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Abstract. Gamma-ray spectroscopy was revolutionized with the introduction of high
energy-resolution semiconductor germanium (Ge) detectors in the early 60’s. This led
to the large increase in sensitivity realized by today’s arrays of Compton-suppressed
Ge detectors. A still larger increase in sensitivity is expected by implementing the
new concept of tracking. A tracking array consists of highly segmented Ge detectors
(that can cover the full 47 solid angle) in which v rays will be identified by measuring
and tracking every ~-ray interaction. This article reviews the physics motivation for
such detectors and the development of the new technologies involved. The concept of
tracking is explained using the example of a proposed array called GRETA.
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1. Introduction

The energies of electromagnetic radiations span eighteen orders of magnitude, from
~107% eV used in radio and telecommunications, to ~10° MeV produced in cataclysmic
events in galactic nuclei. Gamma rays refer to the upper part of the range, above about
0.1 MeV. At the highest part this range, the higher energy ~ rays (above 20 MeV)
are detected with very different techniques from those reviewed in this article, Pb
calorimeters or atmospheric air showers associated with Cherenkov light detectors. We
shall focus here on the detection of ~ rays with energies ranging from 0.1 MeV to
~20 MeV which is the natural range for v rays emitted by nuclei. Germanium (Ge) semi-
conductor detectors are most commonly used in this energy range when high energy-
resolution is needed. Unprecedented development of arrays of Ge detectors has occurred
in the last two decades and it has been driven both by physics (largely nuclear physics)
and by technological advances. The purpose of this article is to review the development
of high-resolution y-ray detectors together with some of the nuclear physics motivation.

Gamma rays are emitted in nuclear processes during radioactive decay or in
nuclear reactions. Detection of these = rays gives basic information on the nuclear
energy levels: their energy and intensity determine the position of the levels; the
~-ray emission times measure the lifetime of levels which, in some cases, can give
deformation parameters; their polarization gives the parity of levels; and their angular
distributions and correlations provide information about spins, magnetic moments,
and static quadrupole moments, among other things. In the last 10-15 years, large
improvements in efficiency and sensitivity of high energy-resolution detectors have led
to important discoveries in nuclear structure.

Generally, nuclear reactions occur when an energetic beam of nuclei impinge on
fixed target nuclei. In the beam-energy range used in nuclear structure studies (a few
MeV per nucleon), the two nuclei may fuse to form a ‘compound nucleus’ which can have
a range of excitation energies and angular momenta. Typically these nuclei deexcite by
emitting a few nucleons (which remove much of the energy) and then by v ray cascades
which remove most of the angular momentum. Because the reactions introduce up to
nearly 90 % of angular momentum and the dominant multipolarities of this v radiation
are dipole or quadrupole (removing only 1 or 2% each), many ~ rays will be emitted in
a cascade from a high angular momentum event. It is the study of these 4 rays that
gives the information on the structure of the nucleus. Based on this picture, almost any
kind of nuclear physics study involving v rays requires selecting particular cascades of
~ rays from a high background of unwanted 7 rays. These unwanted ~ rays are of two
kinds: 1) the 4 rays with partial-energy deposited in the detector, which do not contain
any useful information; ii) the many other cascades produced in reactions that are not
of interest. This selection is typically made by constructing multidimensional spectra
of time-correlated (coincident) v rays which compose a (partial) decay cascade in the
nuclear reaction. Multidimensional spectra are essential as they provide a larger space

to isolate the various cascades.
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In order to isolate the interesting cascades, several requirements must be met.

(1) Two v rays close in energy should be distinguishable. This means that the
peak associated with ~ rays of a given energy in a spectrum should be as narrow as
possible. We refer to this characteristic as a high energy resolution. This is fulfilled in
Ge semiconductors because of the small band gap between the valence band and the
conduction band. Typically, the width of a 1 MeV ~-ray peak is around 2 keV (0.2 %).

(2) The detection of full-energy peaks should be as efficient as possible, i.e., we need
a high full-energy efficiency. This requires large Ge crystals. The typical large detectors
are cylinders approximately 7 cm in diameter and 8 cm in length (7x8). Still only 20%
of incident 1 MeV ~ rays deposit their full energy in such a detector. The incident + ray
traverses the detector without interaction 10% of the time and 70% of the time the v ray
interacts but a Compton-scattered v ray escapes the detector before it interacts again.
(Typically a 1 MeV ~ ray that deposits its full energy in one detector has interacted
four times in that detector.) This property is referred to as a 22% peak-to-total ratio
(0.2/0.9).

(3) Since there are often many v rays (e.g. 20 to 30) emitted in each event, we
need in principle to detect each one separately in each detector, otherwise we lose the
single y-ray energy information. Therefore a detector system should consist of an array
of many detectors and it is said to have a high granularity.

(4) To eliminate the partial-energy events, the Ge detector is surrounded by
a Compton suppressor, a low-resolution detector which detects very efficiently the
scattered v rays that escape, and gives a signal vetoing the recording of the energy
deposited in the Ge detector, thus increasing the peak-to-total ratio. For the last twenty
years, the best performance was obtained by using large arrays of Compton-suppressed
Gle detectors. One of the two largest present arrays, Gammasphere [1], consists of 110
such detector-suppressor elements.

(5) Since we accummulate v rays from many events in a multidimensional array,
we need to keep the time correlation of the coincident + rays within a cascade that
constitutes an event. This is done by extracting a time signal from each detector and
then using fast electronics to correlate them. Typically, a time resolution of 5 to 10 ns
is achieved.

Recently, it was realized that more could be gained by adding back the Compton
scattered ~ ray rather than using it to suppress the + ray. The first step was the use of
composite Ge detectors where one could add the time-correlated signal from an adjacent
Ge detector. But in the last 7 to 8 years, the concept of tracking detectors has been
developed and it has been shown that, in certain applications, a factor of at least 1000 in
sensitivity over previous arrays could be gained by using an array of tracking detectors.
In effect, such an array is equivalent to a set of many (~ 3600) small detectors, each
detecting one v-ray interaction, all of which are used to reconstruct the incident + rays
with much better efficiency than before.

In addition to developing new and more efficient detectors or arrays, major

developments in electronics and computer systems have been necessary to handle the
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vast increase in data processing. This means not only fast and reliable ‘miniaturized’
electronics but also a lot of computer storage space to record and process the data. Both
have evolved rapidly in recent years and will be reviewed in the context of the ~-ray

detector developments.

2. Evolution of Gamma-ray Detectors: Historical Perspective

Gamma-ray detection is based on the effect of a 4 ray interacting with matter [2, 3].
For our purposes there are only three important types of interaction of a ~ ray with
matter. These are called (I) the photoelectric effect, (I1) the Compton effect and (III)
the pair-production effect. The characteristics of these effects are important in detector

design and we will review them briefly.

2.1. Interaction of v radiation with matter

At low ~y-ray energies (F, < 0.2 MeV'), the photoelectric effect dominates (see figure
1). In this process, the v ray is absorbed and the energy is used to eject a bound
electron from an atom in the detector material, ionizing the atom. The electron cannot
be free because a third body must be present to ensure momentum conservation.
Subsequently, the vacancy is filled and the emitted X rays are absorbed (through
subsequent photoelectric effects) and the ejected electron is stopped through collisions
with other loosely bound electrons. The net effect is the production of primary ion-
electron pairs whose number is proportional to the ~v-ray energy. The cross section for
this process is roughly proportional to Z”/Ei’, with n between 4 and 5, emphasizing the
need for high-atomic number (7) detector materials.

In the medium-energy range (0.2 < F, <5 MeV'), the predominant interaction is
Compton scattering; i.e., the elastic collision of a photon on an outer electron (of the
absorbing material) considered as free. Thus, the incident photon of energy E., scatters
into another photon of smaller energy £ at an angle 0 to the incident direction and
the rest of the energy is carried by the electron. The energy of the scattered photon

depends on the scattering angle 6:

E
E; = E -
1+ =25(1 — cosh)

mo C2

(1)

where myg is the mass of the electron (mgc? = 0.511 MeV). The angular distribution
of the scattered photon depends on F., and is given by the Klein-Nishina formula (see
reference [4]): the probability for forward scattering increases with the v-ray energy. The
scattered 4 ray can either: (i) interact again in the same detector through a photoelectric
effect or another Compton scattering and the process may continue until all the ~-ray
energy is absorbed in the detector; or (ii) it may escape the detector and part of the
incident energy is lost. Thus, an incident 4 ray that Compton-scatters out of the detector
produces a signal with any energy up to a certain maximum (called the Compton edge)

deduced from the above formula (at # = 180°) and therefore does not give the energy
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information of the incident 4 ray (see figure 10-1 in [5]). The cross section for Compton
scattering is proportional to 7 (i.e. to the number of free electrons).

At higher energies (£, > 5 MeV) the pair-production process dominates (its
threshold is 1.022 MeV, or twice the electron rest mass). A photon produces an electron-
positron pair in the electric field of a nucleus in the detector material. The energy in
excess of 1.022 MeV goes into kinetic energy of the electron and the positron. The
positron subsequently annihilates after slowing down in the detector material and this
creates two 0.511 MeV photons that are emitted back to back in angle. One or two of
these photons may escape the detector, leaving in the detector an energy £, —0.511 MeV
(which gives rise to the single-escape peak in a spectrum) or F., — 1.022 MeV (double-
escape peak). The cross section for this process (see [3]) is approximately proportional
to Z2.

2.2. Detector response

Figure 2 shows the response of a typical y-ray detector, (here a large Ge detector, 10 cm
diameter x 9 cm long) to a monoenergetic y-ray source in the simplest case where the
~-ray energy is below the pair-creation threshold. This spectrum is the distribution of
pulse heights obtained at the output of the detector from identical 4 rays that interacted
in the Ge crystal. The full-energy peak corresponds to events where the incident v ray
was fully absorbed in the detector through a photoelectric effect or through several
Compton interactions followed by a photoelectric effect. Below the full-energy peak,
the lower-energy continuum is due to escaped Compton events. In an event in which
the first scattered photon escapes the crystal, the energy in the detector is less than
the Compton edge. Multiple Compton events where the last scattered photon finally
escapes give a signal between the Compton edge and the full-energy peak. From this
spectrum, one can define the two most important characteristics of a detector. (1)
Energy resolution; the energy resolution 6 F., /FE., of the detector is defined as the full-
width at half maximum (FWHM) of the full-energy peak divided by the mean pulse
height of the full-energy peak (therefore expressed as a percentage). (2) Peak-to-total
ratio P /T; this ratio expresses the fraction of useful y-ray counts in the spectrum. It is

the ratio of the area of the full-energy peak to the total spectrum area.

2.8. The semiconductor Ge detectors

Germanium semiconductor detectors were first introduced in 1962 (see reference [6]) and
are now the detectors of choice for high energy-resolution y-ray studies. These detectors
directly collect the charges produced by the ionization of the semiconductor material.
One electron-hole pair is produced on the average for every 3 eV absorbed from the
radiation. (This results in approximately a factor of hundred more charge than can be
obtained for a typical scintillator material, e.g. Nal(T1)). These pairs drift under an
external electric field to the electrodes where they generate the pulse. The high number
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of information carriers leads to a small percentage fluctuation and this is the reason for
the high energy resolution (of order 0.2% for a 1 MeV ~ ray) of Ge detectors.

Semiconductors used in detectors are single crystals and the periodic lattice
generates electron bands (allowed levels for the electrons in the solid) which are separated
by regions of forbidden energy or band gaps. The electrons that form the covalent bonds
are bound to the crystal and completely fill one band which is called the valence band.
The next higher band is called the conduction band and when it is partially filled, as
in metals, the material is a conductor. When the two ends of a piece of conductor are
connected to different potentials, a current flows that would mask a current generated by
an ionizing radiation. In an insulator or a semiconductor, the conduction band is empty
and only the thermal excitation generates a current in the absence of ionizing radiation.
This is called the bulk leakage current and it is greater in a semiconductor (where the
band gap is smaller, ~ 1 eV) than in an insulator (where the band gap is ~ 5 eV). Both
the larger band gap and the charge carrier transport properties eliminate insulators as
possible detector materials. Insulators tend to trap the charges that are created by the
~ rays and therefore the incomplete charge collection gives a degraded signal that is not
proportional to the y-ray energy. In contrast, charge carriers in semiconductors have
a high mobility. It turns out that only two single-element semiconductor materials,
namely silicon (Si) and germanium (Ge), (and a number of compound materials, see
paragraph 3.5.2) give a signal that is high enough above the noise (reasonably large
band gap), is proportional to the energy deposited in the crystal (little trapping), and
have a good energy resolution (reasonably small band gap).

However, the detector cannot simply consist of the semiconductor material and
two electrodes because there are inherent impurities in these materials. Both 5i and Ge
have a valence 4 and when an impurity of valence 3 (acceptor) or 5 (donor) exists in
the crystal, it lowers the energy necessary to create electron-hole pairs and this tends
to create too much noise. The Ge crystal with acceptor impurities is called p-type
(Ge) material and the same with donor impurities is called n-type (Ge) material. The
solution (see references [5, 7, 8]) is to create a p-n junction at one electrode and to
polarize it so that no current passes through when there is no ionizing radiation (this
is called reverse biasing or using noninjecting or blocking electrodes). This creates a
region called the depletion layer where few charge carriers remain, resembling a pure
semiconductor. With a sufficient voltage, the electric field can create a large enough

depleted volume to make a viable detector (see paragraph 3.1.1).

