rotational band built on the 0+ ground
state and have J π = 2+ , 4+ , 6+ etc. The many possible γ-ray cascades from
the initially populated states funnel down into this ground state band or its
equivalent in odd-A nuclei. It is these intense γ-rays which we see in Fig. 2,
albeit in poor resolution and with poor signal-to-noise ratio. It is studies of
the γ-rays from such reactions, which are the backbone of our understanding
of the properties of high spin states.
It is not our purpose here to pursue our understanding of these states:
rather we want to show how advances in methods of detecting them have
gradually given us more and more sensitive tools to study γ-rays from many
diﬀerent types of reaction. This will lead us to an appreciation of their importance for the study of exotic nuclei.
Julin [2] has summarised how Ge detectors, with or without ancillary
detection systems, have been used to study the properties of exotic nuclei: the
interested reader is referred to his lecture. We can, however, brieﬂy summarise
the essence of what we have discovered using even-even nuclei as the vehicle.
In the ground state the nucleons are paired oﬀ in time-reversed orbits. In
excited states with non-zero values of J, the Coriolis force acts to try to align
the angular momenta associated with these pairs with the axis of rotation.
Figure 4 shows some of the eﬀects observed and interprets them in cartoon
form. Firstly we should recall that the Coriolis force takes the form −ω × j
where ω is the angular frequency of rotation and j is the angular momentum
of an individual nucleon. Any eﬀect of the force clearly increases with both
rotational frequency and the angular momentum of the nucleon. Figure 4
shows the spectrum of γ-rays de-exciting levels in the ground state band of
158
Er produced in the 146 Nd + 16 O reaction at 84 MeV bombarding energy.
In such experiments we do not observe the levels directly: we infer their
positions and properties from the de-exciting transitions between them. It is
necessary to use a medium- or heavy- mass projectile such as 16 O in order
to create a compound nucleus of high angular momentum, as the reader will
appreciate from examination of Fig. 3. For nuclei such as 158 Er with A ≈ 160
and Z ≈ 68 the i13/2 neutrons and h11/2 protons form the intruder orbitals
in the Nilsson scheme.
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Fig. 4. Spectrum [3] of γ-rays from the
with the Tessa array [4] (see text)

146

Nd(16 O, 4n)

158

Er reaction recorded

Starting on the left of Fig. 4 we see regularly spaced γ-transitions which
correspond to the de-excitation of levels in the band built on the ground state.
In these states the nucleons are paired oﬀ in time-reversed orbits as shown
on the top left. As ω increases the Coriolis force increases and is, of course,
largest for particles in the high-j orbitals. Eventually the force becomes too
strong and a pair of particles is “broken”, i.e. the angular momenta of the two
particles become aligned with the collective spin vector. The abrupt change
in level energy is reﬂected in the spectrum: the 14+ –12+ transition is lower in
energy than the 8+ –6+ transition. This is a so-called backbend because of the
behaviour of the nuclear moment-of-inertia if it is plotted against ω. In 158 Er
the i13/2 neutrons are the ﬁrst to break and the corresponding cartoon in
Fig. 4 shows the two neutrons in an orbit with their angular momenta aligned.
Similarly at J = 32 we see the eﬀect of the alignment of an h11/2 proton pair
with both i13/2 neutron and h11/2 proton pairs now shown as being aligned.
Above J = 38 we see several more changes in structure, which are due to the
successive alignment of the remaining available pairs of particles in 158 Er.
The full story behind this spectrum is explained in [3] and the interested
reader is referred to this article.
This example shows what one might call the basic phenomenon of the
decoupling of particle pairs under the stress of rotation. Many other phenomena are also observed such as superdeformation, identical bands, chiral
symmetry, shears bands, Coulomb energy displacements, etc. The reader is
referred to [5] for a full description. As stated earlier it was the desire to
study these phenomena that has driven the development of γ-ray arrays. If
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this were their only use they might still be of interest to those studying exotic
nuclei since we are anxious to know about high spin phenomena there too.
However one of the main design aims for γ-ray arrays for high spin studies is
high eﬃciency. It turns out that detecting γ-rays from exotic nuclei is one of
the best ways of learning about their structure. However, exotic nuclei produced in reactions have small production cross-sections and so the detection
methods used to study them must have high eﬃciency. It turns out, therefore,
that γ-ray arrays are proving to be of great importance in the study of exotic
nuclei [2, 6].

2 The Interaction of γ-Rays with Matter
The detection of γ-rays is of considerable importance, not just in studies of
nuclear physics but in many applications as well. In general two main characteristics are of importance in the design of systems to detect them, namely
energy resolution and eﬃciency. More recently it has become important to
have detectors, which allow us to determine the initial direction of the interacting γ-rays. In application to nuclear physics this allows us to correct
the measured energy according to how fast the emitting source is moving.
In other applications it is important in terms of pinpointing the source of
radiation.
To understand the main ideas behind the construction of γ-ray detection
systems it is essential that the reader knows how γ-rays interact with matter.
Many textbooks deal with this and we will concern ourselves only with the
essentials here. One of the best sources of information is Evans [7]. This is
an old textbook but it covers everything the student of nuclear physics needs
to know in this area. In broad, general terms it tells us that if γ-rays are
incident on an atom there are some twelve ways that it might interact.
To see this is relatively straightforward. There are four types of interaction
between a photon and an atom. It can interact with (a) atomic electrons, (b)
nucleons, (c) the electric ﬁeld surrounding nuclei or electrons and (d) the
mesonic ﬁeld surrounding nucleons. We can further classify the interactions
by the result of the interaction. Thus we can have (a) complete absorption
of the photon, (b) elastic scattering and (c) inelastic scattering. Combining
these we have twelve possible modes of interaction altogether.
Amongst these twelve only three are of real importance for our story,
namely the photoelectric eﬀect, Compton scattering and pair production.
The three interactions are illustrated in Fig. 5. In the photoelectric eﬀect
the incident γ-ray is totally absorbed by an atomic electron with the resulting photo-electron having energy Ee = Eγ − EBE , where Eγ is the γ-ray
energy and EBE is the binding energy of the atomic shell where the interaction occurs. The process leaves behind an ionised atom. It should be noted
that it is not a process that occurs with free electrons as simple consideration of conservation laws will conﬁrm. It is, therefore, not a surprise that
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a) Photoelectric effect

b) Compton scattering

c) Pair production and annihilation

Fig. 5. Illustration of the three main interactions between gamma rays and atoms
(see text)

it mainly involves the K shell and hence the most tightly bound electrons.
Compton scattering is diﬀerent: it involves the inelastic scattering of γ-rays
from electrons. After the collision we have both a γ-ray of reduced energy
and an electron ejected from the atom. Such a process can occur with free
electrons and so outer electrons are mainly involved in such interactions. In
this process the initial energy and momentum is shared between the electron
and scattered γ-ray. For our purposes it is useful to know that the energy of
the scattered photon (hν) is given by


(1)
hν = hν0 / 1 + hν0 /m0 c2 (1 − cos θ) ,
where hν0 is the initial energy of the photon, m0 c2 the rest mass of the electron and θ the angle of scattering. The angular distribution of the scattered
γ-rays, i.e. the distribution in intensity as a function of scattering angle, is
shown in Fig. 6 for scattering from Pb (Z = 82) for γ-rays of energies from 0–
10 MeV. It should be noted that at non-zero energies the γ-rays are scattered
predominantly in the forward direction, as one would expect from consideration of momentum conservation. The third process of importance here is pair
production. In this process the incident γ-ray photon is completely absorbed,
with the creation of a positron-electron pair whose total energy is equal to
hν, the energy of the photon. Thus we can write
hν = (T+ + m0 c2 ) + (T− + m0 c2 ) ,

