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1. Introduction

Over the last forty years technical advances in the detection of gamma-radiation were accompanied by new discoveries and a better understanding of the structure of atomic nuclei, reflecting the experimental driven character of this field. 

Gamma-ray spectroscopy was born with the introduction of NaI(Tl) scintillation detectors more than 40 years ago. In the 1960s Li-drifted Ge detectors replaced scintillation detectors mainly due to their superior energy resolution, which allowed nuclear structure studies of unprecedented detail. By 1970, arrangements of two and more of these detectors were used to measure coincidence relationships between gamma rays emitted from the nucleus in order to construct detailed level schemes of the excited states. Since then, advances in Ge detector technology, such as the capability to grow larger and higher purity crystals and the introduction of anti-Compton shields - scintillation detectors surrounding the Ge detector to suppress events in which only part of the energy is deposited in the Ge – significantly enhanced the efficiency and peak-to-background ratio for these detectors. By 1985 small arrays of up to 12 Compton-suppressed Ge detectors were being widely used. The culmination of these types of arrays has been in the current systems such as Gammasphere in the U.S. (presently located at the Lawrence Berkeley National Laboratory [1]) and Euroball in Europe (presently located at IRES in Strasbourg [2]). Figure 1 shows the evolution of gamma-ray detector systems in terms of the so-called resolving power. The resolving power is defined as the inverse of the sensitivity or observational limit, e.g. indicating the weakest gamma-ray decay channel, which can be resolved in an experiment. In addition, the figure illustrates the gain in sensitivity to measure higher spin states populated with lower intensity in the ground state rotational band and the extracted moment of inertia observed with different devices in 156Dy. While the relative intensity reflects the increase of the resolving power, the moment of inertia plot reveals new physics associated with increased angular momentum of the nucleus (e.g. it reflects the alignments of neutron and proton angular momentum along the axis of rotation due to Coriolis effects; the loss of suprafluid correlations and band termination and the associated loss of quantum collectivity). Remarkably in the 156Dy case, almost every significant increase in detection sensitivity was associated with the discovery of a new phenomenon. Now, we are on the verge of yet another major improvement: building an array with modules of three-dimensional position sensitive Ge detectors and employing the concept of gamma-ray tracking. 

The current state-of-the-art detector arrays, such as Gammapshere, comprise approximately 100 and more Compton-suppressed Ge detectors. These systems, which were built in the 90s, have an efficiency of about 10% for detecting the full energy of a 1MeV gamma ray and a peak-to-total ratio of about 55%. Although these types of arrays represent a large increase in efficiency (about 10 times higher) and resolving power (about 100 times higher) compared to previous arrays, they are ultimately limited by the suppressor shields and the limited efficiency of individual Ge detectors.

The removal of the Compton suppressor would allow to increase the solid angle coverage by roughly a factor of two and in addition, would enable the adding of energies of several detectors, e.g. increasing the efficiency for the detection of a 1.3 MeV gamma ray by another factor of two. Ultimately, the efficiency for detecting the full energy of 1.3 MeV for a closed shell purely built of Ge detectors can be estimated to be about 60%, limited only by the finite size of the Ge crystals, gaps and absorption in mounting structures. However, the inability to distinguish between two gamma rays emitted and detected simultaneously and one gamma ray interacting with two detectors prevented the introduction of pure Ge shells for nuclear physics experiments. To separate multiple and simultaneous gamma rays sufficiently, more than 1000 detectors would be required which is prohibitive due to the cost. 

2. Gamma-ray tracking
An alternate approach, which circumvents the problem associated with a shell built purely of Ge detectors is to “track” the interactions of all gamma rays to identify and separate the emitted gamma rays.  