2.3.1. The Ge(Li) detectors. The first semiconductor detectors were very small because
the depletion layer could only be made very thin (a few mm) before the high electric
field applied would break down the detector. In 1960, it was shown [9] that much
thicker depletion layers could be obtained by compensating the excess impurity in the
p-type material. This could be achieved by drifting at somewhat high temperature
some donor in that contact, largely neutralizing the existing impurities. The reason for
this ‘breakthrough’ is that the donor (interstitial) small ions of Li can be drifted easily
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by an electric field and that the donor impurities compensate ‘exactly’ the acceptor
ones. With such a process, detectors of thickness up to 20 mm could be made, greatly
improving the detection efficiency. After the drifting process, the detector must be kept
cold (generally at the liquid nitrogen temperature of 77K) to prevent the lithium from

diffusing in the crystal and destroying the compensation.

2.3.2.  The High-Purity (HPGe) Ge detectors. A step forward was achieved when
higher purity Ge material could be fabricated [10, 11], with impurity concentration of
10'° atoms/cm? instead of 10'* atoms/cm®, eliminating the need for Li compensation.
This means that the material has a higher resistivity which is proportional to the square
of the depletion layer’s thickness. This paved the way for the manufacture of larger and
much more efficient detectors. More details on the properties of semiconductor detectors

will be given in the next section.

2.4. Gamma-ray detector arrays

A system with more than one detector allowed v —~ coincidence experiments where two
~ rays are identified through time correlation as belonging to the same cascade from
one event. Fairly complicated level schemes could then be constructed, leading to much
more refined studies of nuclear structure.

The next big step in ~-ray detection occurred in 1980’s when the first arrays of
multiple Ge detectors were assembled. There were two factors that greatly increased the
power of such detection systems. First, the number, NV, of Ge detectors used increased
the coincidence efficiency which is proportional to (Ne¢)/, where f is the number of 7 rays
detected (f is called the fold number) and e is the efficiency of one detector. Second, the
use of Compton-suppressed Ge detectors increased the peak-to-total ratio significantly
(typically from ~20% to ~50%) and therefore reduced the background of 5 rays that
do not carry energy information. These developments have culminated in large arrays
with nearly 47 solid angle coverage and involving approximately 100 detectors. The two

largest arrays today are Gammasphere [1] in the U.S. and Euroball [12, 13] in Europe.

2.5. Towards the ultimate array

Ideally, one would like to detect every v ray emitted in an event and know its energy,
emission angle and time, each with good resolution. One could then do an event-by-
event analysis, and know all the states a nucleus is decaying through as it deexcites.
This would give a much more detailed knowledge of the nuclear structure. In practice,
this cannot be done because the Ge detectors are not 100% efficient; they cannot be
made long enough, and there are dead layers and lost space between the detectors. Also
the granularity needs to be high to allow complete separation of each individual v ray.

The newest idea is to use a ‘shell” of many (~ 100) highly segmented Ge detectors
and to ‘recognize’ when partial energies come from a single incident ~ ray by tracking

each interaction in each detector. This is far more efficient than using Compton
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suppressors. However, this latest advance is still in the research and development stage.

We will end this review by describing such a system that we are currently developing

called GRETA, the Gamma Ray Energy Tracking Array.

3. Properties of Ge semiconductor detectors

3.1. Description of a HPGe detector

In this section, we will describe high-purity germanium detectors (HPGe). A HPGe
detector is a p-n junction of extremely high purity material (i.e., with an impurity

concentration as low as ~ 10'% atoms/em?).

3.1.1. Basic principle. Figure 3 shows the configuration of a HPGe planar detector. In
this example, an n-type material is used. A p-n junction is formed by implanting boron
onto the (left) surface of the Ge which has been lapped. This surface then contains highly
doped p-type material (noted by p+). On the right surface, a layer of highly doped n-
type material (n+) is created by diffusing Li over a very thin region of the material.
At the p-n junction (left edge), a charge carrier diffusion occurs (electrons into the p+
layer and holes into the bulk n-type material) because of abrupt density gradients. The
overall effect is a net negative space charge of electrons in the p+ contact and a net
positive space charge of filled donor sites in the n-type material, extending over a finite
region near the junction called the depletion layer. This creates a potential difference
called a contact potential which prevents further diffusion of electrons and holes. The
sites in the thin depletion layer do not contribute to the conductivity, therefore the
material in the depletion layer has a very high resistivity.

A reverse biasing of this structure (p-n junction, bulk n-type material, and n+
contact) consists of applying a negative voltage on the p+ side as indicated in figure 3.
The p+ contact (i.e., the contact on the p-n junction side) is called the rectifying contact.
Practically all the applied voltage appears at the edges of the depletion region because
of its very high resistivity as compared with the adjacent regions. However, since the
reverse biasing increases the potential difference above the contact potential, application
of the Poisson equation implies that the space charge both increases and extends further.
(The Poisson equation reads 7% = —p/e,,, where ¢ is the potential at any point, p is
the net charge density, and ¢, is the dielectric constant of the material). When sufficient
voltage is applied, the depletion layer extends over the full length of the n-type material
and the resulting space charge is shown in figure 3. As mentioned before, the region of
the depletion layer, which constitutes the active volume of the detector, has a very high
resistivity and therefore its leakage current is very small. When a ~ ray interacts in
the active volume, it creates electrons which are collected on the n+ contact, while the
holes are collected on the p+ contact, and the current that occurs as the electrons and
holes move toward the electrodes, once integrated, constitutes the ~-ray energy signal.

In practice, one increases the applied voltage beyond the value necessary for full
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depletion by a quantity called the overvoltage in order to increase the mobility of the
electrons and holes and ensure that the total charge created by the « ray is collected
before it is trapped in the material or recombines. The operating electric field and
electric potential are shown in figure 3 for an n-type HPGe planar detector. Note that
the amount of overvoltage is limited by the purity of the material since a lower resistivity

would lead to a breakdown of the detector at a lower voltage.

3.1.2. Shape. Since the depth of the depletion layer is limited by the material itself, it
is obvious that a coaxial configuration will lead to a larger active volume than a planar
configuration. Figure 4 shows a schematic drawing of an n-type coaxial HP Ge detector.
In such a closed-end detector, a cylindrical hole is drilled along the central axis of the
detector for the n+ Li-diffused contact, whose thickness is typically 600 pm. This hole
does not reach the other end of the detector. The outer surface (except the flat face
with the hole opening) is used as the implanted boron p+ contact which has a typical
thickness of 0.3 pm. When a y-ray interaction occurs, the electrons move toward the
inner electrode and the holes toward the outer electrode. The surface of the closed end
is usually the entrance window of the detector which is very thin. In such a detector,
the electric field is not uniform over the active volume. The field lines are approximately

radial except near the closed-end region.

3.1.3. n-type vs p-type. What determines the choice between n-type and p-type coaxial
detectors is their sensitivity to radiation damage. In some of the most important
applications using (many) large-volume HPGe detectors, such as for in-beam nuclear
structure studies or for astrophysics, it is essential to maintain good energy resolution
when the detector is damaged by other radiation present, mostly fast neutrons or high-
energy protons. It turns out that manufacturers always locate the rectifying contact on
the outer surface of a coaxial detector because the electric field is then highest at the
outer surface where most of the detection volume is located. Radiation damage [14, 15]
consists of hole traps which are produced when an energetic particle interacts with a
Ge nucleus, imparting enough energy to the nucleus to dislocate many other Ge atoms
in the lattice. This creates a disordered region which accummulates many electrons
and electrostatically attracts and traps holes. One thus wants to minimize the distance
travelled by holes, so they should travel to the outer surface. These two conditions
require n-type detectors, and it has been found [16] that they are, indeed, more than an
order of magnitude less sensitive to radiation damage than p-type detectors.

Studies of temperature effects and bias effects on the performance of (n-type)
radiation-damaged detectors [14] gives guidance on how best to operate them. The
operating temperature should be as low as possible (below 85 K) since thermal electrons
at higher temperature have enough energy to populate a hole trap, making it more
negatively charged, and therefore a more efficient hole trap. The detectors should be
kept under bias at all times since a detector with no bias has more negatively charged

traps due to the presence of more free electrons in an undepleted n-type crystal.
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Typically, with a fast-neutron (> 1 MeV) flux of ~ 5x10?n/cm? [16, 17], the energy
resolution of a large n-type coaxial detector will start to show significant degradation.
Hole traps can be removed by annealing the detector at approximately 100° C for a few

days (under vacuum (107° mbar) to decrease the risk of surface contamination).

3.2. Energy resolution, time resolution

The energy resolution of a detector is usually defined as the full width at half mazimum
(FWHM) of a monoenergetic full-energy peak (in the spectrum) divided by the value of
this energy. The width of the peak originates from the random fluctuations that occur
in the (statistical) charge creation and collection process and from various noise sources.
The noise includes contributions from both the detector and its associated electronics.
Typically, the FWHM is divided into two components, one of statistical origin and the

other resulting from the noise in the system:

(FWHM)tzoml = (FWHM)itatistical + (FWHM)?mse (2)
3.2.1. Intrinsic energy resolution. The intrinsic energy resolution is the contribution
to the energy resolution which comes from the nature of the material and it is related
to the charge creation statistics. In a Ge detector, the average ionization energy (i.e.,
energy expended on the average to create an electron-hole pair) is measured [18] to
be 2.96 eV at 90 K whereas the band gap in Ge is ~ 0.7 eV. These differ because
the pair creation process involves complicated excitations in the crystal which are not
fully understood. The creation of pairs is treated as a statistical process with random
fluctuations calculated by assuming that the formation of each charge carrier obeys
Poisson statistics. If there are N electron-hole pairs created on the average by a photon
of energy E that is fully absorbed (i.e., N=E/2.96, where E is in units of eV), the
inherent fluctuation in the number of pairs is characterized by a standard deviation
o = v/N. Then the response should be a Gaussian curve (because N is large) with
a standard deviation ¢ = v/N and the FWHM in energy would be 2.35/2.96E. In
practice, there are correlations in the electron-hole formation process and the FWHM is
reduced by a factor /F, where F is called the Fano factor. For Ge and Si material, F is
approximately 0.12. Typical intrinsic Ge energy resolutions are given in [19] for various

energies. For example, at F., = 1 MeV, the (FW HM )gq: is 1.40 keV.

3.2.2. Noise contribution. The other important contribution to the width of an energy
peak comes from the noise generated in the detector and in associated pulse processing
electronics. However, energy resolution is not the only consideration in performing a
measurement. Typically, an experiment is performed at high counting rates in order
to accummulate more counts. This entails shorter shaping times of the electronic
pulses which tends to increase the noise. Thus compromises must be made to optimize

the desired quality of the data. In the next paragraph, we will briefly review the
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basic features of the main electronics components in order to characterize the noise
component. Other details will be given in section 5.

The basic elements of the electronic components for a pulse shape analysis system
are shown in figure 5. The electronic components transform the small current signal
at the detector electrodes (figure 6, top) into a large voltage signal whose amplitude
is proportional to the energy deposited by the radiation in the detector, and whose
width is narrow enough to allow a high count rate without overlapping the signals. The
most important component is the input stage of the preamplifier which is the field-effect
transistor (FET) [20]. It is essential to minimize its noise since the signal is very small
but, at the same time, the FET gain should be large enough to make noise sources
in later stages negligible. In Ge detectors, the FET is commonly cooled to minimize
the noise power which depends on the temperature. It is maintained at an optimum
temperature of approximately 130 K where the noise is minimum [21]. This is slightly
higher than the temperature of the detector itself (around 80 K) which would freeze
out the main dopant of the FET. The pulse shape at the output of the preamplifier is
shown in figure 6 (middle) with a short risetime corresponding to the charge collection
time in the detector, an amplitude proportional to the charge accummulated at the
electrodes and a comparatively long exponential decay time (~ 50 us). This means that
consecutive pulses might overlap.

The linear amplifier solves that problem by shaping the preamplifier signal so that
it becomes shorter (figure 6, bottom) and at the same time, it filters out some noise.
The simplest one is a CR differentiator followed by an RC integrator: the differentiator
is a high-pass filter and will eliminate low-frequency noise, the integrator is a low-pass
filter and will eliminate the high-frequency noise while the signal, which is confined to
an intermediate narrower band, is unchanged. In practice, more complex combinations
of differentiation and integration circuits are used. Baseline restorers [5, 19] further
reduce baseline fluctuations. For example, the energy resolution for a Gammasphere
large (approximately 7x8) coaxial Ge detector is ~2 keV for the 1.332 MeV 5 ray from

a %°Co radioactive source with a shaping time of 16 us.

3.2.3. Time resolution. In a typical nuclear structure experiment, an event is identified
by the ‘coincident’ arrival time of the v rays, typically within a few picoseconds (ps). A
realistic time resolution of a few ns allows the separation of one event from another but
does not give the time sequence of the v rays within a cascade. The time resolution is
defined as the FWHM of a distribution curve of the time interval between the detection,
in two detectors, of two v rays (which arrived nearly simultaneously).

The time associated with the detection of a v ray is measured from the preamplifier
signal. A signal with a fast rise time is generated in a timing amplifier (see figure 5)
and a time signal is then produced using a so-called constant fraction discriminator.
It is widely used when there is a large range of signal amplitudes because the output
signal is produced at a fized time after the leading edge of the pulse has reached a

constant fraction of the pulse amplitude. Thus this time is independent of the pulse
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amplitude provided. Uncertainties in the time measurement then come from noise in the
electronic units as well as from signals having different shapes. Statistical fluctuations
in the number of information carriers (e.g., distance traveled, impurities or field non-
uniformities) will lead to fluctuations in the signal shape. A time resolution of a 4 to

5 ns is usually obtained for large HP Ge detectors compared with a total risetime of 200

to 300 ns.