(2)
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Fig. 6. Angular distributions of Compton scattered γ-rays of various energies,
where the energy of the incident photon is given in terms of α = hν 0 /m0 c2 . Note
that for high energy photons the scattered γ rays lie mainly in the forward direction.
This ﬁgure is reproduced from [7]

where m0 c2 is again the rest mass of the electron and T+ and T− represent
the kinetic energies of the positron and electron, respectively. This process
can only occur in the ﬁeld generated by charged particles. In general this
means that it occurs in the ﬁeld associated with the nucleus but it can also
be in the ﬁeld of an electron. In any case, the presence of the other particle
is necessary, otherwise the conservation laws are not satisﬁed.
Figure 7 shows the cross-sections for all three processes as a function of
the incident photon energy for the speciﬁc case of germanium (Z = 32). It
should be noted that it is plotted on a log-log scale. A number of features
are worth noting.
The ﬁrst lies below the energy range shown here. At such low energies
there are several abrupt increases in the cross-section at speciﬁc energies; they
are the result of the photon reaching suﬃcient energy to be absorbed in the
photoelectric eﬀect on more tightly bound electrons. These “jumps” are called
absorption edges. They are important in terms of designing the shielding of
both detectors and other things from low energy γ-rays. Naturally, absorption
in, say, the K shell by the photo-electric eﬀect is followed by the emission of a
K X-ray or an Auger electron, a process in which the K shell vacancy is ﬁlled
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Fig. 7. Linear attenuation coeﬃcient for Germanium (Z = 32) in inverse centimetres versus γ-ray energy in MeV on a logarithmic scale

by an electron from a higher shell. The possible atomic processes involved are
discussed in detail by Burhop [8]. The photoelectric cross-section falls very
rapidly with increasing energy. This is not surprising. For high-energy γrays we are moving towards the situation where the binding energy is almost
negligible and we approximate the situation of absorption on a free electron,
which is forbidden.
Secondly the Compton eﬀect takes over as the dominant process in a
region of particular importance for studies of nuclear structure from 0.5–
5 MeV. The main things to note are that the scattered γ-rays in the Compton
process are predominantly emitted in the forward direction. Such scattered
γ-rays may escape from the scatterer if they do not interact for a second
time. This is of great importance in designing γ-ray arrays as we shall see.
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Thirdly once we exceed an energy of 1.022 MeV, equal to twice the rest
mass of an electron (2m0 c2 ), the γ-ray can create an electron-positron pair
in interacting with the electromagnetic ﬁeld generated by the nucleus. These
particles will lose energy in slowing down in the medium and if the positron
slows down suﬃciently it will annihilate with an electron in the material to
create a pair of γ-rays, each having an energy of 511 keV (= m0 c2 ), emitted at
180◦ to one another (see Fig. 5c). The reader is referred to the textbooks [7]
for details. Again, if the annihilation occurs close to the edge of the material
then one or more of the two 511 keV γ-rays may escape from the material
carrying its energy with it. This is also of importance for the design of γ-ray
arrays.

3 The Development of Arrays
3.1 The Beginnings
The early experiments [1] on high spin states involved just a few NaI detectors
as we saw in Sect. 1. One obvious line of development was simply to surround
the target with an array of such scintillation detectors: this would clearly lead
to a much higher eﬃciency of detection. If a large number of detectors was
used one would also beneﬁt from the granularity of the system in terms of
recording coincidences between the large number of γ-rays emitted in a single
fusion-evaporation reaction. Various such arrays were developed. With NaI
detectors one ﬁnds amongst others the Spin Spectrometer [9] at Oak Ridge
with 72 detectors and the Crystal Ball [10] at Heidelberg. BaF2 was also used,
with the primary example [11] being the Chateau de Crystal. In Fig. 8 we
see spectra, taken with this spectrometer, of the Coulomb excitation of 76 Ge

Fig. 8. Gamma-ray spectra from the Coulomb excitation of 72 Zn and 76 Ge recorded
with the Château de Crystal [11], an array of BaF2 scintillation detectors. The
energy of the 2+ –0+ transition is 653 keV in 72 Zn and 563(45) keV in 76 Ge (Courtesy
of F. Asaiez)
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and 72 Zn at GANIL. The former is a stable nucleus with a well known B(E2;
2+ –0+ ), and the experiment allows a comparison with the B(E2; 2+ –0+ ) of
the radioactive species 72 Zn.
All of these spectrometers have the advantage of high eﬃciency. They
operate well as calorimeters since they pick up a large fraction of the total
γ-ray energy emitted in the γ-ray cascades in fusion-evaporation reactions.
The BaF2 has the further advantage in that it allows fast timing and it
is possible to discriminate between neutrons and γ-rays using variations in
the pulse shape for the two types of radiation (pulse shape discrimination).
However both NaI(Tl) and BaF2 suﬀer from poor energy resolution, typically
8% FWHM for 1 MeV γ-rays in the case of NaI and even worse for BaF2 .
Thus their use is limited for discrete line spectroscopy.
3.2 The Introduction of Ge Detectors
This ﬁeld was transformed by the development [12] in the early 1960s of the
reverse-biased Ge detector. These semiconductor diodes have been steadily
reﬁned over the years and have formed the basis of most spectrometers and
arrays devoted to discrete-line, γ-ray spectroscopy ever since. A description of the basic device, either in the form of lithium (Li)-drifted devices
or hyperpure-Ge (HpGe) detectors can be found in textbooks [13]. Initially
the small Ge diodes available had a resolution of about 6 keV for the γrays emitted by 60 Co at 1332 keV energy. Now, in either form, Ge detectors
have good energy resolution, typically ≤1.0 keV at 122 keV and ≈2 keV at
1332 keV. This is not comparable with the energy resolution one can achieve
with diﬀraction spectrometers (see e.g., [14]) but they have eﬃciencies that
are larger by many orders-of-magnitude. At ﬁrst these detector eﬃciencies
were also very small (only about 1% of that of a 3 × 3 NaI detector at 25
cm distance). But over the next decade or so there was a steady improvement in the sizes of Ge(Li) detectors. The situation was then transformed by
the introduction of high-purity Ge (HpGe) detectors. Now it was no longer
necessary to use the Li drift process and one could make much bigger detectors. The resulting increase in eﬃciency is of course particularly important
in coincidence measurements. The timing characteristics of Ge detectors are
modest but good enough for their use in the arrays described here.
At a very early stage Ge detectors were used in coincidence measurements
with considerable success. The discovery of backbending, the alignment of a
pair of particles in time-reversed orbits that we described earlier, was ﬁrst
observed by Johnson et al. [15] using two such detectors. A whole series of
related measurements soon followed. In essence the better energy resolution
of Ge detectors meant that we could see weak γ-rays from states with spins
up to about 16–20  (see e.g., [16]).
All of these early experiments were limited, however, by a fundamental
feature of γ-ray interactions, namely that Compton scattering and pair production can lead to the incomplete collection of the energy of a γ-ray that
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interacts with the crystal. As a result the peak-to-background ratio in the
spectrum is poor. One possible answer to this problem, the answer that was
widely adopted, is described in the next section.
3.3 Compton Suppression
Figure 9, which shows γ-ray spectra from 60 Co decay, may serve to demonstrate the method of reducing the background from Compton scattering in
such spectra. The two full-energy peaks, due to events where all the γ-ray
energy is deposited in the crystal, are clearly seen in both spectra. However,
in the spectrum taken with a single Ge crystal they sit on a background of
incomplete collection events, where a Compton-scattered γ-ray escapes from
the crystal. This does not look to be too serious a matter in this spectrum,
but it becomes important in studies of reaction γ-rays when we are hunting
for weak γ-rays sitting on the accumulated Compton backgrounds from many
higher energy γ-rays. How can we improve this situation? The answer lies in
Compton suppression. In the incomplete events the Compton-scattered γ-ray
escapes from the crystal. If we detect it in another detector surrounding the
Ge crystal then we can veto the event electronically. This will eliminate from
the spectrum their contribution to the background. The idea is illustrated in
Fig. 10, where we see the Ge crystal surrounded by a scintillator or scintillators. The scattered γ-ray entering the scintillation detector and interacting