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 which 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 gamma-ray interactions. This in turn allows the scattering of all the gamma rays to be tracked and the event reconstructed. One possible implementation of the gamma-ray tracking concept in a spherical shell is illustrated in figure 2 in comparison with Gammasphere. This design, called GRETA for Gamma-Ray Energy Tracking Array, is currently being developed at LBNL, where the concept of gamma-ray tracking for nuclear physics applications was conceived more than five year ago [3]. It represents one approach to implement gamma-ray tracking in a spherical shell geometry of 120 tapered coaxial Ge detectors. A very similar approach is being pursued in an European effort called AGATA for Advanced GAmma Ray Tracking Array which is currently designed to comprise190 detectors [4]. An alternate approach to build an array of two-dimensionally segmented planar Ge detectors is currently pursued at Argonne National Laboratory in the U.S. [5]. While the apparent advantage of segmented planar detectors is the easier extraction of the three-dimensional positions of the interactions, the drawback is the limited thickness of these detectors and the dead layer at the outside of the planar crystals which prevent an efficient summing between adjacent detectors. 

At the time when the gamma-ray tracking concept was conceived developments in several key areas were necessary to show its feasibility: 1.) manufacture of two-dimensionally segmented coaxial Ge detectors which are able to provide signals for resolving and locating interaction points in three dimensions; 2.) determination of the three-dimensional position sensitivity and resolution based on the shape and the noise of the measured signals, and ; 3.) development of tracking algorithms using the energy and position information to identify interaction points associated with a particular gamma ray.
2.1. Segmented detector
The ability to manufacture coaxial Ge detectors with a high degree of two-dimensional segmentation is an essential component of the presented approach towards gamma-ray tracking. To maximize the solid angle coverage, the detectors have to be closely packed. We obtained a 36-fold segmented detector with a tapered hexagonal shape, which can fit in a spherical shell of 110 hexagonal and 10 pentagonal detectors (see figure 3). An excellent average energy resolution of 1.9keV at a gamma-ray energy of 1332keV was obtained and a and a total integrated noise of about 4keV at a band width of 40MHz [6]. 
2.2. Pulse-shape processing
Pulse-shape analysis in a two-dimensional segmented detector allows us to determine the position in three dimensions with an accuracy far better than the segmentation size. This is achieved by not only measuring the signal of the charge collecting electrode with the net charge signal but also by analyzing the induced signals of adjacent segments which display temporary image charges. To measure the position resolution throughout the crystal volume a coincidence setup was assembled as indicated in figure 4. This setup enables the measurement of net and induced charge signals for a given location based on single interactions.  In addition to these measurements, pulse-shape calculations were performed, which are crucial to finally obtain position and energies even of multiple interactions occur in one segment. The low count rate in the coincidence setup in figure 4 prohibits to map out the whole volume of the Ge crystals with sufficiently small spacing and therefore, the measured signals are used to “calibrate” the calculated signals, which are then used to fit the measured signals throughout the total volume of the detector.

To quantify the detectors ability of determining the three dimensional position we define a “position sensitivity”, which expresses the variation of signals as a function of position in terms of the noise level. In this way, by considering the pulse shapes obtained in the segment with the net and the induced charge signals we extracted a position sensitivity of about 0.2 mm along the drift direction of the charge carrier, and about 0.5 mm in the complementary directions (at a gamma-ray energy of 374 keV [7]). The position sensitivity measures the minimum distance between interactions that produce distinguishable signals. However, it neglects the absolute position of the detector relative to the source or effects, such as the range of the Compton electron or the intrinsic momentum of the Compton electron. Nevertheless, the obtained sensitivity is remarkable considering the fact that the size of the segment is about 2x2cm2 implying an improvement of about a factor of 100. 

To finally determine a position resolution on an event-by-event basis, we collected about 5000 events in a three-day run on a fixed position in a front segment (see figure 4). To obtain the location of the interactions, each set of measured signals was fitted with a set of calculated signals. As it can be seen by the set of signals in the middle of figure 4 the calculated signals reproduce the measured data exceptionally well. Based on the shape of purely calculated and fitted position spectra we are able to obtain a position resolution of 0.5mm to 0.9mm in all three dimensions [7]. The position for the direction with the worst resolution was off by about 2 mm, which can be explained by crystal orientation effects, which were not taken into account in the calculations. While the dependence of the magnitude on the drift velocity from the crystal orientation has been taken into account the change in the direction of the charge carrier as a function of electrical field and crystal orientation direction have not yet been taken into account. This is due to the more complicated parameterization of the hole transport characteristic in Ge.