3.3. Efficiency, peak-to-total ratio

3.3.1. Elfficiency. The intrinsic full-energy peak efficiency ¢, of a detector is defined as
the ratio of the area of the full-energy peak divided by the number of (monoenergetic)
~ rays incident on the detector. One can also define an absolute full-energy efficiency
€, which depends on the distance of the detector to the ~-ray source and on the size
of the detector, i.e., on the detector solid angle 2. This efficiency ¢, is the ratio of the
area of the full-energy peak divided by the number of 4 rays emitted by the source,
i.e., €, = €,.0/4r. This definition assumes an isotropic emission by the source. Similar
total efficiencies can be defined by using the total number of counts in the spectrum
instead of the counts in the full-energy peak. For historical reasons, the full-energy
peak efficiency is given [22] relative to that of a standard 7.5 cm diameter, 7.5 cm long
cylindrical Nal(T1) scintillator for the 1.33 MeV ~ ray emitted by a %°Co source located
25 cm from the detector (the Nal efficiency ¢, is 1.2 x 107%). Thus, for example, a
typical Gammasphere HPGe detector has a ‘relative efficiency’ of 70%.

3.3.2. Detector size. The larger the active volume of a detector the larger the chance
of total absorption of the v ray. However, larger detectors are not always desirable due
to summing effects. In typical high-multiplicity experiments, where on the average 20 v
rays might be emitted per event, the chance that two « rays hit the same detector can
be high (e.g., for a 7 cm diameter detector at 25 cm from the source, the probability
of ‘summing’ is 10%). This summing can be decreased by locating the detector farther
from the source, but this causes a loss of efficiency. Given a typical y-ray multiplicity of
20 there is therefore a balance between the diameter of a detector and its distance from
the y-ray source which optimizes the combination of full-energy efficiency and peak-to-
total ratio. We will see in the next section that Compton suppression effectively selects

fully absorbed ~ rays, thereby increasing the P/T ratio.

3.4. Summary of properties

HPGe (n-type, coaxial) detectors are at present the best y-ray detectors (in the energy
range ~ 0.1 to ~ 10 MeV) due to: (i) the high energy-resolution of the semi-conductor
Ge material; (ii) the high full-energy efficiency of large detectors; (iii) the large increase
in peak-to-total ratio when augmented by Compton suppressors. For typical nuclear

structure experiments with high ~-ray multiplicities, such detectors are arranged in
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large arrays. We will see in the next section that these three properties define the

resolving power of such an array.

3.5. Comparison with other detectors

For completeness, we will mention other types of y-ray detectors and briefly review their

characteristics.

3.5.1. Si(Li) detectors. Because of the lower atomic number of silicon (Z=14), the
Si(Li) detectors are typically 50 times less efficient than Ge detectors for photoelectric
absorption. Therefore only low-energy + rays (up to 200 keV) are detected with
reasonable efficiency. However, the band gap is larger for silicon material than for Ge
material (~ 1.1 eV for Si versus ~ 0.7 eV for Ge), resulting in a smaller leakage current
for Si detectors and therefore a better energy resolution, provided they are cooled. For

more details on Si(Li) detectors, see for example [5].

3.5.2. Other semiconductor detectors. There are two main types of semiconductor
detectors that use compound materials: C'dZnTe (cadmium zinc telluride) and Hgls
(mercuriciodide). Their main properties are: (i) high atomic-number components which
result in a high efficiency; (ii) and relatively high band gap (1.5-2 eV) which reduces
the leakage current and allows operation at room temperature. Unfortunately, these
materials have low carrier mobility (especially hole mobility) and short lifetimes of
carriers, which result in a poor energy resolution and large detectors cannot be made.
Nevertheless significant progress has been made recently in designing such detectors for

some v-ray applications [23].

3.5.3. Scintillators. In a scintillator, the electrons from the v-ray interaction excite
molecular levels in the crystal which return to their unperturbed state by emitting
light, i.e., scintillating. A photocathode which sees the light emits photoelectrons which
are then multiplied in a photomultiplier to give an electrical signal whose amplitude is
proportional to the v-ray energy.

There are four main types of scintillators used in different applications. Sodium
iodide (Nal(T1)) detectors have an efficiency similar to that of large Ge detectors.
However, the energy required to emit a photoelectron is about 250 eV compared with
3 eV for Ge detectors. This results in a much worse energy resolution (for example
6% instead of 0.2% at 662 keV), so they are not used when high resolution is needed.
However, very large Nal(T'1) detectors of various shapes can be manufactured, which
makes them useful in other applications; for example efficient 47 detectors of total ~-ray
energy emitted. Recently, portable scintillators have been used for security purposes to
detect the presence of illegal radiation. Barium fluoride (BaFy) detectors have similar
efficiency and slightly worse energy resolution than Nal(T) detectors but the signal

risetime is much faster (0.5 ns instead of a few ns) and this permits the separation of ~
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rays and nuclear fragments based on differences in flight time. Experiments involving
the detection of high-energy (10-15 MeV) ~ rays often require separation of 7 rays
from fast neutrons and (large) BafF, detectors are generally used in such experiments.
Bismuth germanate (BisGes012 or BGO) detectors are interesting because of the high
density of the material and the very high atomic number (83) of bismuth. This makes
them extremely efficient, approximately thirty times as efficient as Nal(T'1) detectors
per unit volume. In spite of their low light output, they are commonly used today as
the Compton suppressors where their high efficiency is very important. Finally, cesium
iodide (C'sl) scintillators have a higher ~-ray absorption coefficient than Nal(T!) or
BaF, scintillators and their decay time component of 630 ns allows for some pulse
shape discrimination (between v rays and charged particles). An important difference
between Nal(T1) and Csl is that Csl scintillators are not hygroscopic and can be
readily used in large arrays of small particle detectors (see for example the Microball in

paragraph 4.4.2.).

4. Gamma-ray detector arrays

4.1. The first detector arrays

One of the main goals in nuclear structure is to identify new properties of the nucleus.
These often emerge in extreme conditions of high angular momentum, high excitation
energies, or extreme neutron to proton ratios. However, under these conditions, the
states of interest are generally very weakly populated in the reaction: for example
a superdeformed band (a rotational band in a very deformed nucleus) may have an
intensity of only 1% of the total ~-ray flux of the nucleus. Therefore, the ability to
isolate a given sequence of 4 rays from a complex spectrum is an important property
of modern v-ray arrays. Before 1980, nuclear physics experiments were performed with
only a few ~-ray detectors. Typically, there were a few Ge(Li) detectors around the
target to record high energy-resolution spectra, some Nal detectors to study low energy-
resolution spectra, and other detectors to select the starting point of a v-ray cascade (and
therefore reduce the number of cascades to be separated). Examples of the last type are
~v-ray multiplicity filters and ~-ray sum-energy spectrometers. The ~-ray multiplicity
is the number of ~ rays that are emitted in an event. The ~-ray multiplicity filters
consisted of a few (of order 6) standard Nal scintillators located close to the reaction
point (target) to achieve a relatively high efficiency. Since the number of detectors hit
in an event is, on the average, related to the v-ray multiplicity, high angular-momentum
events that generate many ~ rays were selected by requiring a minimum number of hits
in the multiplicity filter. Similarly, high-angular momentum events typically correspond
to a large total y-ray energy which could be selected by using very large Nal scintillators
(e.g. two cylindrical detectors approximately 30 cm diameter and 20 cm thick) above
and below the target. However, neither of these detectors was selective enough to define

a narrow range of multiplicity or total energy in an event, so that the selection of high
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angular momentum events was rather poor.

What the first two arrays, namely the Spin Spectrometer [24] in the U.S.A. and
the Crystal Ball [25, 26] in Germany have done is essentially to sharpen that selection.
They consisted of a shell of Nal detectors (72 and 162, respectively) positioned radially
around the target and covering close to 47 solid angle. With the 47 coverage the number
of detectors largely determined the selectivity of these arrays: the more detectors, the
better the definition of the y-ray multiplicity. However, each detector was thick enough
(~ 15 c¢m) to absorb the 7y rays efficiently and had a large enough diameter (~ 7 cm)
to minimize Compton scattering. Figure 7 shows the distribution of the number of hits
in the detectors for various numbers of incident v rays (or multiplicity M) for a system
like the Crystal Ball. One sees that requiring a number of hits p selects a fairly narrow
range of multiplicities.

One important limitation of these two arrays was that individual y-ray energies
cannot be obtained on an event-by-event basis except for the few detectors in which a
v ray is detected with no hit in the surrounding detectors (of order 5 7 rays in a high-
multiplicity (M ~ 20) event). However, the main problem with these Nal detector arrays
was that the energy resolution was poor (>5% at 1.332 MeV). A big advance came with
the HP Ge arrays which allowed a much higher energy resolution for the detected v rays.

This increase in sensitivity has been quantified in the concept of resolving power.

4.2. Resolving power of v-ray detector arrays

The ability of an array to resolve many weakly populated sequences embedded in large
and complex backgrounds depends on the detailed nature of both the sequence and the
background, so that there is no unique definition of the resolving power. Our definition
of the resolving power [27, 28] of such arrays is related to a certain type of spectra. These
are vy-ray spectra typically produced in nuclear fusion-evaporation reactions, and consist
of a number (M ~ 20) of v rays per cascade separated on the average by an energy,
SE. We further assume that the background is essentially uncorrelated with the peaks
(which means that the cascade of interest has a small intensity and is not in coincidence
with the bulk of the background). To be ‘resolved’, a peak must stand out above the
background and also be statistically significant. We take as a criteria for a peak to be
resolved from the background that the peak-to-background ratio is unity and that there
must be NV counts in the peak. The increase in sensitivity of the arrays comes from the
ability to increase this ratio by setting several gates in a multidimensional matrix and
still retain enough counts in the peak.

The expression [28] of the resolving power RP is:
RP = exp[In(No/N)/(1 — Ine,/InR)]. (3)

where Nj is the total number of events in the experiment; ¢, is the total full-
energy peak efficiency for a typical y-ray energy of 1 MeV; R = 0.76(SE/0E)P/T is the

increase in peak-to-background ratio obtained for each gate set in a multidimensional



Developments in large gamma-ray detector arrays 19

matrix. We take SE = 60 keV for all resolving power estimates. This formula shows
that the important parameters which determine the performance of this type of ~-ray
array are the energy resolution 0F of the detectors, their characteristic peak-to-total
ratio P/T, and the full-energy peak efficiency ¢,. If we take N = 100 and a typical value
of Ny = 2.88 x 10'°, corresponding to a reaction rate of 10°/s for a duration of 80 hours,
then In(No/N) = 19.5. Note that this formula requires that R be greater than 1, and
therefore it does not apply to arrays with low energy-resolution detectors like the Nal
arrays. An important property of the resolving power as defined here is that it is the
inverse of the intensity of the weakest cascade that can be resolved in a reaction. For
example, a resolving power of 10000 means that one can resolve a cascade that is 107*

of the total intensity.

4.3. The first-generation high energy-resolution arrays

To understand the structure of the nucleus with some precision, one must reach a high
sensitivity, i.e., a high full-energy-peak efficiency as well as a high energy resolution, so
that as many states as possible can be resolved. This is what the high energy-resolution
arrays were designed to do. Impressive developments were achieved over the last 20

years and will be reviewed in the remainder of this section.

4.3.1. TESSAQ. The first ‘high energy-resolution array’, called TESSAO (The Escape
Suppressed Spectrometer Array) was built in 1980 in Risg, Denmark as a joint Niels
Bohr Institute (Denmark)/ Liverpool University (U.K.) project. The array [29, 30, 31]
consisted of 5 Ge(Li) detectors, of relative efficiency ~ 25% each surrounded by a Nal
Compton suppressor (see figure 8). Each Nal suppressor (shield) was a 25 cm diameter,
20 cm long cylinder positioned around the target as shown in the figure. There were
several generic features. (1) The main feature of this array was that the Ge(Li) detectors
were Compton suppressed. The peak-to-total ratio increased from ~ 20% for the bare
Ge(Li) detector to ~ 60% with Compton-suppression. (2) Most of the Ge(Li) detectors
were located at angles which minimize the Doppler effects, i.e. four detectors were placed
at 6 of + 52.5° and £ 142.5° to the beam velocity direction. In many experiments, the
nucleus under study is recoiling in the target chamber roughly in the incident beam
direction at a velocity, v, of a few percent of the speed of light, ¢. Therefore the v rays
would be Doppler-shifted according to the following formula:
. 1 —(v/c)?
B} = EWW ~ FE.(1+ (v/c)eosh); (v/e) < 1 (4)
Since these angles were known, the measured £ could be corrected to deduce F,.
However, the Ge(Li) detectors had a finite size and, even at a distance of 25 cm from
the target, subtended a non-negligible angle Af# (in this case A§ = 11°). This meant
that within a detector, I could vary by AE? = FE,(v/c)sinfAf for a given incident
~-ray energy, resulting in a broadening of the ~-ray full-energy peak. This is called the
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Doppler broadening. For a 1 MeV recorded in a detector located at 90° to the beam and
a v/cof ~3%, AE? is maximum and equal to 6 keV compared with a typical energy
resolution of 2 keV in the absence of Doppler effects. This Doppler broadening cannot
be corrected and this is why four out of five Ge(Li) detectors were located at angles as
close as possible to the beam axis (small values of sinf). (3) Generally, some detectors
have to be located at 90° to the beam because the y-ray angular distribution, gives
information on the multipolarity of the 4 rays, hence on the spins of the nuclear levels.
(4) Collimators were placed in front of the Ge(Li) detectors to restrict the direction from
which the 4 rays can enter the detector, thus reducing the number of 4 rays that scatter
from surrounding material into the detector. This further improved the peak-to-total
ratio. The collimators also shielded the Nal suppressor from the direct view of the target
which would cause false vetos. (5) There was anti-Compton Nal material extending in
front of the Ge(Li). This lip suppressed the v rays that were backscattered out of the
Ge(Li) detector and would otherwise have left in the spectrum a peak at ~ ., - 0.2 MeV
for incident £, > 1 MeV (see equation (1)). The size of the Nal suppressors limited the
number of Ge(Li) detectors to five. The next arrays that were developed removed this

limitation.