Fig. 9. Spectrum of γ-rays from 60 Co decay recorded with and without Compton
suppression. One sees clearly the reduction in background due to the suppression
of events in which γ-rays have scattered from the central Ge detector into the
surrounding active shield. Note that the photopeaks are oﬀ-scale in order to show
the suppression eﬀect clearly (Courtesy of P. Sellin)
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Fig. 10. Figure taken from Julin [2], showing (a) the basic idea of how the
Compton-suppression shield surrounding an individual Ge detector works, (b) how
signals from Compton scattered events detected in various parts of a composite
detector can be added together (see Sect. 3.5) and (c) the idea of γ-ray tracking
(see Sect. 4.2)

with it provides a signal which we can use to veto the associated Ge detector
signal. The second spectrum in Fig. 9 shows the eﬀect of applying this Compton suppression technique to measure the 60 Co spectrum. Roughly speaking,
doing this increases the ratio of counts in the full-energy peak to all the
counts in the spectrum from 20% to 50–60%, a considerable improvement.
This technique had been used with scintillation detectors. It was ﬁrst applied with Ge detectors around 1980 in Copenhagen [4] when an array of ﬁve
Ge detectors, each surrounded by a NaI scintillation detector shield, was used
to study γ-rays from 84 Zr, 129,130 Ce, 157,158 Er and 168 Hf produced in fusionevaporation reactions. Quite quickly thereafter a more eﬃcient scintillator
was found to replace the NaI. This scintillating material, bismuth germanate
(BGO), has both a higher density and a higher average Z value than NaI.
Crudely speaking, this means that it is about three times more eﬃcient per
unit length for detecting the scattered γ-rays than NaI. It was now possible
to assemble a collection of Compton-suppressed Ge detectors into an array
with a much more compact geometry.
Both in North America and Europe such compact arrays of BGOsuppressed spectrometers were assembled and used to great eﬀect. At
Daresbury Laboratory in the U.K. a series of such arrays, called the TESSA
arrays, were developed with diﬀerent conﬁgurations. The TESSA arrays and
their U.S. equivalent, HERA [17], were much more sensitive than the detection systems they superseded.
Applied to the study of fusion reactions induced by beams of heavy
ions they allowed us to observe high-spin states up to about spin 50 -h.
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Fig. 11. Part of the γ-ray spectrum showing the decay of levels in the superdeformed band in 152 Dy recorded [18] with the TESSA2 spectrometer

This led to many new discoveries. The most striking of these was the observation of “superdeformed states” at high spins [18]. Figure 11 shows
the spectrum of γ-rays de-exciting the levels in a superdeformed band
in 152 Dy. In eﬀect what we see in the spectrum is the decay of one of
the best nuclear rotors that we know. The close spacing of the γ-rays
reveals that they have a much larger moment-of-inertia than the corresponding ground state bands. They are thought to result from the rapid
rotation of an elongated, axially deformed nucleus and are due to the
rotation of this “superdeformed” shape based on a second minimum in
the nuclear potential energy surface at large deformation. In the case shown
they result from a nucleus, which is axially deformed but with a ratio of the
major to minor axes which is 2:1. Following the initial observation of the
γ-rays de-exciting this band, the deformation was conﬁrmed [19] by measurements of the transition probabilities and hence quadrupole moments for
these states. Soon, other examples were found in the rare-earth nuclei (see
e.g., [20]) and later, elsewhere in the Nuclear Chart. Measurements on the
light rare-earth nuclei revealed “superdeformed” bands but with an axis ratio
of 3:2 rather than 2:1. In all cases we see the characteristic picket fence structure, evident in the spectrum of Fig. 11, due to the decay of the levels in the
band. This is a key feature in their observation and is used to help pick them
out from complex spectra, since in most cases they are populated in only
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about 1–2% of the reactions leading to the nucleus of interest. It is clear that
to observe and study them in detail requires spectrometers with both high
eﬃciency and high resolving power, i.e. the ability to resolve closely-spaced
transitions (see below). A review of all the cases found to date can be found
in the “Table of Superdeformed Nuclear Bands and Fission Isomers” [21].
The picture we have painted so far is a simpliﬁed one, relying as it apparently does on larger Ge detectors and improved Compton-suppression alone.
However dedicated ancillary detectors also led to improved sensitivity. BGO
and other scintillators can be used, not just to veto Compton-scattered γrays, but also to act as a calorimeter. In the TESSA arrays an inner ball of
BGO scintillation detectors was developed which picked up a large fraction
of the cascade γ-rays. This allowed a measure of the total γ-ray sum energy
and the multiplicity of the γ-rays. By gating on those events detected with
high fold (the number of γ-rays detected from a single fusion-evaporation
reaction) in the BGO inner ball one could enhance the selection of γ-rays in
the Ge detectors associated with high spin states. In other words, one uses
the inner ball to select events associated with long cascades of γ rays, which
are, in general, the cascades involving high spin states. In Fig. 12 we see fold
distributions on the left and the corresponding sum energies on the right for
γ-rays from the 16 O plus 94 Zr reaction at 92 MeV. The upper, middle and
lower spectra are, respectively, for a) the evaporation of ﬁve neutrons from
the compound nucleus leading to 105 Cd, b) the evaporation of four neutrons
leading to 104 Cd and c) the total projections. It is clear from these spectra
that one can discriminate between the various reaction channels by selecting
events with particular ranges of fold and sum energy.
It is not the purpose of the present article to explore what has been
learned about superdeformed bands or, more generally, about high spin
states. However [21] tells us that it is a relatively common feature of nuclei. Bohr and Mottelson [23] showed, using an axially-symmetric, anisotropic
harmonic oscillator potential, that they could predict the occurrence of the
superdeformed “magic numbers” quite well. However, to understand the
structure associated with these bands well requires more sophisticated calculations. To ﬁrst order it is possible to interpret the conﬁgurations associated
with most superdeformed bands as being based on single quasi-particle excitations in an axially-symmetric, quadrupolar mean ﬁeld. However this clearly
neglects other degrees-of-freedom such as a stable, tri-axial, superdeformed
minimum [24] or an octupole deformation.
3.4 The Key Characteristics of Arrays
We are now in a position to consider what characterises the ideal spectrometer for the eﬃcient measurement of the energies and intensities of γ-rays in
cascades de-exciting sequences of high spin states and determine the correlations between the γ-rays. It seems obvious that the best sensitivity will be
obtained if we maximise the number of events we can study by maximising
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Fig. 12. Example of the γ-ray folds and sum energies recorded [22] in a study of
the 16 O + 94 Zr reaction at 92 MeV. The upper, middle and lower spectra are for
the evaporation of ﬁve neutrons from the compound nucleus leading to 105 Cd, the
evaporation of four neutrons leading to 104 Cd and the total projections, respectively
(Courtesy of P.H. Regan)

the total photopeak eﬃciency of the Ge detectors. This we do by using a large
number of detectors while maintaining their good energy resolution. This will
lead to high statistics in the recorded spectra. We also want to reduce the
background of incomplete events, i.e. events in which some energy is lost; this
we achieve using Compton suppression.
At the same time we want to be able to isolate sequences of γ-rays in
very complex spectra such as those seen in Fig. 11. Accordingly we would
like to have some measure of the resolving power (R) of a detection system.
It turns out that there is no universal measure of R but we can determine it
for the speciﬁc case of a spectrum consisting of γ-ray sequences de-exciting
rotational bands.
Following Beausang and Simpson [25] let us assume that SE γ is the average energy separation of the γ-rays in the cascade of interest, PT is the
peak-to-total ratio for the detector system and ∆E γ is the energy resolution
of the detector, deﬁned as the full width at half maximum for the γ-ray peaks
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in the spectrum. Then R is deﬁned by
R = 0.76(SEγ /∆Eγ )P T .

(3)

Here we have taken 0.76 as the fraction of a Gaussian peak included in
setting a coincidence gate on the peak. Each of the factors in (3) clearly inﬂuences the quality of the ﬁnal spectrum but it does not really answer the crucial
question: “What is the limit of observation of a peak in the spectrum?” The
limit of observation (α0 ) of a detection system is the minimum intensity of a
γ-ray transition that can be detected in a spectrum. The peak-to-background
ratio depends on R according to
(Np /Nb )F = α0 (R)F ,

(4)

where F − 1 is the number of selection criteria placed on the spectrum. It
should be noted that the higher the number of γ-ray coincidences demanded,
the γ-ray fold, the lower the limit of observation calculated from (4).
We have already mentioned the use of a BGO inner ball to improve the
selection and hence the sensitivity. There are many other possible ancillary
devices we can use to help select the transitions of interest. For example an
inner array of charged particle detectors, a set of neutron detectors, a recoil
mass separator etc. can all be used to select γ-rays from a given reaction
channel with suitable coincidence arrangements. The use of any of these devices improves the peak-to-background ratio and we take account of it in (4)
by introducing a further factor R0 , thus modifying (4) to give
(Np /Nb )F = α0 R0 (R)F .

(5)

This gives us the peak-to-total ratio but the peak must also have suﬃcient
counts to be seen. If we are dealing with a cascade where we have a multiplicity of emitted γ-rays of Mγ then the number of counts in the peak after
gating on F other γ-rays and some other ancillary device is given by
Np = (0.76P T )F α0 R0 (N0 )F /Mγ (Mγ − 1) . . . . . . .(Mγ − F + 1) .

(6)

It should be noted that this depends on (N0 )F , the total number of F -fold
events; that is the number of events obtained when we gate on F diﬀerent
γ-rays. As a result it also relies on the total photopeak eﬃciency of the array.
It should be emphasised that although this kind of expression is commonly
used to characterise the sensitivity of γ-ray arrays it is only applicable to their
use to detect γ-rays emitted in cascades de-exciting the levels in rotational
bands. We shall return to an example of the use of this formula in comparing
diﬀerent arrays after we have discussed those arrays currently in use. Other
experimental situations really demand some other measure of sensitivity.
In studying prompt γ-rays from nuclear reactions the energy resolution
and hence the sensitivity are also aﬀected by the Doppler eﬀect. Since the
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emitting nuclei are moving with velocity v at an angle of θ to the detector
we measure not E0 , the rest energy, but
Eγ = E0 (1 + v/c cos θ) .

(7)

At the same time the ﬁnite opening angle of the detector means that we
measure a spread in energy of
∆Eγ = E0 v/c sin θ ∆θ .

(8)

For a nucleus moving with a velocity of 3% of the velocity of light, emitting
a 1 MeV γ-ray, detected at 90o in a detector with an opening angle ∆θ,
the observed spread in energy is 0.03∆θ. Under the same conditions with
a velocity of 0.5 v/c the spread in energy is 0.5∆θ. In this latter case the
average measured energy Eγ is 1.5 and 0.5 MeV in detectors at 0◦ and 180◦ .
In practice this is not the only factor aﬀecting the resolution. Other eﬀects
also lead to an increase in the ﬁnal, observed energy resolution. In addition
to the spread in energy (∆E op ) due to the ﬁnite opening angle given in (8),
there is also a further Doppler broadening due to a) the angular spread of the
recoiling nuclei in the target (∆E rec ) and b) the variation in velocity of the
recoils depending on where they are produced in the target (∆E vel ). The
latter eﬀect arises because the beam particles lose energy as they pass through
the target. If we designate the intrinsic energy resolution of the system as
∆E IN then the eﬀective energy resolution (∆E eff ) is obtained by combining
these various factors in quadrature. Thus
∆Eeff = ((∆Eop )2 + (∆Erec )2 + (∆Evel )2 + (∆EIN )2 )1/2 .

(9)

Figure 13, taken from Beausang and Simpson [25], shows the case of the
reaction 30 Si + 124 Sn at a beam energy of 158 MeV. Here v/c = 0.021. Part
of the spectrum, recorded with the EUROGAM I and EUROGAM II arrays,
centred on a peak at 1450 keV, is shown. Although ∆E IN = 2.4 keV the
resulting resolution is 6.2 keV for the former and 4.8 keV for the latter array.
The details are given in [25].
This is not the end of the story as far as spectrum quality is concerned.
Beausang and Simpson consider a variety of other eﬀects that reduce R by
reducing the peak-to-total ratio and/or reducing the total photopeak eﬃciency. These eﬀects result mainly from the high multiplicity of the events
and the interaction of neutrons with the detectors. These eﬀects reduce both
the resolving power and the photopeak eﬃciency. We will not expand on this
topic here and refer the reader to refs [26, 27]. Suﬃce to say that in many
reactions, neutrons are produced copiously and it is obvious that γ-rays and
neutrons will scatter from collimators and other passive shielding into the
BGO suppression shields.
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Fig. 13. Spectra showing part of the decay of the yrast superdeformed band in
149
Gd following the reaction 30 Si + 124 Sn with beam energy 158 MeV and relative
recoil velocity v/c = 2.1%, in EUROGAM phase I and II. The resolution of the
1450 keV transition reduces from 6.1 keV in EUROGAM I to 4.8 keV in EUROGAM
II [25]

3.5 Modern γ-ray Spectrometers
In the last section we saw that the features that determine the performance
of an array are the energy resolution, the peak-to-total ratio and the fullenergy peak eﬃciency. The initial development of Ge detector arrays led to
an improvement in all three of these quantities, hence their success. In the late
1980s and early 1990s a series of spectrometers were developed which took
these ideas further and made use of several other technical developments in
Ge detector manufacture. At the same time the new arrays concentrated on
ﬁlling as much of the 4π solid angle as possible. This was greatly aided by
the progressive manufacture of bigger individual detectors. Later in the 1990s
it also became possible to make composite detectors, notably the clover [28]
and cluster [29] detectors. This led to another leap forward in sensitivity and
eﬃciency.
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In what follows we shall use two diﬀerent deﬁnitions of the photopeak
eﬃciency, namely the absolute eﬃciency for a source positioned at the centre