4.3.2. HERA. HERA, the High Energy-Resolution Array, was proposed in 1981 [32, 33]
at the Lawrence Berkeley National Laboratory (LBNL), U.S.A. and built over the next
few years. This array pioneered the use of Compton suppressors made of BGO. The array
included 21 Compton-suppressed 25% high-purity Ge (CSG) n-type coaxial detectors
(~ 5x5) arranged in three rings of 7 around the target as shown in the perspective view
of figure 9. The 21 detectors could be used since the volume of each BGO Compton
suppressor was approximately eight times smaller than that of a Nal suppressor for
a similar suppression factor. The BGO suppressors were cylinders 12.5 c¢cm long by
13 cm diameter, beveled at a 20° angle in front so that they could fit closer, with a
central axial hole 6.5 cm in diameter. Later, a Nal lip was attached in front of each
BGO detector to suppress the backscattered ~ rays. The detectors were mostly placed at
forward and backward angles to optimize the detection of electric quadrupole ~ rays and
to minimize the Doppler broadening. In HERA, a BGO ‘central ball’ of 44 elements,
arranged in three concentric cylinders (see figure 9) was placed around the target to
record ~-ray multiplicity and total energy in the same way as the Crystal Ball and the
Spin Spectrometer mentioned above. There were holes in the central ball at appropriate
places so that the Ge detectors viewed directly the target but the BGO suppressors did
not. Thus the central ball acted as an active shield.

The peak-to-total ratio in the Compton-suppressed Ge detectors was 0.5 (with a
0.3 MeV threshold) for the 1.332 MeV %°Co line. This large peak-to-total ratio together
with the large number of detectors meant that for the first time it was possible to
record coincidences with fold > 2. The rates gave enough statistics in a standard 80-
hour experiment to analyze 3-v correlations. This was a new kind of analysis which

allowed one to separate cascades containing three particular ~ rays from the larger
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number of those which contain only two particular 4 rays, thereby making use of the
higher resolving power of the instrument. In addition, with a peak-to-total ratio of 0.5
(instead of 0.2 for unsuppressed Ge), the full-energy peak correlations represented 25%
of the data (instead of 4%) in y-y coincidences and 13% (instead of 0.8%) for ~v-v-v
coincidences — an enormous improvement. From equation 3 we find a resolving power
of 50, which means that we can isolate, or ‘resolve’, a cascade of 2% intensity in the

reaction.

4.3.3.  Other first-generation arrays. With the advent of BGO suppressors, an
explosion of activity led to the construction of many arrays around the world having
photopeak efficiencies Ne¢, around 0.5-1%. Following TESSAQ, a series of TESSA arrays
were developed between 1983 and 1988 using BGO Compton suppressors, starting with
the TESSA3 array of 12 CSG detectors, up to ESSA30 which comprised 30 CSG
detectors [30, 31]. Arrays of up to 12 CSG detectors using some asymmetric BGO
Compton suppressors were built, for example the OSIRIS array in Germany [34]. In
the U.S.A., a 12 CSG array was built at Argonne National Laboratory (ANL) and a
20 CSG array was built at Oak Ridge National Laboratory (ORNL). The two most
recent arrays of this generation were also the most sophisticated. The Canadian 87
Spectrometer [35] had a more spherical geometry and consisted of 20 CSG detectors
“looking through” a spherical BGO central ball of 72 elements (of geometry similar to
that of the spin spectrometer), resulting in the best multiplicity resolution at that time.
However, it had a lower total photopeak efficiency (0.9%) than HERA (1.5%) because
the Ge detectors were farther from the target (27 cm instead of 15 cm). A Scandinavian
collaboration built the NORDBALL [36] which also consisted of 20 CSG detectors and
had several innovations: (1) the Ge detectors were composed of two parts: a front part
which is a 1 ¢m thick crystal and suppresses the v rays backscattered from the back part
which is a coaxial detector, while having little effect on the transmission into the back
part for v rays with energies greater than 400 keV. In turn, detecting a 4 ray in the
front part, while requiring no signal in the back part, improves the response function
for low-energy + rays; (2) a central ball consisting of a spherical ‘shell’ of 60 identical
BaF; elements with holes for viewing the target by the Ge detectors. Because the time
resolution of the BaF; elements is lower than 300 ps, neutrons can be rejected due to
their time-of-flight (which is longer than that of v rays), providing cleaner sum-energy
and ~-ray multiplicity measurements. Finally, there is the ‘Chateau de cristal’ [37] built
by a French collaboration. It uses BaF5, for 12 composite Compton suppressors as well
as for the central ball which comprises 38 elements. Alternatively, the total of 72 BaF,
elements can be used as a ‘crystal ball” similar to the early Nal balls. The BaF, material
has absorption and resolution properties intermediate between those of Nal and BGO,
but it is the timing properties that made this array particularly useful in experiments

requiring good timing.
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4.3.4. Impact of the first-generation arrays. Because of their relatively high resolving
power, these arrays revealed properties of weakly populated nuclear levels (typically
down to ~ 1% of the reaction yield). This often meant levels of high angular momentum
or of exotic nuclei far from stability. The most spectacular example was the observation
of a rotational band in a so-called “superdeformed” nucleus, '** Dy [38], using TESSA3.
Superdeformed nuclei can be loosely defined as possessing prolate axially deformed
shapes with major-to-minor axis ratios approaching 2:1 (compared with ~1.3:1 for
normally deformed nuclei). They are the best nuclear rotors known, giving deexcitation
spectra (down the rotational bands) consisting of nearly equally spaced v rays starting
from very high spin levels, (~ 60 % in *?Dy). Although these ~ rays were buried in
a huge background, the key to finding them was to make use of the regularity of the
spectra and of the increased efficiency of the multidetector arrays with higher resolving

power.

4.4. The second-generation high energy-resolution arrays

The next generation of high energy-resolution arrays represented the state-of-the-art
optimization of a Compton-suppressed Ge array, using all the available space (47 solid
angle), and the biggest Ge detectors available. A little later new concepts emerged
which led to an increase in the granularity of the Ge detectors while maintaining, or
even increasing, the Ge solid angle: these are the ideas of composite and segmented
detectors. The resolving power of the second generation arrays is 100 times higher than

that of the first generation arrays. We will review them in this section.

4.4.1. The early second-generation arrays. The first step toward second-generation
arrays was to incorporate the largest Ge detectors available and to move toward 4=
coverage with these detectors. The first of these arrays to operate were the GASP
array [39] at the LNL laboratory in Legnaro, Italy and the Eurogam I array [40] at the
Daresbury Laboratory in England, both in 1992. The new feature of these arrays was
the use of the large (~ 7x8) ~ 70% Ge detectors with compact BGO shields. With

40-45 detectors, the resolving power was close to 450.

4.4.2. Gammasphere. Gammasphere [1] represents the optimum design for the second-
generation arrays. It was first proposed in 1987 and built as a U.S.A. National Facility
at LBNL with the participation of Universities and National Laboratories. In contrast
with the relatively large number of first generation arrays which were used by rather
small groups, Gammasphere was the single large array built in the U.5.A. at the cost of
$20 M. A new feature is that Gammasphere is a movable array, and has been operating
at two National Laboratories (ANL and LBNL), making use of the specific opportunities
available at each site.

Gammasphere is a ‘47’ shell of BGO-Compton-suppressed HPGe n-type detectors.
The Ge detectors cover 46% of the 47 solid angle distributed over 110 detectors.
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Each cylindrical Ge detector is surrounded by a tapered hexagonal BGO shield. The
geometrical design of Gammasphere aimed to maximize the detector area while retaining
granularity and keeping all detectors very similar in size and shape. In addition,
symmetry in the orientation of the detectors was maximized for angular distribution
measurements. This design represents the optimum way of tiling a sphere with polygons
under the constraints just mentioned [1, 25, 41], and at a reasonable cost. The result
is a configuration of 122 polygons having the symmetry of an icosahedron, with 110
very similar (but irregular) hexagons covering 95% of 4w, and 12 pentagons, as shown
in figure 10. The pentagons are not used for CSG detectors, but could be used for other
kinds of detectors (e.g. planar Ge detectors for low-energy y-ray detection) as well as
for beam input and exit, anchoring for the support structure, and for the target system.

One Gammasphere module, a HPGe-BGO-suppressor assembly, is shown in figure
11. The Ge detector is as large as could be manufactured at the time, with the front
2 cm tapered with an angle of 7.45° to optimize the BGO thickness in that region. A new
feature is the off-centre Ge cooling rod so that a BGO ‘back plug’ could be placed over
most of the back of the Ge detector to suppress the forward-scattered ~ rays that escape
the Ge material. Each BGO element is a tapered hexagon consisting of six optically
separated sectors, 18 cm long, with a lip that extends 3 cm in front of the Ge detector.
The distance between the target and the front of the Ge crystal is 25.25 cm. When put
together, the array has a BGO honeycomb-like structure with the circular holes filled
by the Ge detectors. This makes the thickness of BGO material rather small (0.56 cm)
at the thinnest point of each BGO (see figure 11). However, this thickness could be
doubled if two adjacent Ge detectors ‘share’ the BGO material between them: this is
called the electronic honeycomb design. In this design, each sector has its own output;
however, two adjacent BGO sectors can be combined in software to suppress each of the
two adjacents Ge detectors, except when the neighboring Ge detector is triggered, in
which case only the sector closer to the Ge is used. This design minimizes false vetoes
which can occur when two neighboring Ge crystals share a single BGO, but provides
essentially the same performance as having twice the thickness of BGO. The BGO back
plug provides a significant 10% improvement [42, 43] in the P/T ratio which becomes
~ 0.68.

In Gammasphere, the count rates are very high in a typical fusion-evaporation reac-
tion and events are usually recorded only when at least 5 ‘clean’ (no count in the BGO
suppressor) Ge detectors are triggered (5-fold data). For high-multiplicity reactions
(average v-ray multiplicity of 20 to 30) this still gives a count rate of ~ 5000 events/s.
Gammasphere became fully operational in early 1996 although it started operating in

an Early Implementation stage with 32 modules in March 1993.

Ge detectors segmentation. During Gammasphere construction, it was found that
the granularity of the array could be increased without having to redesign the array by
electrically segmenting [44] the outer electrode of the Ge detectors, using a lithographic

technique. One could then decide which segment received the incident ~ ray by measur-
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ing the proportion of energy deposited in each half. This results in a position resolution
that corresponds approximately to a third of the angle subtended by the detector. The
effective energy resolution 0E of the Ge detectors was improved from 6E= 5.5 keV to
3.9 keV (for v/c of 0.02). Seventy of the 110 Ge detectors were segmented, increasing
the resolving power from 1000 (without segmentation) to approximately 3000. Segmen-

tation has an enormous potential for increasing granularity as will become evident.

Gammasphere auziliary detectors. The power of Gammasphere is increased by using
auxiliary detectors to characterize events. One class of these detectors further decreases
the y-ray background by allowing the identification of the nuclei produced in the event.
Other auxiliary detectors improve the y-ray energy resolution by measuring the velocity
of the emitting nucleus on an event-by-event basis, thereby greatly reducing the Doppler
broadening. Still others are used to perform special measurements, for example magnetic
field devices to measure g-factors of nuclear levels, or so-called recoil-distance plungers
to measure some nuclear level lifetimes. We will mention here the four most heavily
used devices, the Microball, the Neutron Shell, CHICO, and a recoil detector called the
Fragment Mass Analyzer.

The Microball [45] is a 47 multidetector light charged particle and/or fragment
detector built at Washington University, U.S.A. (see figure 12). It consists of 95 CsI(T1)
scintillators closely packed to cover a large solid angle (~ 97% of 4x). It has good
particle identification (based on pulse shape discrimination), an adequate granularity,
good energy resolution, excellent stability, and a small total mass. This last property
is particularly important since the 7 rays traverse this detector before reaching the Ge
detectors. Both the ~y-ray detection efficiency and P/T are reduced by ~ 10% with
Microball in place but this array greatly helps in identifying reaction products which
emit charged particles.

Recently, a Neutron Shell [46] was also built at Washington University, U.S.A.
It was designed especially for use in conjunction with Gammasphere and often with
the Microball for selecting very weak one- and two-neutron evaporation channels
in very neutron deficient systems, again considerably increasing the sensitivity of
Gammasphere. The array consists of up to 30 tapered regular hexagonal neutron
detectors whose sensitive component is the liquid scintillator BC501A coupled to a
5-inch photomultiplier tube. These detectors can replace the 30 most forward Ge-BGO
modules of Gammasphere.

The heavy-ion detector CHICO [47] was built at the University of Rochester, U.S.A.
It is a powerful array of 20 Parallel Plate Avalanche Counters (PPACs) which fits within
the Gammasphere target chamber. In some nuclear studies, such as Coulomb excitation,
the two interacting nuclei do not fuse but scatter through a broad range of angles. This
results in very broad 7-ray lines due to the wide range of Doppler shifts. The CHICO
detector determines, with good accuracy, the direction of each emerging nucleus. The
PPACs arrangement has the same five-fold symmetry as the Gammasphere Ge detectors

(which greatly simplifies the analysis) and the solid angle coverage is 2.87. The PPACs
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are configured into two coaxial cones (with 10 faces each) backward and forward around
the beam direction with bases that join in the vertical plane of the target. Each PPAC
anode and cathode is segmented such that it provides an angular accuracy of 1° for the
polar scattering angle and of 9° in the azimuthal angle. This, together with an excellent
time resolution of 500ps, completely determines the kinematics of each nucleus in the
collision.

The Fragment Mass Analyzer [48] is a recoil mass separator that has been coupled
to Gammasphere at ANL. It allows selection of low-yield fusion recoils through a
measurement of the mass/charge ratio and can be augmented by the detection of the
characteristic alpha decay of this product in a focal plane Double-Sided Si Strip detector
(the Recoil Decay Tagging technique).