of an array and the relative eﬃciency deﬁned with reference to a 3 × 3
NaI detector at a distance of 25 cm from the source. Both quantities as well
as the energy resolution will be given for the 1332 keV γ-ray of 60 Co unless
otherwise speciﬁed.
The new arrays GaSP (Italy) [30], EUROGAM (UK-France) [31] and
GAMMASPHERE (U.S.A.) [32] were focussed on ﬁlling the full solid angle
with the larger detectors that had become available. Typically the individual
detectors used had a relative eﬃciency of 75% and also an improved peakto-total ratio. These arrays retained the Compton-suppression principle and
used shared suppression. In this extension of the Compton suppression technique a scattered γ-ray detected in the shield of an adjacent Ge detector
can also be used to veto the incomplete energy event. The most powerful of
these is GAMMASPHERE with 110 detectors covering the full solid angle.
The absolute eﬃciency is 9.4%, a big advance on the previous generation of
spectrometers. Two notable features of this highly successful spectrometer
are its symmetry about the beam axis, a feature it shares with GaSP, which
makes certain types of analysis easier, and the fact that about 70 of the 110
detectors are segmented. Electrical segmentation of the outer electrode separates it into D-shaped halves in these detectors. For studies of reaction γ-rays,
where the eﬀective energy resolution is determined by Doppler broadening
due to the motion of the source, this segmentation leads to better resolution
by reducing the ﬁnite opening angle of the detector (see below). The GaSP
spectrometer installed at Legnaro is similar in design to GAMMASPHERE.
It has 40 detectors, symmetrically placed with respect to the beam line with
an absolute eﬃciency of ≈3% when there is an inner ball of BGO detectors
in place. A second geometry, in which the inner ball is removed, has an absolute eﬃciency of 6%. In GaSP none of the detectors are segmented. Both
GaSP and GAMMASPHERE can operate with a range of ancillary detectors
including neutron detectors, charged particle arrays, plungers for measuring
lifetimes by the recoil-distance technique etc. As we learned from (5) this
improves their sensitivity even further.
In parallel with these developments a number of arrays were conceived
based on composite detectors. Two main types of composite detector were
created, the clover and the cluster. In the arrays based on these detectors the
idea of Compton suppression with BGO scintillators is also retained. Again
the main design aim, as we would anticipate from (4), is to maximise the
full-energy eﬃciency and the peak-to-total ratio. The designation, clover detector, reveals its form. It consists of four large, co-axial Ge detectors with
their sides cut so that they can ﬁt together like a four-leaf clover. This form of
detector was developed by the CRN-Strasbourg laboratory and the company
EURYSIS-MESURES [28]. The EUROGAM II array was composed of this
form of detector with the crystals in the clover being 50 mm in diameter and
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70 mm long, prior to shaping. These detectors have a number of advantages.
They have a large relative eﬃciency of 140%, but since the signals are, at
worst, identiﬁed as being from one of the four detectors the eﬀective resolution is that of one component detector. Later developments have meant
that one can locate the ﬁrst interaction rather better than that and so the
Doppler broadening can be reduced even further. The clover detector, like all
composite detectors, has an eﬃciency given not just by the sum of the eﬃciencies of the individual detectors but a greater eﬃciency, since one can add
the energy signals from events where there is scattering between the crystals
(see Fig. 10b). For the EUROGAM clovers this “add-back” factor adds 50%
to the eﬃciency. These detectors are also sensitive to the linear polarisation
of the γ-rays since one can use the scattering between the various elements of
the clover. The sensitivity has been shown [33] to be comparable to that
of other polarimeters. Further, these detectors are less sensitive to neutron
damage because the individual crystals are smaller in size. They also have
relatively good timing properties. The details of the various versions of the
EUROGAM array are not relevant here. In EUROGAM II there were 126
detectors yielding an absolute eﬃciency of 8.1% and an observation limit of
≈ 1 × 10−4 . The latter quantity gives the intensity of the weakest γ-ray observed, normalised to the strongest one occurring in the de-excitation scheme
of interest.
The second signiﬁcant type of composite detector that has been developed
is the cluster detector [29]. These detectors were developed by a collaboration involving the University of Köln, KFA-Jülich and EURYSIS-MESURES.
They consist of seven closely-packed, tapered, hexagonal crystals housed in a
common cryostat. The individual crystals are 70 mm in diameter and 78 mm
long before they are shaped. Each crystal has a relative eﬃciency of 60%. In
order to achieve the close packing of the detectors each crystal is permanently,
hermetically sealed in its own aluminium can of wall thickness 0.7 mm with
the crystal sitting 0.5 mm from the inner surface of the can. The can provides
electrical shielding. The crystals sit at a distance of 2.7 mm from each other
so that the overall packing is optimised but the system is ﬂexible since each
can may be removed separately for repair. Maintenance of these detectors is
relatively easy. They can be handled safely and are easily annealed to repair
neutron damage. The energy resolution is better than 2 keV. As with the
clovers they beneﬁt from “add-back”, the Doppler spreading is determined by
the opening angle of the individual detectors, one can use them to determine
linear polarisations and again the timing characteristics are relatively good.
Figure 14 shows the spectrum of γ-rays from the β decay of the 150 Ho
−
2 state to 150 Dy, recorded with the so-called “Cluster Cube”, a collection
of six cluster detectors in close geometry with an absolute eﬃciency of 13%.
The observation of weak β-delayed γ-rays, in particular those of high energy,
is important when trying to deduce reliable information on the entire βintensity distribution.
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Fig. 14. Portion of the spectrum of γ-rays from the radioactive decay of the 150 Ho
2− isomer recorded with the Cluster Cube, an array of cluster detectors. The spectrum is recorded in coincidence with the 803 keV, 2+ –0+ transition in 150 Dy. (Courtesy of B. Rubio)

The encapsulation technology developed for these detectors has many
advantages which are now being exploited for other purposes such as the
space missions Mars Odyssey [34] and INTEGRAL [35], where they are used
for studying γ-ray emissions from astronomical objects.
Cluster detectors form a major part of Europe’s equivalent of GAMMASPHERE, the EUROBALL array. This array consists of 30 large volume Ge
detectors, 26 clovers and 15 clusters. Each of these detectors has its own
suppression shield. The mono-crystals were placed in the forward direction,
to allow easy exchange with neutron detectors when they were needed, and
the clusters in the backward direction with the clovers arranged in two rings
at 90o . In total this is equivalent to an array of 239 individual detectors.
A photograph of the array is shown in Fig. 15. In its ﬁnal manifestation at
Strasbourg the array had an inner ball and a number of other important
ancillary detectors, to detect neutrons [36] and charged particles [37]. This
particular inner ball is a triumph of engineering design since it is highly complex. This is because of the diﬀering shapes of the Ge detectors in the three
sections of the array. EUROBALL is a very powerful spectrometer; it has an
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Fig. 15. Photograph of one half of the EUROBALL array pulled back from the
target chamber(see Sect. 3.5); cf. Plate 10 in the Colour Supplement

absolute eﬃciency of greater than 9% and excellent resolution. Together with
GAMMASPHERE it represents the culmination of the line of development
involving Compton suppression. The designs of these two spectrometers differ signiﬁcantly and they complement each other in terms of their strengths.
To go further, however, we need a new approach. Before we look at the most
recent developments we need to consider the signiﬁcance of these arrays for
the study of exotic nuclei. As we have indicated earlier this was not the main
motivation for building them but it turns out that they have been vital to
progress in this area too.

4 Gamma Rays from Exotic Nuclei
Much of our knowledge of the properties of exotic nuclei comes from γ-ray
spectroscopy. It is garnered from studies of a variety of reactions and also
from β decay. The latter is often the ﬁrst source of information about the
most exotic nuclei.
As we saw earlier, this was not the main reason to develop γ-ray arrays
but their main characteristics, namely good resolution, high photopeak eﬃciency and good peak-to-total ratio turn out to be ideal for many studies of
nuclei far from stability. As we move away from stability the cross-sections
for producing individual species in almost every reaction process decrease
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rapidly. For example the CERN-ISOLDE facility produces short-lived nuclear species far from stability via spallation or ﬁssion. Far from stability the
intensities of the separated 60 keV beams of radioactive nuclei it produces
fall by approximately one order-of-magnitude for each neutron we remove.
This is not a universal rule since greater losses occur as we go to very shortlived nuclei, where the half life is so short that many of the nuclei produced
initially do not survive the diﬀusion and eﬀusion processes in the target. It
does, however, give some idea of the diﬃculties of studying such nuclei.
We have already seen in Fig. 14 how the power of the modern arrays can
be used to good eﬀect in β decay studies. In this spectrum the eﬀects of
good resolution, high eﬃciency and good peak-to-total ratio are all clearly
manifest. They are also a powerful tool in studying prompt γ-rays from reactions. In this application channel selection is vital and the γ-ray detectors
have to be combined with ancillary detectors that allow us to select a particular channel cleanly with suitable coincidence criteria. This can be done in a
variety of ways. Here we will brieﬂy discuss just two.
One powerful method of channel selection is the use of a recoil mass
separator to identify the recoiling nuclei produced in a fusion-evaporation
reaction. Figure 16 shows schematically an early example of this type of
experimental set-up. The γ-ray array is set up around the target. In this
technique it is a thin target and the nuclei recoil out of the target in the
forward direction. The details of the recoil mass separator vary but they have
common features. There is a set of lenses to collect the maximum number
Q-pole
Triplet

Q-pole
Triplet

Velocity Slit
Dipole Magnet
ρ∼1.5m

Beam

Target

Sextupoles
Crossed Field Analysers

Q-pole
Triplet

E − ∆E detector

Fig. 16. Schematic picture showing the arrangement of a typical recoil mass separator. It consists of a series of elements. It is designed to collect ions emitted over
as wide a solid angle as possible, followed by crossed electric and magnetic ﬁelds to
separate beam and recoil particles and a magnetic sector to separate the recoils by
mass
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of ions leaving the target. A system of crossed electric and magnetic ﬁelds is
then used to separate the recoils from the primary beam. The latter are then
separated by A/q in the ﬁeld of a dipole magnet and ﬁnally detected in an
ion chamber. By measuring the energy loss and total energy of the ion in the
last detector and knowing A/q we can identify the recoil by A and Z. We
record the detection of the γ-rays in coincidence with the identiﬁed recoils.
Some other elements are often included to deal with optical aberrations.
Good separation in Z is only possible, however, if the ion is moving fast
enough. Even if this is achieved, the Z separation is only partial. We can see
all of these features in a series of experiments [38] carried out at Daresbury
laboratory with detectors from the TESSA arrays and the Daresbury recoil
mass separator. Figure 17 shows the ﬁnal spectrum of γ-rays from 80 Zr extracted from a study of the 24 Mg + 58 Ni reaction at 190 MeV. Here the Z
separation is incomplete as we can see from the inset to the ﬁgure, which
shows a plot of ∆E for the recoils vs. γ-ray intensity for several γ-rays seen
in the reaction in coincidence with the recoils. The ﬁnal spectrum is only obtained in this case by careful subtraction of spectra gated by diﬀerent ranges
of ∆E. Using this technique it was possible to observe prompt γ-rays from
all the N = Z, even-even nuclei from 64 Ge to 84 Mo [38].

A)

B)

Fig. 17. (a) Part of the γ-ray spectrum from 80 Zr [38] recorded in coincidence with
recoiling ions identiﬁed by mass and Z with the Daresbury recoil mass separator;
(b) intensities of γ-rays from mass-80 nuclei plotted as a function of the diﬀerential
energy loss in an ionisation chamber at the end of the Daresbury Recoil Mass
Separator

An alternative approach is to select the reaction channel of interest by
some other means. One possibility is to detect the charged particles and
neutrons from the reaction in coincidence with γ-rays. From the multiplicities
of the particles we can deﬁne the reaction channel. Excellent examples of this
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approach can be found in studies of the same N = Z nuclei with the GaSP
spectrometer at Legnaro. This array has an inner, charged-particle detector
based on Si detectors. By adding a set of neutron detectors it was possible
to conﬁrm the earlier results for 84 Mo [38] and extend the level scheme and
also see the γ-rays from 88 Ru [39].
More recently GAMMASPHERE has been used together with the Fragment Mass Analyser (FMA) at Argonne to look at some of these nuclei. The
increased solid angle of the FMA compared with the Daresbury separator
and the ten-fold increase in eﬃciency provided by GAMMASPHERE is reﬂected in the spectrum of Fig. 18. Here we see the 76 Sr prompt spectrum
taken with GAMMASPHERE in coincidence with recoils identiﬁed by the
FMA. Comparing this with Fig. 17 we see the greatly improved performance
of the modern γ-ray arrays.

Fig. 18. Spectrum of γ-rays from 76 Sr recorded with GAMMASPHERE [31] in
coincidence with recoiling ions identiﬁed with the Fragment Mass Analyser at
Argonne National Laboratory

4.1 Radioactive Ion Beams
There are many examples of the type discussed in the last section. The article by Julin in volume 1 of this series [2] shows some excellent examples of
transactinide nuclei studied in this way. In particular it shows examples of
how the recoils can be cleanly identiﬁed by ﬁrst separating them from beam
particles in a gas-ﬁlled separator and then “tagging” them electronically with
the particles subsequently emitted in radioactive decay. Much more can be
done using these techniques but the information is limited because fusionevaporation reactions select the so-called yrast states, the states of lowest
energy for a given spin. We can also study β decay but again the selection
rules in β decay limit the levels we see to a small range of spin. In brief, to
study these nuclei properly requires radioactive ion beams.
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As one can read elsewhere [40, 41] we have found two main ways of creating such beams. The ISOL method produces beams of similar quality to the
stable-isotope beams already available. ISOL beams are readily accelerated
to the Coulomb barrier and above. However not all nuclear species can be
produced in this way since the techniques used depend on the chemistry of
the element involved. The in-ﬂight method [40] of producing radioactive ions
gas no chemical sensitivity but the beam quality is poor. One generally gets a
beam that is a cocktail of neighbouring species and the ions are identiﬁed by
A and Z on an individual basis. The methods are, in essence, complementary
and one uses that best suited to answer a particular question. Here we will
look brieﬂy at examples of the kind of experiment opened up by the availability of radioactive ion beams produced by both methods. Our concern in
this lecture is the study of γ-rays and both examples involve γ-ray detection.
In the ﬁrst example [42] beams of ions were produced at GANIL by fragmentation of a 92 Mo beam with an energy of 60 MeV/u on a natural Ni
target. The ions were analysed by the LISE3 spectrometer and implanted
and brought to rest in a Si detector telescope. The ions were identiﬁed in
A and Z on a one-by-one basis, from measurements of their time-of-ﬂight
and energy loss ∆E, and recorded in coincidence with γ-rays detected in
Ge detectors set in close geometry around the telescope. In the left part of
Fig. 19 we see the time-of ﬂight versus energy loss for the reaction products

Fig. 19. Results of studies at GANIL of delayed γ-rays from the ions produced in
the fragmentation of 92 Mo ions at 60 MeV/u on a natural Ni target [42]. On the left
we see two-dimensional spectra with and without coincidences with delayed γ-rays.
On the right we see examples of delayed γ-ray spectra from selected ions; cf. Plate
11 in the Colour Supplement
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emerging from LISE3 in this experiment. In the middle part we see the same
plot but now we also demand that a time-delayed γ-ray is detected in one of
the Compton-suppressed Ge detectors placed around the stopping point. In
the right part of the ﬁgure we see the delayed γ-ray spectra in coincidence
with three of the groups of identiﬁed ions. These plots reveal the presence of
γ-decaying isomers associated with some of the fragments. The well-known
isomer in 76 Rb clearly enhances the peak from this nucleus in the central
plot. The time distributions associated with these γ-rays are shown in the
insets to the spectra on the right. Figure 20 shows the γ-ray spectrum associated with the 74 Kr ions. Here we see the 456 keV γ-ray de-exciting the ﬁrst
2+ state. However, this state has a lifetime of only 25 ps [43] and it appears
to have a lifetime of 42(8) ns in the ﬁgure. With the normal lifetime it would
not survive passage through the LISE3 spectrometer. The only explanation is
that the isomeric level is not the 2+ state but a level with spin and parity 0+ ,
located less than 60 keV above it, which decays mainly by an E0 transition
to the ground state. Since the ions are fully stripped during passage through
the spectrometer and E0 transitions only decay by internal conversion, the
level cannot decay until it stops in the Si detector and the ion is neutralised.
This experiment was followed up by Becker et al. [44] who observed the isomeric decay and conﬁrmed this explanation. The tentative interpretation of
the observations is that there is considerable prolate-oblate mixing of these
states.
How can one do better? The answer is to use an ISOL-produced beam
of 74 Kr and Coulomb excite it. Doing this will allow a measurement of all
the relevant matrix elements. This has been done with a beam of 74 Kr ions
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Fig. 21. Gamma-ray spectrum [45] observed after Coulomb excitation of 74 Kr (left)
and 76 Kr (right). The spectra were recorded in coincidence with scattered ions and
represent the integrated yields over the entire range of scattering angles covered by
the Si detector used to detect the scattered ions. The radioactive ions were delivered
by the SPIRAL facility. (Courtesy of E. Bouchez and W. Korten)