4.4.3. FEuroball. Large gains in performance can come from three factors: (i) using
100% of the 47 solid angle for Ge detectors (eliminating the Compton suppressors);
(ii) increasing the granularity sufficiently to recover the intrinsic resolution of the Ge
detector (by eliminating the Doppler broadening); and (iii) increasing the absolute in-
trinsic efficiency ¢, by recovering the photons that have Compton-scattered out of a Ge
detector. This is the concept behind the tracking arrays. In the early 90’s, steps in this
direction were accomplished with the fabrication of composite and segmented detectors.
Gammasphere exploited segmentation. Concurrently, another approach emphasizing

composite detectors was used in Euroball.

Clover Detectors [49] consist (see figure 13) of four detectors (initially ~ 5x7) each
tapered in front into a square shape 42 mm on a side and closely packed in the same
cryostat into a ‘four-leaf clover’ configuration. Such a detector ‘simulates’ a very large
Ge detector with, in this case, a relative photopeak efficiency of 140%. The photopeak
efficiency is 1.5 times the sum of the individual detectors’ photopeak efficiency due to the
adding back of signals that scatter between crystals. The separation into four detectors
reduces the Doppler broadening of a clover detector to approximately two thirds of that
of a single detector of the same size as the full clover assembly [50]. The sensitivity to
neutron damage is also reduced (again as compared with a single detector of the same
size). Such clover detectors are most effectively used at 90° to the beam direction where
the Doppler broadening is maximum. They were used for the first time in the Eurogam
IT [12, 49] array in Strasbourg, France. Each clover detector was surrounded by a BGO
Compton suppressor, bringing its P/T ratio to 0.55. The resolving power (~ 950) was

twice that of Eurogam 1.

Cluster Detectors [51, 52, 53, 54] represented the next step in composite detectors.
By grouping seven (60%) Ge detectors in a single cryostat (see figure 14) in add-back
mode (see section 1) and surrounding them by a Compton suppressor, an impressive
intrinsic photopeak efficiency ¢, of 0.3 can be achieved (compared with 0.22 for a Gam-
masphere detector) with a P/T ratio of 0.63. The BGO shield consisted of 18 optically
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separated elements, 12 surrounding the sides of the Ge cluster and 6 back plugs behind
the Ge detectors. The difficulty of building and operating seven Ge detectors within
a single cryostat triggered the development of so-called encapsulated HPGe detectors
[51, 53] by a collaboration of the University of Koln, the KFA of Jiilich and the company
FEurisys Measures. In the current design [51] (figure 15), the Ge detector, hexagonal at
the front and circular at the rear, is encased in an aluminum can 0.7 mm thick and
the internal distance between the Ge surface and the can is 0.5 mm, much smaller than
the 5 mm distance in conventional Ge detectors. The capsule is hermetically sealed by
electron welding of all feedthroughs and the lid. Thus the detector vacuum is separated
from the cryostat vacuum, and the seven ”capsules” are closely packed in a common
cryostat. This has several advantages: the crystal remains sealed at all times, which
avoids contamination of the Ge surfaces which can happen for example when annealing
detectors; annealing is greatly simplified since one just needs to set the capsule in an
ordinary oven, the vacuum within the capsule remaining below 107 mbar; the cold FET
is outside the capsule and can be easily repaired and also removed before annealing; a
defective Ge detector in a cluster can be replaced with minimal effort. It is worth noting
that the cluster detectors have an excellent efficiency for high-energy ~ rays [54]: the
quality of a 10 MeV ~-ray spectrum is as good as that of a 1 MeV ~ ray detected with a
conventional (e.g. Gammasphere) Ge detector. Fifteen such clusters were built as part

of the FEuroball.

Furoball [13] is a 4w array built by a collaboration from France, UK, Germany, Italy,
Denmark and Sweden. It combines the three detector types that have been developed in
the 1990’s and started taking data in Legnaro, Italy, in early 1997. In the forward (beam)
direction (see figure 16) 30 of the large CSG detectors used in GASP and FEurogam I
are closely packed at a distance of 37.5 cm from the target. Around the 90° direction to
the beam a solid angle of 27 is covered by two rings of 13 clover detectors each, most
at 26.5 cm from the target. In the backward direction, the 15 cluster detectors, each
with their Compton suppressor, are located at a distance of 44.5 cm from the target.
Although more difficult to use than Gammasphere because of the very different types
of detectors involved, Euroball has a similar resolving power. Euroball has a suite of
auxiliary detectors which further increases its resolving power. The most unique of
these is a central ball of 210 BGO detectors [55]. The central ball elements, the Ge
elements and the BGO Compton-suppressor elements are regrouped into 164 subunits
of equal efficiency and solid angle used to determine the total v-ray energy and ~-ray
multiplicity in an experiment. Euroball has been used at LNL in Legnaro (Italy) and
at IReS (Institut de Recherches Subatomiques) in Strasbourg (France).

4.4.4. Impact of second-generation high-resolution arrays. The 100-fold increase in
resolving power of these arrays (as compared to the first-generation arrays) means that
one can study features that are 100 times weaker than before. In nuclei, it means, for

example, understanding structures at higher angular momentum, higher temperature
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or for more exotic nuclei. An example of the increased power of these new arrays is
the discovery of the ‘linking transitions’ between superdeformed states and normally
deformed states in some nuclei around mass 190 [56, 57, 58] and mass 150 [59]. These
transitions are indeed very weak, around 1% of the intensity of the superdeformed (SD)
bands (which themselves have an intensity around 1% of the total cross section) and
their observation corresponds to the gain made possible by the increase in resolving
power. Observing these ‘superdeformed decay’ transitions aids in the understanding
of how the nucleus makes such a dramatic transition between two states in which the
shapes are very different. The decay spectrum from the SD state is similar to the
statistical decay spectrum of a highly excited normally deformed (ND) state, suggesting
that the decay arises from a small admixture (~ 0.5%) of the (high density) ND states
into the SD state. These links have been observed in very few cases (3 out of about 350
bands known) and the full decay mechanism is still not clear. Many failed searches in
other nuclei indicate that higher resolving power is needed to elucidate completely the

decay mechanism of superdeformed bands.

4.5. Recent developments in increasing granularity.

Some arrays now under construction are geared toward a very high full-energy peak
efficiency. This is a critical property because these arrays are meant to be used with
radioactive beam accelerators which inherently provide beams of low intensity. In ad-
dition, in many of these ‘exotic’ nuclei studies, the angular momentum of the product
nuclei, and therefore the v-ray multiplicity, is low and this allows the use of larger de-
tectors closer to the target. However, it is necessary to achieve a good energy resolution
if the full-energy peaks are to stand out above the background. This requires a high
granularity, in order to reduce the large Doppler broadening associated with the (of-
ten) large velocities of the recoiling nuclei. In the arrays being built for this purpose,

the design of the detector units uses a combination of composite and segmented detectors.

One array, called EXOGAM [60, 61] (see table 1), is developed by a European
collaboration and consists of up to 16 detector units which can be arranged in various
configurations depending on the study to be made. Each unit is a 4-crystal segmented
clover detector with each of the Ge crystals electrically segmented in the azimuthal di-
rection into four equal segments (4x1). The clover is Compton suppressed by a modular
BGO shield consisting of independent side shields, rear-side shields, and back catchers.
The side shields can be removed to obtain a more compact geometry where the sides
of the clover detectors touch. For a Coulomb excitation experiment (assuming that the
recoil angle has been measured with an accuracy of 3°) with a y-ray multiplicity of 2 and
a recoil velocity v/c of 7.5% of the speed of light, and for a y-ray energy of 1.33 MeV, the
photopeak efficiency ¢, is 0.18 (almost twice that of Gammasphere and Euroball), the
P/T ratio is 0.45 and the energy resolution is 14.9 keV for a target-to-crystal distance
of 11.4 ecm. In Canada, its counterpart TIGRESS [62] is currently under consideration.
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Table 1. Arrays of segmented detectors (more than two-fold segmented).

Name Nb of Size®  Shape Nb of Crystals  Status
crystals segmentsb /cryostat

EXOGAM® 64 6x7 square 4x1 4 operational
TIGRESS? 64 6x9 square 4x2 4 prototype
MINIBALL® 40 7x7.8 reg. hexagon 6x1 3.4 operational
SeGA/ 18 Tx8 cylinder 4x8 1 operational
GRETAY 120 8x9 irr. hexagons 6x6 3 prototype
AGATA” 180 8x9 irr. hexagons 6x6 3 prototype

“*diameter x length in ecm before shaping

bazimuth x length

*GANIL, France [60, 61]

ITRIUMF, Canada [62]
‘REX-ISOLDE, Germany [54, 63, 64]
IMichigan State University, USA [65]
JUSA [28, 78]

"Europe [76]

It has an additional 2-fold longitudinal segmentation (4x2).

Another array, called MINIBALL [54, 63, 64], developed by a European collabora-
tion, is also operational. It consists of eight cryostats with three Ge detectors in each
plus four cryostats with four Ge detectors in each. The Ge detectors are encapsulated
and electrically segmented into (6x1) segments. The cluster granularity is thus multi-
plied by a factor six. The detector-target distance is ~ 11 c¢m and for a recoil velocity
v/c of 4.5% the energy resolution is ~ 7 keV for a 1.3 MeV ~ ray emitted at 90° to the
beam. The full-energy peak efficiency ¢, is expected to be 0.17 and the P/T ratio 0.5.
Also in this case various geometries can be accommodated. Both arrays can be used

with auxiliary detectors in order to enhance their power.

In the US, a position sensitive Ge detector array called SeGA [65] is in operation
at Michigan State University. It consists of 18 highly segmented HPGe cylindrical de-
tectors, with 4x8 segments. The segments in the longitudinal direction are each approx-
imately 10 mm wide. The axis of each detector is perpendicular to the target-detector
direction and tangent to the meridian that defines the detector position so that the
opening angle for each segment that views the recoils (and therefore the Doppler broad-
ening) is small, determined by the 10 mm segments. For a recoil velocity v/c of 35% and
a 1.3 MeV ~ ray, the calculated photopeak efficiency is 2.3% and the energy resolution
is 20 keV (at the typical distance of 20 cm from the target). The overriding concern is

the determination of the first interaction point of the v rays in the detector in order to
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correct for the very large Doppler broadening. Since there are many small segments, an
incident  ray will trigger several of them, and a scheme needs to be developed to deter-
mine the segment where the first interaction occurred. At present, the first interaction
is assumed to occur in the segment where the highest energy is deposited. We have seen
that the arrangement of composite segmented detectors in various arrays considerably
improves the photopeak efficiency and the energy resolution when observing v rays of
low multiplicity and at reasonably low rates from fast-moving recoils. The challenge of
making a high-rate, high-multiplicity, general purpose detector array that fully exploits
these new properties leads to the tracking detectors. The concept of tracking [28] will

be discussed in section 6.

5. Advances in electronics and data acquisition

In this section, we will briefly review the electronic and data acquisition systems used

in modern nuclear physics experiments to record data from large y-ray detector arrays.

5.1. Basic scheme of electronics and data acquisitions system

The function of the electronic signal processing system is to determine the energy, time
and position of the ~ ray from the detector pulse. In an ‘analog’ system, as shown
in figure 5, separated pulse shaping (filter) circuits optimized for energy and time
measurements are used to produce pulses for an ADC (analog to digital converter)
and a TDC (time to digital converter). In a ‘digital’ signal processing system, the
entire pulse shape is digitized, and the filtering and the energy and time determination
are carried out using digital processing. The basic design principle of the filters is
the same whether they are implemented in an analog circuit or in digital processing
algorithms. However, digital processing provides more flexibility and the possibility of
more complicated processing.

The data acquisition system collects the digitized information from the individual
detectors and forms the ‘event’. Various levels of event selection, formatting, and
monitoring are performed by the system. Some are realized more efficiently in the
electronics hardware, e.g. coincidence requirements and multiplicity selections. Others,
such as energy and time calibration and the selection (gating) of energy and time,
are usually carried out in computers. The accepted events are stored on mass storage
devices, usually magnetic tape or magnetic disks. During the experiment spectra are
generated for on-line monitoring. In the following, we will discuss the components of a
typical ‘analog’ signal processing (see figure 5) and data acquisition system, and mention
the recent advances. Later, in section 7, we discuss briefly new ‘digital’ systems being

implemented.
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5.2. Modern electronic systems

5.2.1. Preamplifier. The first stage of the signal processing system is the preamplifier.
It provides sufficient gain and appropriate impedance matching such that the output
signal can be transmitted through a reasonable length of cable to the main data
processing system. The noise introduced by the subsequent stages will be negligible
compared with that of the preamplifier. The input of the preamplifier (the gate of the
FET [20]) is usually connected (DC coupling) [19] directly to the electrode which is at
the ground of the bias voltage. However, when signals from both electrodes are needed,
e.g. in a segmented detector, the preamplifier for the electrode with the bias voltage (the
central electrode) has to be connected through a capacitor (AC coupling) to block the
high voltage. The coupling capacitor will introduce additional noise and could degrade
the resolution at high counting rates.

To make the output signal independent of the variation of the detector capacitance
(which may fluctuate, e.g., due to changes in surface states), the preamplifier is operated
in the charge-sensitive mode: the amplitude of the output voltage signal is proportional
to Q/Cs where @ is the charge accummulated at the detector electrodes and Cy is the
so-called feedback capacitance of the preamplifier which is fixed. To prevent charge
build-up of the feedback capacitor, a pulse-reset circuit [19] produces a short (few
microsecond) pulse to neutralize the accumulated charge when the preamplifier output

reaches a preset level. This method is used in Gammasphere.

5.2.2. Pulse shaping amplifiers for energy determination. The main amplifier takes the
signal from the preamplifier and produces an output signal with the shape and amplitude
required by the ADC for the energy determination. The most important requirement
is to shape the pulse to achieve the best signal-to-noise ratio, which will produce the
best energy resolution. The so-called peak-sensing ADC, which is used most commonly,
requires the pulse height to be proportional to the charge collected by the detector. In
addition, high counting rate capability and insensitivity to the rise time of the pulse are
also important in the selection of the pulse shape.

There are two important time scales in the design of the amplifier. One is the charge
collection time of the detector. Since the charge drift velocity is about 10 em/pus, the
charge collection time for a large coaxial Ge detector is of order several hundred ns. In
order to have the pulse height independent of the variation of the collection time, the
pulse should have a flat top duration longer than this time. The other time scale is
the optimal pulse width in order to minimize the noise [19]. For a typical large coaxial
detector and cold FET the pulse width which minimizes the noise is in the range of
5-20 ps.

A variety of amplifier shaping circuits [66] have been used to achieve this
goal. A quasi-trapezoidal shaper was implemented for Gammmasphere using a single
differentiator and by mixing the output of four active integrators to approximate the

trapezoidal shape [19]. It has a peaking time of 4 us and a flat top time of 1 pus.
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This shape provides low noise and good performance at high counting rates. It also
eliminates the so-called ballistic deficit which refers to small losses in the amplifier
output signal amplitude due to a long charge collection time in the detector. Ballistic
deficit occurs because the various time constants used cannot be arbitrarily large. This
is important in larger coaxial Ge detectors which have more rise-time variation with
the ~-ray interaction position. One can correct this deficit by calculating it for each
pulse based on the known rise time and amplifier characteristics. Finally, when using
high count rates, linear pulses out of the amplifier may overlap too often and degrade
the energy resolution. Pile-up rejector circuits simply reject both signals when the time

interval between the two pulses is less than their width.

5.2.3. Analog to digital converter. The analog to digital converter (ADC) converts
the pulse height of the amplifier output to a digital number (channel). The modern
ADCs are based on the successive approximation method [67], which can produce a
16-bit number (for a spectrum with 2'° = 65536 channels) in several ps. This time is
comparable to the pulse shaping time, and thus it does not contribute significantly to
the dead time of the data acquisition system. The linearity of the ADC is important
to the high resolution needed in v-ray spectroscopy. In particular, the differential non-
linearity (DNL), the variation of the width of a channel, is large (about 50%). This will
produce a large variation in a spectrum having a flat distribution of pulse amplitudes.
This variation can be reduced [68] by averaging channel widths over many channels.
This is accomplished by adding a random pulse height and then subtracting the digital
equivalent. This method reduces the DNL to an acceptable level. For example, the
Gammasphere high-resolution energy signal uses a 16-bit ADC (with a 4 us conversion
time) and a DNL of 1% is achieved. Also, spectra constructed from a large number of
detectors (ADCs), will have a further reduction of DNL, proportional to the square root
of the number of detectors.

5.2.4. Time. The timing circuit takes the signal from the preamplifier, shapes it,
and sends it to a timing discriminator, which provides a fast timing signal. The time
difference of this signal and a reference time signal is digitized by a TDC and recorded.
The pulse shape required for timing is different from that for energy. The shaping
circuit reduces the noise and maintains the fast rise time of the signal. Thus, the time
scale of the shaping circuit should be in the range of the charge collection time of the
detector, which for a large Ge detector is 300-500 ns. The most commonly used circuit
is a constant fraction discriminator (see section 3.2.3). For a large coaxial detector,
the time resolution is typically in the range of 5-10 ns due to the rather long charge
collection time and the variation of the pulse shapes in the more complex electric field

configuration (especially at the closed end of the detector).

5.2.5. Trigger and read out. The trigger system uses the characteristics of an event to

decide whether to accept the event or not. In a large array, triggering is generally carried
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out at several levels. The first level is usually implemented in electronics hardware
using logic circuits. In a Compton shielded Ge detector array, logical signals produced
by the discriminators on the Ge and BGO signals are used to perform the Compton
rejection, and to determine the coincidence folds (see section 2.4) of the ‘clean’ Ge (no
signal detected in its shield) and ‘dirty” Ge (signal detected in shield) detectors using
multiplicity logic circuits. An approximate selection of the angular momentum of the
event can be achieved quickly by selecting these "fold” numbers. More complex triggers
based on the energy and time of v rays, the total energy of the event, and the ~-ray
angular distribution are generated in the next level of trigger, usually implemented in
computer software.

The readout system works closely with the trigger system, especially in a data
acquisition system with multi-level triggers. After a successful first-level trigger, the
readout system reads out all the data from the detectors which have produced a signal,
and combines them in a predetermined format. Once the event has been ‘formed’, it can
be sent to different data paths (including data storage, analysis for on-line monitoring,
and/or further triggering) before it is stored.

5.2.6. Data acquisition rate. As new generations of arrays became available, the data
rate has become a more important consideration in a data acquisition system. As
discussed earlier, the requirement to reduce the noise for energy measurement means
that the energy signal has to be integrated for a time period of about 10 ps. This
determines the time during which a second pulse will pile up with the first pulse, and
appreciable pulse pile up will occur at a detector counting rate above 10000 Hz. When
two pulses pile up, the amplitude of both pulses will be destroyed, and the combined
signal will produce a background event. A pileup rejection circuit which examines the
time separation between two consecutive pulses is used to reject these pulses.

The time for the ADC and TDC to convert the analog signals to digital numbers
is a few ps using currently available circuits. This time is comparable to the fall time
of the energy pulses, and thus it does not add much to the dead time of the individual
detector channel. Overall, the readout would take about 10 ps per event, leading to
a total dead time of 20 ps. For a system with pipelining, the ADCs can be active
during the readout time and the dead time is thus reduced. In a typical Gammasphere

experiment, about 1 Mb/s of data is stored on 8 mm magnetic tapes.

5.2.7. Implementation of electronics for large arrays. Most of the electronics discussed
above are available commercially. They are implemented as NIM, CAMAC and VME
modules, and require interconnection between them. If we use these modules for
a large array with about 100 elements, the number of modules could reach several
hundred and the number of connections could reach several thousand. That would
present problems in space requirement, power requirement, and reliability. Instead,
all second generation arrays are using custom-built electronics with a higher level of

integration. This is achieved by placing all electronics for one detector module (Ge
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and BGO shield) on one circuit board, and placing multiple circuit boards in one
electronics module, or by grouping circuit boards for several Ge (or BGO) detectors
in one electronic module. There are several technologies for constructing circuit boards
to achieve high component density: Surface Mount Devices (SMD), hybrid circuit and
Application Specific Integrated Circuits (ASIC). For example, Gammasphere with 110
channels chose the SMD, while Euroball with 239 Ge channels uses the more compact
ASIC technology [12, 69, 70]. The design of high-density electronics has to take into

account possible cross talk between channels, heat dissipation and ease of repair.

6. Towards the future: gamma-ray tracking arrays

In a pure Ge array, the removal of the Compton suppressors would increase the Ge
solid angle coverage by roughly a factor of two, and in addition, would recover the full
energy of a v ray that escapes from one detector to another, increasing the efficiency
for the detection of a 1.3 MeV ~ ray by another factor of two. Thus, the efficiency
for detecting the full energy of a 1.3 MeV ~ ray for a 47 shell of Ge detectors can be
estimated to be about 60%, limited only by the finite thickness of the Ge crystals, the
gaps and the absorption in the support structures. However, the inability to distinguish
between two ~ rays detected simultaneously in two detectors and one v ray interacting
in the two detectors has prevented the introduction of pure Ge shells for nuclear physics
experiments. To isolate multiple (e.g., 20) simultaneous ~ rays sufficiently, more than
1000 detectors would be required whose cost would be prohibitive.

The solution (see figure 17) is to track the interactions of all v rays in order to
identify and separate the emitted v rays even if several interact in one detector. Taking
advantage of the technological advances in segmenting Ge crystals electrically in two
dimensions, it is now feasible to build an array of approximately 100 highly segmented
Ge detectors. Such an array retains high efficiency by allowing the pulse-shape analysis
of signals from each segment to be used to reconstruct the energy and three-dimensional
positions of all y-ray interactions and then track the 4 rays. The ability to track
the interactions of 4 rays in the detector could increase the sensitivity for detecting
~ radiation dramatically and might be a step comparable with the first introduction of
Ge detectors about 40 years ago.

In the following, we will introduce the tracking concept. We will then briefly
mention the various planned tracking arrays before presenting one of them (GRETA)

in more detail.

6.1. Tracking principle

Tracking of ~ radiation [71] requires the determination of individual y-ray interactions
and their scattering sequence, i.e. the time order. Due to the small distance between
interactions (a few cm to a few mm) and a time resolution of typically 5 ns in Ge

detectors, it is not possible to determine the time sequence by measuring the time of the
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interactions. We have to use tracking algorithms, which rely on the characteristics of the
underlying physical processes (Compton scattering, pair production and photoelectric

effect) to order the individual interactions into a y-ray path.

6.1.1. Compton scattering. For most y-spectroscopy experiments (e.g. for ~-ray
energies between 150 keV and 8 MeV) Compton scattering is the dominant interaction
process. For example, a 1.3 MeV ~ ray undergoes on average three Compton scattering
processes before it is fully absorbed by a photoelectric effect. Figure 18 illustrates a
scattering scenario of an incident 4 ray undergoing two Compton scatterings and then a
photoelectric absorption. The 7-ray scattering angle is 8, E, is the initial y-ray energy
and F; (i=1,3) is the energy deposited at the interaction point. Since the range of
electrons for 7y-ray energies of interest is mostly below 1 mm, the energy deposition is
assumed to be at the position of the scattering for the following discussions. Assuming
the full energy E, is deposited in the detector (E,=E;+E;+E3), and the v ray is emitted
from the source position, it is possible to calculate the scattering angle 8. for each
interaction according to equation 1. In addition, the measured scattering angle 8, can
be deduced from the three-dimensional positions of the interactions. One can define a

figure-of-merit such as,

e=y (97”_90)2 (5)

n=1 0-6’ n

where gy is the estimated angle uncertainty and the index j indicates one of the possible
sequences (all of which are sketched in figure 18 as well as the source shown as a solid
point). It is possible to find the sequence with minimum y?. If the interaction points
had perfect position and energy resolution, the tracking would be exact and the properly
identified scattering path would show no deviation from the scattering formula (y? =
0). Any deviation would indicate a Compton escape event in which a v ray left only a
fraction of its energy before it scattered out of the detector, or in which the 4 ray does
not originate from the source. In this way, the v-ray tracking procedure would work as
an anti-Compton detector without the shield. In the ideal case of perfect position and
energy resolution, the peak-to-total ratio would be unity since all escape events would
be identified and disregarded and only full energy events would be accepted.
Unfortunately, due to the finite energy and position resolution in the v-ray detection
system, x? will always be larger than zero and the peak-to-total ratio will always be
smaller than unity. Figure 19 shows calculated y? values for full-energy and escape
(background) events. Here, v rays with an energy of 1 MeV were simulated in an
ideal Ge shell. Depending on the y? value which is used to separate full-energy (peak)
from escape (background) events, it is possible to improve the P/T ratio at the cost of

efficiency or vice versa.

6.1.2. Position resolution requirement for tracking. The realization of an efficient

tracking array requires a position resolution of 1-2 mm [71] and an energy resolution of
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a 2-3 keV per interaction. The required position resolution corresponds to an effective
granularity of approximately 30000 voxels per Ge detector with a volume of 300 cm?,
which is impossible to achieve by a physical segmentation of the crystal. However, pulse-
shape analysis methods [72, 73] have been developed, which can provide this position
accuracy together with high-resolution energy information. These methods require a

segmentation of the outer detector contact into 20-40 segments.

6.2. Planned detector systems

The idea of three-dimensional ~-ray tracking in a solid state detector was conceived at
LBNL in 1994. The implementation of these new concepts was called GRETA (Gamma-
Ray Energy Tracking Array). European efforts to realize a v-ray tracking array were first
initiated in Italy shortly after with a system called MARS (Mini Array of Segmented
detectors). Broader support in Europe was reflected in the establishment of a European
wide network, called TMR (Training and Mobility of Researchers) [74], to coordinate
the wide variety of efforts. In 2000, these efforts culminated in establishing the AGATA
(Advanced GAmma-ray Tracking Array) project which is currently the European focus.
Table 1 also gives a summary of the characteristics of AGATA and GRETA.

In the following we discuss briefly these recent efforts to build 47 arrangements
of segmented and large volume coaxial detectors and we also discuss possible planar

arrays. GRETA will be reviewed in more detail in section 7.

6.2.1. MARS. MARS (for Mini ARay of Segmented detectors) [75], aimed at building
a smaller scale array consisting of 50-60 coaxial HPGe detectors with a two-dimensional
4x6 segmentation in a barrel-like arrangement. A geodesic geometry would be less
efficient because of relatively bigger gaps and the loss of material due to the large
taper required. The barrel-like structure is more efficient but requires long crystals in
order to cover better the equatorial area around 90°. However, count rates are then
distributed unevenly among detectors and segments, and significant cross-scattering
occurs throughout the whole array. Reseach and Development for MARS has now been
incorporated into the bigger project AGATA.

6.2.2. AGATA. A number of European efforts were initiated after MARS, all
culminating recently in the AGATA project [76]. The original design consists of 180
hexagonal and 12 pentagonal Ge detectors in a geodesic configuration. The larger
number of detectors permits a larger inner space (34 cm diameter) to accommodate
auxiliary devices. Using pulse-shape analysis tools and tracking algorithms which have

been developed in Europe one expects an efficiency of 25% for a cascade of 30 ~ rays of

1 MeV and v/c < 0.5.

6.2.3. Planar arrays. A possibility for achieving the required position resolution of a

few millimeters without pulse shape analysis is to use detector systems having sufficient
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pixalation. Such systems might be built [77] of stacks of thin planar detectors, each
with with one electrode highly pixilated or in double-sided strip (DSSD) configuration
where the opposite electrodes are divided in orthogonal strips. To ensure that a single
interaction occurs in one pixel, small pixels or strips are used as well as thin detector
layers. The interaction position is determined by the pixel and layer number. In a
thicker detector, the measured drift time can determine the interaction depth. Only
the energy has to be processed, which can be accomplished by conventional analog
processing electronics with very many channels. However, dead layers, e.g. in guard
rings, at the edge of each planar crystal, as well as the mechanical structure required
to provide sufficient cooling to the HP Ge detectors, significantly limit the possibility of
assembling these detectors into efficient 47 arrays. Thus closed-end coaxial detectors

are the only feasible choice for constructing 47 arrays at the present time.