from the SPIRAL facility [45] at the GANIL. The spectrum of γ-rays from
Coulomb excitation of a beam of 74 Kr ions from SPIRAL incident on a Pb
target at 4.7 MeV/u is shown in Fig. 21. This provides the matrix elements
needed and conﬁrms that the 0+ ground state of this nucleus is a 50:50 oblateprolate mixture. More recently, a β decay study [46] using Total Absorption
spectroscopy has conﬁrmed this result.
These examples show only the tip of the iceberg: Radioactive ion beams
will revolutionise our attempts to study nuclei far from stability. They bring
new demands on our γ-ray detection systems. In the case of fragmentation
beams the most obvious is that, if we are to study prompt γ-rays from reactions induced by them, the nuclear source will be moving at very high velocity
and the resulting Doppler eﬀects will be large. Secondly the beams will be
very weak compared with stable-isotope beams and this puts a premium on
high eﬃciency. We shall return to this in the next section.

5 Present Arrays and γ-Ray Tracking
5.1 MINIBALL and EXOGAM
Various arrays have been devised to meet the problems outlined at the end
of the last section. Two prominent examples are the MINIBALL [47] and
EXOGAM [48] arrays deployed at REX-ISOLDE and SPIRAL respectively.
The ideas and techniques they have pioneered will be used in the next generation of arrays based on the idea of γ-ray tracking. Both MINIBALL and
EXOGAM make use, for the ﬁrst time, of position-sensitive Ge detectors.
In both cases the detectors are segmented longitudinally. This allows the localisation of the ﬁrst interaction of the γ-ray in two dimensions for Doppler

Gamma-Ray Arrays: Past, Present and Future

109

correction. However they are not capable of full γ-ray tracking (see below)
because they lack segmentation in depth.
Electrically segmenting the Ge crystals is one route to improving the granularity of an array. Now instead of the opening angle of the whole crystal
dictating the Doppler broadening it is the opening angle of a single segment
that matters. A segmented detector is a standard n-type Ge detector with the
main, high-resolution signal derived from a central contact and the position
information obtained from signals from isolated outer contacts. This development was incorporated into the central EUROBALL clovers to improve their
performance. Here each leaf of the clover was segmented into four parts so
that overall, each clover detector had 16 active elements.
Larger clovers segmented in the same way have been used in the construction of the EXOGAM array. This array can be used in various geometries.
With only four detectors set at 68 mm it has an absolute eﬃciency of 10%,
a peak-to-total ratio of 60% and is ideal for decay studies. With the full 16
detectors set at 114 mm it has an absolute eﬃciency of 20% and consists, in
essence, of 256 elements giving it high granularity and good resolution and at
the same time the Doppler eﬀects are limited. The Coulomb excitation spectra of Fig. 21 were recorded with 7 and 11 EXOGAM detectors, respectively,
in coincidence with recoils detected in a Si detector.
The MINIBALL array is an excellent example of a modern array designed
speciﬁcally for studies of reactions of low γ-ray multiplicity with radioactive
ion beams. It consists of 40, six-fold segmented, encapsulated Ge detectors
made using the encapsulation method developed for the EUROBALL clusters. The 40 detectors are clustered in eight cryostats with three detectors
each and four with four detectors each. This arrangement gives an optimum
coverage of Ge in a 4π detector arrangement. It uses the encapsulation technology developed for the EUROBALL cluster detectors. This encapsulation
has proved itself thoroughly in terms of reliability with a very low failure
rate since 1993 with all of the detectors having been annealed several times
to repair the eﬀects of neutron damage. Segmented detectors are particularly
sensitive to contamination of the passivated, intrinsic surfaces and the encapsulation helps to preserve their properties. The encapsulation also oﬀers
another bonus. It separates the detector vacuum from the vacuum containing the cold parts of the pre-ampliﬁers. It turns out that the positioning
of the cold components, shielding of components and wiring is crucial to
the performance; one has to eliminate cross-talk and oscillation of the preampliﬁers. Encapsulation means that one can readily optimise these arrangements without endangering the Ge detectors themselves. The absolute eﬃciency of MINIBALL is 8% for eight triple clusters at 12 cm from the target
and 14% for the ﬁnal conﬁguration with 40 detectors.
The position sensitivity of the MINIBALL detectors is based on their
segmentation and the analysis of the pulse shape of the core signal for
the radial position and the mirror charges induced in the segments for the
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azimuthal position. We will not enter into detail here but, in essence this involved the development of pre-ampliﬁers with a large bandwidth to transfer
all the information associated with the signal and the digitising of the pulses
for processing.
MINIBALL is in use at REX-ISOLDE and Fig. 22 shows the spectrum
of γ rays from the Coulomb excitation of 31 Mg [49]. The MINIBALL and
EXOGAM arrays represent the state-of-the-art in γ-ray detection for use
with radioactive beams based on the ISOL technique.

Fig. 22. Coulomb excitation of
ISOLDE [49]

31

Mg in inverse kinematics with beams from REX-

5.2 Tracking Arrays
The ultimate γ-ray array could be seen as a ball of Ge detectors covering 4π
in solid angle. This is not possible at present. If we are to improve arrays
further and approach this ideal, we need a new idea, a new technique.
The clover and cluster detectors improve the resolving power and eﬃciency of arrays but they still suﬀer from some of the limitations of conventional, individual detectors. Compton suppression improves the quality of
the spectrum but the suppressor uses up some of the useful solid angle. The
arrays composed of these composite detectors have improved eﬃciency but
their sensitivity is limited by the various eﬀects discussed by Beausang and
Simpson [25]. For example if two γ-rays interact simultaneously in the same
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segment of the detector they cannot be distinguished and we see the summed
eﬀect. This means that the peak-to-total ratio is not as good as it should be.
In both North America and Europe the way forward has been identiﬁed
as γ-ray energy tracking [50] in an array of electrically segmented detectors.
In an array based on tracking detectors the complete solid angle will be
ﬁlled with Ge detectors and there will be no suppression of scattered γ-rays.
Instead the events will be recovered by reconstructing the scattering path.
Tracking has been widely used in particle detection for a long time. It is
readily possible to follow the trajectory of a charged particle or the time
sequence of its position since it continuously loses energy and ionises the
medium it is moving through. As we saw in Sect. II this is not possible for
γ-rays. For example if the γ-ray Compton scatters we get the simultaneous
appearance of signals in several places at once. The idea of γ-ray tracking
is illustrated in Fig. 23. Here we use the energy deposited at each point of
interaction and the positions of interaction in three dimensions. The energy
deposited is given by the diﬀerence in energy of the incident and scattered γrays (see (1)). This gives the angle of scattering and we also get this from the
positions of the interaction points. These two numbers must be consistent.
Thus γ-ray tracking relies on the Compton scattering formula to allow us to
develop an algorithm to reconstruct the event and determine the position of
its ﬁrst interaction and its total energy. This will enable us to deal with the
results of the Doppler eﬀect and provide high eﬃciency. It will require highly
segmented Ge detectors and digital electronics. The detectors must enable
the determination of the interaction points with good spatial resolution.