7. GRETA, the Gamma-Ray Energy Tracking Array

In this section, we will discuss in more detail the design of GRETA, its expected

performance, the project status and the new physics opportunities.

7.1. The GRETA design

As indicated in figure 17, the GRETA design consists of a spherical shell, in a geodesic
configuration, of 120 to 130 highly segmented HPGe detectors. To maximize the
solid angle coverage, the detectors are tapered hexagons and pentagons. An isotropic
spherical geometry provides nearly equal count rates per solid angle, which simplifies
processing requirements as well data analysis and minimizes scattering processes within
the array. However, the space between detectors limits the solid angle coverage and
therefore has to be minimized.

While most of the technology to build Gammasphere was available when
Gammasphere was conceived, the segmentation technology, the pulse-shape analysis,
and the tracking algorithms were not sufficiently developed prior to GRETA in order
to ensure the feasibility of a y-ray tracking array. Therefore, we will discuss these three

aspects in more detail.

7.1.1. Segmentation. The 36-fold segmented GRETA prototype [72] and its
segmentation scheme are shown in figure 20. The prototype consists of a closed-ended
HP-Ge n-type crystal with a tapered hexagonal shape. The bias is applied to the central
contact, which allows the segments to be DC-coupled to the preamplifier (see section 5).
The inner hole has a length of 7.5 cm and a diameter of 1.0 cm. The angle of the taper
is 10 degrees. The outer electrode is divided into 36 parts (6x6). The 6 longitudinal
boundaries are located in the middle of the flat surfaces of the hexagonal shape. The
widths of the segments along the symmetry axis, starting at the front (the narrow end),

are 7.5 mm, 7.5 mm, 15 mm, 20 mm, 25 mm and 15 mm, respectively. The thickness of
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the layers was chosen to distribute the number of the interactions more equally among
the segments for v rays coming from the front and to allow the study of the effects of
different thicknesses on the transient-signal (see next paragraph) sensitivity. The Ge
crystal resides in a 1 mm thick aluminum can of the same shape as the crystal. This
can is separated from the crystal by 1 mm to simulate the close packed geometry of
individually encapsulated detectors. It is possible to mount these two-dimensionally
segmented HPGe detectors in 0.7 mm thick cans with 0.7 mm gap between crystal and
capsule. Such a capsule has been shown to be feasible by the MINIBALL collaboration
[64] (see paragraphs 4.4.3 and 4.5). The minimization of capsule thickness and gap size
is important in order to maximize solid-angle coverage as well as add-back efficiency. To
maximize the signal-to-noise ratio of the signals, the 37 FET’s (36 segments + 1 central
contact) of the GRETA prototype detector are located and cooled in the same vacuum
as the crystal.

7.1.2.  Pulse-shape analysis. Pulse-shape analysis [73] in a two-dimensionally seg-
mented detector determines the position in three dimensions with an accuracy far better
than the segmentation size. This is achieved not only by measuring the net charge signal
of the charge collecting electrode but also the transient signals of neighboring segments

which display temporary image charges.

Signal measurement and caleulation. In the detector, a signal (integrated current
as a function of time) is produced when electrons and holes, formed by the slowing
down of the photo, Compton, or pair-production electrons, induce image charges of
opposite sign on the electrodes. As the charges drift toward the electrodes, the amount
of the image charge changes and currents flow into or out of the electrodes. When the
charge is at a large distance from the electrodes, the induced charge is distributed over
several electrodes. As the charge moves closer to the destination electrode, the induced
charge on this electrode increases and charges on the other electrodes decrease until the
charge finally reaches the destination electrode and neutralizes the image charge. The
observation of a net charge on the destination or charge-collecting electrode (segment
B4 in figure 21) can be used to identify the segment which contains the interaction. In
contrast, the predominant characteristic of the transient signals is that they vanish when
the charge carriers are collected. In addition, either polarity is possible, depending on the
positions of holes and electrons (which depend on the interaction position). For example,
for an interaction sufficiently close (the exact distance depends on the geometry) to the
outer electrode (e.g., x=22 in figure 21), the transient signal is always negative.

Charge carrier trajectories as well as segment signals can be calculated from the
electric field in the detector and the known parameterization of the charge carrier ve-
locities as a function of electric field and crystal orientation. The field is obtained by
solving the Poisson equation for the given detector geometry and boundary conditions.

Transient charge signals are calculated via the so-called weighted field method.
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Position sensitivity. In figure 21, measured as well as calculated segment signals
are shown. The top part indicates the two locations of single interactions in segment B4,
close to the lower and front neighbors C4 and B3, respectively. The measurements were
performed with the coincidence setup shown on top of figure 22. Because of the finite size
of the collimators, the signals for a given pair of collimator positions are averaged over
many events in order to define a set of signals corresponding to a ‘precise’ interaction
position, i.e., the center of the collimated region of the detector. However, the signal
noise prevents an event-by-event precise determination of the interaction position. The
position sensitivity expresses the change of net and transient charge signals for different
locations (determined as explained above) relative to the noise level. It measures the
minimum distance between interactions that produce distinguishable signals. The ob-
tained sensitivity of about 0.5 mm in each dimension at an energy of 374 keV (deposited
in a single interaction), is remarkable considering the fact that the size of the segment
is very roughly 2 cm on each side, implying an improvement of about a factor of 40 in

each dimension.

Determination of the interation position. In order to track, an event-by-event inter-
action position determination is needed. It is in principle obtained by decomposing each
measured signal into sets of basis of measured signals which correspond to a precise
single-interaction position (obtained by averaging as explained in the previous para-
graph). However, due to time constraints of data collection, it was only possible to
measure basis sets of signals for a few regions of the crystal. Calculated signals corre-
sponding to the same positions fit the data exceptionally well as shown in figures 21
and 22 and only calculations are then used to obtain sets of basis signals over the entire

crystal.

Position resolution. The position resolution is the FWHM of a position spec-
trum obtained from a specific location in the crystal. The true position resolution has
to be measured event-by-event by decomposing the measured signals with the single-
interaction sets of basis signals. This gives the position distributions measured for a
given collimated source position (bottom solid curves of figure 22). The width of these
position distributions results from a convolution of the collimator sizes and the position
resolution. The measured widths give a position resolution of 0.6 mm to 1 mm (figure 22,
bottom), again at an energy of 374 keV. These distributions are well reproduced by a
calculation under the same conditions (bottom dashed curves of figure 22, see caption),
where a known noise has been added to the calculated signals. The displacement of
the calculated curves relative to the experimental ones in the y dimension corresponds
to a position deviation (centroid of the peak) of about 2 mm which is due to crystal

orientation effects not taken into account in these calculations.

Multiple interactions. The real situation is more complicated and involves multiple

interactions in multiple segments. For example, a 1.3 MeV ~ ray, fully stopped in
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one crystal, interacts on average 4 times (two interactions in two segments). Several
fitting procedures have been explored: conventional least-square fitting, singular value
decomposition, artificial neural networks and genetic algorithms. The goal of most of
the fitting procedures is to decompose the measured signals into the a priori calculated
basis signals. To perform this decomposition calculations in real time with a sustained
event rate of up to 50 kHz represents one of the remaining challenges. Current results

vary in achievable position, energy resolution and, especially, in processing times.

7.1.3. Tracking algorithms. The reconstruction of ~ rays is the third major task re-
quired to realize a y-ray tracking array. The interaction information is used by tracking

algorithms [71] to separate and identify the ~ rays.

Compton scattering. Figure 23 shows a world map of interactions obtained by
Monte-Carlo simulations (GEANT3) for 25 4 rays with an energy of 1.33 MeV launched
from the center into an ideal Ge shell with an inner radius of 15 cm and a thickness of
9 cm. The Compton scattering process is dominant for these + rays as well as in the
region of main interest, e.g. between 150 keV and 8 MeV. One of the current Compton-
tracking algorithms consists of three steps. Cluster identification is the first step. The
interaction points within a given angular separation (called angle parameter) as viewed
from the ~-ray source are grouped into a cluster. In the second step, each cluster is eval-
uated by tracking to determine whether it contains all the interaction points belonging
to a single v ray. The tracking algorithm uses the angle-energy relation of Compton scat-
tering to determine the most likely scattering sequence from the position and energy of
the interaction points. As discussed in paragraph 6.1.1, we identify good clusters based
on a small deviation y? from a Compton-scattering sequence. In the third step, we try
to recover some of the wrongly identified clusters. For example, one type of incorrectly
identified cluster comes from a single v ray being separated into two clusters. This 7 ray
can be correctly identified by tracking together all pairs of bad clusters. When the result
gives a small 2, the v ray is recovered by adding the two clusters. The clusters which
do not satisfy any of the above criteria are rejected. Assuming a position resolution of
1 mm which appears to be feasible, an angle parameter of 8 degrees, and 25 emitted 1.33
MeV ~ rays, a peak efficiency of 33% and a peak-to-total of 72% can be achieved. In
comparison, Gammasphere has an efficiency of about 8% and a peak-to-total of about
50% under the same conditions, which implies a gain of four in efficiency and 1.5 in peak-
to-total for each v ray. Note that a typical high-spin event where 5 full-energy ~ rays

are recorded is then approximately 4° ~ 1000 times more likely and (1.5)® times cleaner.

Pair production. At 10 MeV, the probability of pair production is about 60%.
In most cases, pair production occurs at the first interaction because the energy of ~
rays decreases rapidly as a Compton scattering sequence proceeds. The electron and
positron pair produced by a 10-MeV + ray have short ranges, less than 6 mm in Ge. The

annihilation of the positron produces two 0.511-MeV 4 rays and each of them creates
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a cluster of interaction points. Therefore, the pattern of pair-production events can be
characterized as a single high-energy point surrounded by low energy points. Such an
algorithm was tested and a preliminary result gives a value of tracking efficiency ¢ ~ 0.5
at 10 MeV for an energy resolution of 2 keV and a position resolution of 3 mm. The
full-energy-peak efficiency for pair events is the product of ¢ and the full absorption
efficiency e, (~ 0.7 at 10 MeV) for the Ge shell.

Effect of neutrons. Neutrons, produced most often in nuclear reactions at energies
around 1 MeV, interact primarily by elastic scattering [71]. These neutrons interact 4-5
times with the array, depositing about 5% of their energy per interaction before leaving
the Ge shell. However, prompt coincidence timing eliminates the majority of neutron
interactions. The remaining interactions are eliminated during the y-ray tracking phase

of the algorithm since these neutron clusters do not resemble good ~-ray clusters.

7.2. Fzxpected performance

From the measurements on the prototype detector and from the simulations, we can

infer the expected characteristic properties of GRETA.

7.2.1. Efficiency, peak-to-total ratio, position resolution, and rate. Figure 24 shows
photopeak efficiencies and P/T ratios as a function of energy for GRETA and
Gammasphere, based on simulations of single v rays without tracking. In particular
for high ~-ray energies the gain of a closed shell is very large. Efficiencies of up to 10%
are expected at y-ray energies of 10 MeV while Gammasphere provides only about 0.5%
at this energy. The gain in the P/T ratio at higher ~-ray energies is also quite large and is
due to the full coverage of Ge detectors which can contain the larger spatial distribution
of higher-energy v rays. In Gammasphere this larger distribution is unlikely to be
contained in a single Ge detector. For higher ~-ray multiplicities, the performance for
GRETA with tracking depends on the achievable position resolution and the minimal
resolvable distance between two interactions. With a position resolution of 1-2 mm,
figure 25 shows calculated [71] efficiencies and P/T ratios for GRETA when tracking
25 v rays of 1.33 MeV as a function of the angle parameter. The calculated numbers
for Gammasphere at this multiplicity and this energy are shown for comparison. At an
angle parameter of 8° one can conservatively expect an efficiency of about 30% and a
P/T ratio of 70%. In addition, we estimate that because of the shorter processing time

and the increased number of segments, the event rate can be increased by a factor of
about 20.

7.2.2.  Resolving power. Based on the efficiencies and the P/T ratios in figure 25
the expected resolving power of GRETA will be approximately 7x10°, an increase in

sensitivity by three orders of magnitude from Gammasphere and Furoball.
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The substantial gain in sensitivity of a v-ray tracking array is not limited to
experiments with high ~v-ray multiplicities. Tremendous improvements due the enhanced
Doppler-shift correction capability can also be expected for high recoil-velocity events
even at low ~-ray multiplicities. Also large improvements in efficiency for high ~-ray

energies are expected under any conditions.

7.3. Recent developments and future plans for GRETA

The above discussion has outlined the design and expected performance of GRETA.

This section will give the present status of detector- and signal analysis-development.

7.3.1. Detector prototypes and the GRETA array. Development of segmented HPGe
coaxial detectors began with Gammasphere in 1993 with two segments (2x1, see
paragraph 4.4.2) and table 1 lists various types of segmented detectors used in current
or planned arrays. The first GRETA prototype used a 6x2 segmentation. This detector
was tested in 1997. The second prototype with 6x6 segmentation was extensively tested
in 1999-2000.

The next important step towards building a full ~-ray tracking array such as
GRETA is the manufacture of a cluster of three encapsulated, 6x6 segmented HPGe
detectors. All three detectors will be assembled close together in one cryostat. This
arrangement represents a compromise between minimizing support structure and gaps
on one hand and providing adequate reliability and cooling capabilities on the other
hand. Since each Ge crystal is equipped with 37 FET’s, a total of 111 FET’s have to
be cooled down in the cryostat. The main purpose of this module is the development
of the technology to assemble and operate three close-packed and highly segmented
HPGe detectors in one cryostat. The first cluster was ordered in the fall of 2002 with
delivery expected in the fall of 2003. If successful, two more clusters will be acquired.
This small array of 9 Ge detectors [78] (see figure 26) will test v-ray tracking across
cryostat boundaries. A photopeak efficiency of up to 3% and a P/T ratio of about 50%
at 1.33 MeV can be expected using tracking in this 3x3 GRETA cluster (see figure 24).

7.3.2. Signal digitizer and signal processing. Recent technological advances of fast-
sampling and high-resolution ADCs and the evolution in processing speed provide the
required pulse-shape analysis and tracking capabilities to process the large amount of
complex data in real time.

Planned waveform digitizer systems consist of 12 or 14 bit ADCs with a sampling
rate of 100 MHz. While the signal decomposition calculations can be run in parallel
for each individual detector, the tracking calculations have to be performed with
information from all detectors. However, the event stream can be parallelized again
over a network of processing units. In a high ~-ray multiplicity experiment, current
signal decomposition calculations will require in the order of 15 Gops/s per crystal. In

such an experiment, the tracking alone will require about 1 Tops/s.
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Presently, an 8-channel, 12-bit, 100 MHz flash-ADC board has been produced at
LBNL and is being tested. It includes a set of leading-edge discriminators, constant
fraction discriminators, an energy algorithm and a user adjustable window to extract
relevant parts of pulse shape for subsequent signal decompostion. The VME readout of

the board is designed for a sustained counting rate of 10000 counts/s.

7.3.3. Determination of double hits in a segment. The signal decomposition procedure
translates measured signal shapes into number of interactions, energies and positions.
Based on the simulation calculations, the currently employed general least square
minimization procedure, which is subject to both linear and nonlinear constraints on

the fit parameters, is able to separate single from double interactions in a segment in

70%-90% of all cases at an energy of 662 keV.

7.3.4. Full analysis of simulated and measured data. Comparisons have been made of
measured spectra with purely simulated spectra both prior to the decomposition and
tracking procedure and afterward. This determines the effect of tracking in efficiency and
P/T ratio for the 36-fold segmented GRETA prototype detector. Figure 27 illustrates
the gain in P/T ratio by tracking in the GRETA prototype detector [79]. On the
left, the measured raw spectrum is shown together with the spectrum obtained after
tracking. On the right, figure 27 shows a spectrum which was generated by Monte-
Carlo simulations and calculated signals (solid line). The simulations provide positions
and energies of individual interactions which are used to calculate signals from each
segment. To make the signal more realistic, detector and preamplifier response as well
as previously measured noise levels were folded into the signals. From there, the same
tracking procedure as used for the measured data was employed (dashed line). In both
figures, spectra have been normalized to the initial full-energy line at 662 keV.

In the measured data the P/T ratio was improved from 0.16 to 0.31 with tracking,
and the photopeak efficiency dropped to 0.62. For the calculated spectra shown on the
right of figure 27, a gain in the P/T ratio from 0.22 to 0.47 was obtained with tracking
and the efficiency decreased to 0.67, a value similar to the real data. The overall low
values of the P/T ratios of 0.16 or 0.22 are due to several non-functioning segments
which complicate the measurement. The lower value of the measured as compared with
the calculated P/T value is due the difficulty in parameterizing the environment of the
detector accurately. However, both values scale very similarly with the application of
tracking.

While the performance in terms of P/T ratio and efficiency for single y-ray tracking
is inferior to that of a Compton suppressed detector, the performance improves quickly
for more detectors where scattered ~ rays can be tracked across detector boundaries.

This can be seen in figure 24 where the expected performance of the 3x3 cluster is shown.
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7.4. GRETA capabilities for new physics

The main improvement brought by the first- and second-generation arrays was a large
increase in sensitivity or resolving power over the previous systems which consisted of
only a few detectors. GRETA not only has a resolving power increased by a factor
close to 1000 over second-generation arrays but also provides entirely new capabilities

brought about by the possibility of tracking.

7.4.1. GRETA with the ISOL-type radioactive beams. The scattering angle between
the first two interactions defines the angle of the incident ~ ray. In experiments with
radioactive beams, tracking can determine whether ~ rays come from the target or from
unwanted residual activity in the target chamber due to the radioactive beam itself. This
capability will enormously increase the sensitivity of radioactive beam experiments and
will considerably extend the range of exotic nuclei that can be studied.

The location of the first and second interaction provides the linear polarization of
the incident photon. In GRETA, the polarization sensitivity is increased by a factor
of at least 100 compared with Gammasphere or Euroball. This will help determine
the spins and parities in many exotic nuclei and will also have implications in nuclear

astrophysics.

7.4.2. GRETA with fragmentation-type radioactive beams. Through tracking, we can
locate the first interaction of a v ray within 1-2 mm anywhere in the ~-ray detector. For
the most dramatic case of a high-velocity y-emitting nucleus (v/c ~ 30%) the Doppler
broadening in a GRETA detector located at 90° to the nuclear velocity would be 10 times
smaller than with a Gammasphere detector at a similar location. This is essential for
experiments with radioactive beams obtained by the fragmentation method and makes

possible studies of the collective modes and nuclear shapes in many very exotic nuclei.

7.4.3. GRETA for high-energy v rays. GRETA will be approximately 20 times more
efficient than Gammasphere for a 10 MeV + ray. Here the combination of high efficiency
and high energy-resolution is unprecedented. For example, the elusive giant dipole
resonance built on superdeformed states is likely to be found and studied, yielding more
detail on the collective properties of superdeformed nuclei. The combination of tracking

and high efficiency will also permit the study of giant resonances in very exotic nuclei.

7.4.4. GRETA for studies of high angular momentum states. Figure 28 illustrates the
gains in resolving power achieved over the years for the various detectors considered
in this review. The gain was considerable with the construction of HPGe detector
arrays, but GRETA will achieve an even bigger step. The bottom left part of the figure
shows that v rays of correspondingly lower intensity, coming from higher and higher
nuclear spins states, could be observed, with the spin 60 corresponding to the limit

from Gammasphere and Euroball. The bottom right part shows that new nuclear
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properties were discovered as the observable frequency of the rotating nucleus was
increased (a rotational frequency of ~ 1 MeV corresponds roughly to the spin ~60
b in the left part of the figure). With GRETA it should be possible to investigate very
weak transitions and address such topics as: the systematic study of the decay between
superdeformed and normally deformed states; the search for nuclei with even more
elongated, ‘hyperdeformed’, shapes (with a ratio of axes ~ 3:1), expected to occur at
very high spins (70-80 2); the investigation of nuclear structure at increasing temperature

where new phenomena associated with the evolution from order to chaos occur.

7.4.5. Other science. Other branches of physics would also benefit from the power of
GRETA. For example, the study of the positronium decay into four or five photons
would provide higher-order tests of quantum electrodynamics and improve limits on
charge conjugation symmetry violating currents. In particle physics, measurements of
the V4 element of the quark mixing matrix, important for tests of the Standard Model,
could be improved by a factor of ~ 10 in the most important case of 1°C by distinguishing
between a 1022 keV ~ ray and the sum of two 511 keV ~ rays. In astrophysics, so-called
Compton cameras to image the distant sky will be improved by event-by-event tracking
of the first and second interactions to determine the incoming ~-ray direction. Efficient
imaging of radioactive sources through tracking will have important applications in other
areas of science. For example, in medicine, a new class of radioisotopes with multiple
~ rays could be used. In safeguarding against terrorism, higher energy ~ rays, more
difficult to shield, can be used to find hidden materials.

8. Conclusion

The development of y-ray detectors and of arrays has played a very important role
in scientific discoveries. Arguably, the most important milestones have been the
development of Nal(T1) detectors, then Ge detectors, and recently large arrays of BGO
Compton-suppressed HPGe detectors. In each case, pressing new physics questions
motivated the quest for detector improvements, and new technologies made possible
these new designs. In the last two sections, we have tried to show that y-ray tracking is
a new technique, requiring entirely new highly segmented Ge detectors, and new kinds of
data handling (digital signal processing and tracking). We have reviewed the detector
developments and focused on the progress made in nuclear spectroscopy. However,
tracking techniques will benefit many areas of science and a major effort to develop

them is presently underway worldwide.
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Figure captions

Figure 1. Linear y-ray attenuation coefficients (proportional to the cross section) for
photoelectric, Compton and pair-production interactions in Ge material as a function
of v-ray energy. The total absorption coefficient is also shown.

Figure 2. Response (distribution of pulse heights) of a Ge detector to a monoenergetic
1 MeV v-ray source. The height of the full-energy peak is off-scale in order to show
the Compton distribution.

Figure 3. From top to bottom: configuration of an n-type intrinsic germanium planar
detector; charge distribution for the fully depleted detector; electric field and electric
potential profiles along the detector.

Figure 4. Configuration of an n-type intrinsic germanium closed-end coaxial detector.
Figure 5. Basic electronic components for a pulse-height analysis.

Figure 6. (top) Current pulse produced by the detector (vertical arbitrary units);
(middle) typical voltage output of a preamplifier as a function of time. The apparent
amplitude varies due to pile-up of the pulses; (bottom) voltage output of the amplifier.
By shaping the pulses, their true amplitude is recovered.

Figure 7. Distributions Py, (M) of the number of hits, p, for various events with M
incident 7y rays, in a spherical shell of 162 Nal counters with 90% efficiency (N2) and
25% probability (f) of Compton scattering.

Figure 8. Top: schematic side view (vertical cross section) of the TESSAO array
of five Compton-suppressed Ge(Li) detectors. Bottom: plan view (projection on the
horizontal plane). The hatched area represents the lead collimators.

Figure 9. Schematic perspective view of HERA. Only one half of the array is shown
surrounding the beam line. The shaded tapered cylinders are the BGO shields, each
surrounding a coaxial HPGe detectors (outlined as a dashed cylinder in three BGO
shields). The vertical cylindrical sectors are the elements of the BGO central ball.

Figure 10. Detector configuration in Gammasphere. It results from the tiling of a
sphere with 110 hexagons and 12 pentagons (grey).

Figure 11. Side view of a Gammasphere module.

Figure 12. Side view of Microball inside the Gammasphere target chamber. The
Gammasphere BGO shields with their hevimet collimators are seen surrounding the
target chamber.

Figure 13. Schematic view of a clover detector.

Figure 14. Schematic diagram (side view cross section) of a cluster of 7 HPGe
detectors (5 visible) surrounded by their BGO Compton suppressor (hatched cross
section).

Figure 15. Components of an encapsulated Ge detector.
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Figure 16. Schematic view (side cross section) of Euroball.

Figure 17. Comparison between the current state-of-the-art detector Gammasphere
(left) and the proposed GRETA array (right). In the top part, both instruments are
shown on the same scale. The lower portion (not to scale) indicates the two different
approaches. While anti-Compton shields suppress cross scattering between Ge crystals
and hevimet absorbers prevent direct hits of the shields and thereby false suppression,
a vy-ray tracking array accepts all v rays, thereby significantly increasing the efficiency.

Figure 18. Example of a typical scattering process for a 1 MeV 4 ray interacting with
a Ge detector. An incident 4 ray with the energy E, interacts two times by means
of Compton scattering before it 1s fully absorbed by means of the photoelectric effect.
The lower part shows all possible scattering sequences which have to be sampled during
the y-ray tracking procedure. The black dot represents the source.

Figure 19. Distribution of x? values for 1 MeV v rays in a standard Ge shell.

Figure 20. The 36-fold segmented GRETA prototype detector with its tapered and
hexagonal shape and the arrangement of its segments.

Figure 21. Measured set of segment signals at x=22 mm (left) and x=14 mm (right),
y=4.5 mm and z=34.5 mm (Az=4.5mm). Segment B4 contains the interactions. The
thin lines are measured signals, the thick lines are calculated signals.

Figure 22. Top: Coincidence setup used to determine position resolution. Middle:
example of calculated (dashed lines) and measured (solid lines) signals. Bottom:
measured (full lines) and simulated (dashed lines) distributions of interaction positions,
x, v, and z. Deduced position resolutions Ax, Ay, Az. Displacements of average
positions, Apos, between measurements and calculations.

Figure 23. ‘World map’ of interactions obtained by launching 25 v rays with energies
of 1.33 MeV into an ideal Ge shell. A shows a correctly identified cluster, B shows
two wrongly identified clusters which came from one ¥ ray and C shows one wrongly
identified cluster which is caused by two v rays.

Figure 24. Calculated photopeak efficiencies (left) and P/T ratios (right) for GRETA,
Gammasphere and a cluster of 3x3 GRETA type detectors as a function of y-ray energy
for single v rays without tracking.

Figure 25. Calculated photopeak efficiencies and P/T ratios for GRETA after
tracking, assuming 25 v rays with 1.33 MeV.

Figure 26. Design of a group of three clusters, each consisting of three encapsulated,
6x6 segmented detectors.

Figure 27. Measured (left) and calculated (right) energy spectra from a '37Cs with
662 keV. The solid lines show the raw spectra without tracking, and the dashed lines
show the spectra with tracking. All spectra are normalized to the intensity of the
662 keV full-energy line, which is off-scale.
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Figure 28. Top: the evolution of the resolving power for various detectors and
detector arrays including the prediction for Ge shells such as GRETA. Bottom: (left)
relative intensity of the yrast sequence in *6Dy as a function of spin; the arrows mark
the location of the highest spin observed at the dates indicated; (right) moments of
inertia of the yrast sequence in 1°*Dy as a function of the rotational frequency; various
phenomena corresponding to ‘kinks’ in the curve are indicated.