Compton Shielded Ge
εph

~ 10%

Ndet

~ 100

Ω ~40%

θ ~ 8°

Ge Sphere
εph

~ 50%

Ndet

~ 1000

θ ~ 3°

Ge Tracking Array
εph
Ndet

~ 50%
~ 100

Ω ~80%

θ ~ 1°

large opening angle
means poor energy
resolution at high
recoil velocity
too many detectors
are needed to avoid
summing effects

Combination of:
• segmented detectors
• digital electronics
• pulse processing
• tracking the γ-rays

Fig. 23. Illustration of the idea of γ-ray tracking; cf. Plate 12 in the Colour Supplement
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Given the advantages of such a system it is not surprising that several
eﬀorts to create such systems are underway. In the U.S.A there is the GRETA
project [51], in Italy we have MARS [52] and there is the main European eﬀort
AGATA [53]. The last two are closely linked. All three have much in common.
The technique of γ-ray tracking has two main steps. As indicated above,
the ﬁrst step involves the identiﬁcation of all interaction positions and the
energy deposited there. This information is required as input for the reconstruction of the scattering path using the tracking algorithm. To do this
successfully the points of interaction have to be determined to within a few
mm.
It turns out that the interaction points can be determined by analysing the
pulse shapes of the signals induced on the electrodes during charge collection.
As in any detector the free charge carriers created by the electrons produced
in the interactions drift towards the electrodes under the inﬂuence of the
electric ﬁeld. The shape of the signals is determined by the form of the electric
potential. Once the potential is known one can deduce the initial interaction
point from the pulse shape. This can be used to make the Doppler correction,
improve the energy resolution and enhance the peak-to-total ratio [54].
One can do much better than this, however, by analysing the transient signals induced in adjacent segments. It will not surprise the student of physics
that the charge drifting towards an electrode induces a signal in other neighbouring electrodes and that the nature of this signal depends on the position of the interaction relative to the boundaries of the various electrodes.
Figure 24 shows an example [55]. Here we have a detector with six-fold segmentation along the central axis as well as on the front face. The front-face
segments are labelled as shown on the right of the ﬁgure. The interaction
positions of two hypothetical events are marked. On the left we see the digitised signals induced on the various electrodes in a 6×6 segmented prototype
detector from EURYSIS MESURES. Each signal has 256 samples, one every

Fig. 24. An example of digitised signals from a 36-fold segmented Ge detector[54].
The right hand side shows the segmented front face of the detector and two events
occurring in Sect. E. In both cases the main signal comes from Sect. E3 of the
detector but the mirror signals are from Sect. D3 and F3 for events 1 and 2, respectively, indicating where the interaction occurred relative to the segment boundaries
in the two cases
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25 ns, covering around 5 µs. It is clear that both events show a net charge
in segment E3. Event I shows a γ-ray interaction, which deposited approximately 200 keV. It manifests a negative mirror charge in D3. In other words
the main interaction occurred in segment E3 close to the inner contact near to
the boundary with D3. Event II deposits approximately 430 keV and there is
a positive mirror charge in F3. Here the main interaction occurred in segment
E3 close to the outer contact, near the boundary with F3. These examples
show crudely that it is possible to say where the interaction occurred by
looking at these signals. Accurate deﬁnition of the interaction position can
be achieved by the use of methods of artiﬁcial intelligence, genetic algorithms,
artiﬁcial neural networks and the Discrete Wavelet Transform method. Much
work remains to deﬁne the best method but it is clear that tracking can work.
We can anticipate that we will meet the required position resolution of a few
mm.
Based on these ideas it is possible to build a full array with greatly enhanced performance. In the case of AGATA [53] and GRETA [51] the aim is
to achieve the best possible spectrum quality with the maximum eﬃciency
for ions moving with velocities up to v/c = 0.7. This is of great importance
in the case of AGATA since the array is intended for use with relativistic
RIBs from the FAIR project [56] at GSI as well as elsewhere. Much of the
improvement relative to EUROBALL and GAMMASPHERE will come from
the much improved angular deﬁnition of the events in AGATA. This array
is based on hexagonal, 36-fold segmented, encapsulated Ge crystals. Each
detector has a length of 9 cm and a diameter, before shaping, of 8 cm. They
are then tapered to form the hexagonal geometry. Three of these with digital front-end electronics and a common Dewar, form an AGATA module.
The optimum design requires a great deal of simulation to decide on the
best geometry. The geometry chosen for AGATA involves tiling the sphere
with 180 hexagonal clusters, grouped into 60 identical triple modules, and 12
pentagons. There are, of course, holes for the beam to enter and leave. Simulations suggest an excellent performance for AGATA. With a γ-ray multiplicity
of one the absolute eﬃciency is expected to be 39% with a peak-to-total ratio
of 53%. For high multiplicity events (multiplicity 30) this falls to 25% and
46% respectively. The spectrum quality will still be excellent in the latter
case. The geometry chosen has a very high granularity with an angular resolution of 1.250 . This will be of considerable importance when we are carrying
out experiments involving high recoil velocity. Figure 25 shows the resolving
power of Ge arrays starting with the TESSA arrays and ending with the projected values for AGATA and GRETA. Enormous strides have been made in
sensitivity and there are more to come.
Both AGATA and GRETA will have a huge impact on γ-ray spectroscopy.
However if we are to study exotic nuclei formed in reactions with tiny crosssections it is vital that they are built. Their excellent angular resolution
will allow spectroscopy with relativistic fragmentation beams and thus allow
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Fig. 25. History of the improvement in sensitivity of γ-ray arrays

studies of the most exotic nuclei. Their capability of operating at high event
rates will allow us to cope with the high backgrounds likely to be encountered in many such experiments. Highly segmented coaxial detectors are not
the only possible route to a tracking array. Our brief description of the
main developments in tracking detectors neglects other developments [57]
involving planar Ge detectors. In principle one can achieve good position
resolution without pulse shape analysis by using planar detectors with sufﬁcient pixellation. At Argonne National Laboratory [58] the idea of stacked
planar detectors is being developed with the aim of obtaining good spatial resolution. The idea is to use stacks of thin planar detectors, each with
one highly pixellated electrode or a double-sided Ge strip detector where
opposite electrodes are in orthogonal strips. In essence the position resolution is achieved if we can ensure that the ﬁrst interaction occurs in only
one pixel. This means that one must use small strips (pixels), as well as
thin detector layers. Alternatively one can use thin strips and a thicker detector and determine the interaction depth from the measured drift time.
The second detector must also have good position resolution in order to
determine the Compton scattering angle precisely. For the second detector
layer one can use either a segmented Ge detector or a stack of planar de-
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tectors. In terms of creating a tracking array composed of planar detectors
they have certain limitations at present. In any array one wants to maximise the eﬃciency by maximising the solid angle. However planar detectors
have dead material, such as the guard rings at the edges of the crystals
and the mechanical structure needed to provide cooling. Future eﬀorts will
be devoted to minimising or eliminating them. Accordingly, for the present,
segmented coaxial detectors will be the main development route for tracking
arrays. However there is already a range of applications for position/direction
sensitive detector systems. Gamma-ray astronomy is amongst the most
important of these and therefore such systems have been actively developed
for at least a decade. In nuclear physics they may play a strong role in studying the decay of short-lived activities from the new radioactive beam facilities
and this means that they are also of interest for detecting weak activity for
security or environmental purposes.

6 Summary
Arrays of Ge detectors have proved to be very powerful tools for nuclear
spectroscopy. Steady improvements in resolving power and eﬃciency have
produced many results on the properties of atomic nuclei at high spin. It
turns out that they are also well suited for use in the study of γ rays from
exotic nuclei. They will be amongst the most powerful tools available to
exploit the beams from the next generation of radioactive beam facilities.
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