In order to determine locations and energies of multiple interactions in multiple segments, we developed algorithms to decompose signals into their individual components. For example, a 1.3 MeV gamma ray interacts on average 4 times (two interactions in two segments) before it is fully stopped. However, the goal of these decomposition algorithms is not only to optimize the position resolution, but also to perform the decomposition in real time. Several approaches we have pursued so far result in position resolution values between 2 mm and 5 mm, but they differ significantly in computing time. Current -minimization algorithms suitable for real-time processing (e.g. 5-10 GFlops) achieve in the order of 4-5 mm for a gamma-ray energy of 1.3 MeV.

2.3. Tracking

A tracking algorithm takes the obtained positions and energies of the interactions, and identifies individual gamma rays. Most of the effort has been focused on the treatment of Compton scattering since this is the dominant interaction process for gamma-ray energies between 150 keV and 5 MeV in germanium. Below 150 keV the photo-electrical effect and above 5 MeV the pair production process dominates. The current Compton-tracking algorithm consists of three steps [8]: (1) Cluster identification: the interaction points within a given angular separation as viewed from the target are grouped into a cluster. (2) Cluster evaluation: each cluster is evaluated by tracking, using the Compton scattering energy-angle relation to determine whether it contains all the interaction points belonging to a single gamma ray. If the interaction points had infinite position and energy resolution, the tracking would be exact and the properly identified full-energy clusters will show no deviation from the scattering formula (2 = 0). Wrongly identified clusters or partial-energy clusters will deviate from the formula and the separation of the good and bad clusters would be easy. However, in reality, with finite position and energy resolution, the good clusters will also have a non-zero 2 and they cannot be separated cleanly from the bad clusters. This causes a lower efficiency and poorer peak-tot-total ratio. (3) Cluster recovery and filter: recover some of the wrongly identified gamma rays by either adding two bad clusters or by splitting a bad cluster into two. The clusters, which do not satisfy any of the above criteria, are rejected. 

Such a tracking algorithm is not only able to identify and separate individual gamma rays, it is also able to efficiently identify gamma rays, which deposit only a part of its energy. This feature increases the peak-to-total ratio significantly. In addition, the tracking of the gamma-ray interaction implies the determination of the scattering sequence, e.g. it allows the determination of the positions of the first and the second interactions. The accurate position measurement of the first interaction provides a much-improved Doppler-shift correction capability in experiments in which the gamma ray is emitted in flight. The precise measurement of the first two interactions allows to measure the linear polarization of the gamma ray. One more feature is noteworthy: The obtained path of the gamma ray allows to obtain information about the source location (e.g. it is possible to suppress gamma rays, which don’t originate from the assumed source location).

Simulation calculations were carried out for a number of conditions such as the multiplicity and energies of the gamma rays as well as position resolution of the detector. 

Assuming a position resolution of 2 mm and reasonable assumptions concerning the geometry (e.g. gaps and can thicknesses) an efficiency of up to 30% and a peak-to-total of up to 70% can be achieved for events with a 25 emitted gamma rays. This has to compared with Gammasphere which 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 of 25 emitted gamma rays.

It is important to note that the exact properties and the performance of such a tracking array strongly depend on the details of the final geometry. In particular, the size of the gaps and the material between the crystals is crucial and has to be minimized.

In addition to the possible improvements discussed above another advantage of a tracking array is the high photo-peak efficiency for high-energy gamma rays (e.g. 12% at 10 MeV). Above the threshold of 1.022 MeV, the probability of pair production increases as energy increases. At 10 MeV, this probability is about 60% and therefore the pair-production events need to be identified with a high efficiency. A “pair-tracking” algorithm was developed to use characteristic features of the pair-production process and the subsequent position annihilation radiation.

3. Potential capabilities

A variety of physics can be addressed with the new and enhanced capabilities of a gamma-ray tracking array. Tracking can determine the scattering sequence and the linear polarization of a gamma ray and thereby define its electric or magnetic character, important information in most nuclear structure studies.  The localization of the first interaction point within the array can define the angle of emission of a gamma ray to better than one degree, and thus eliminate Doppler broadening below the intrinsic detector resolution for nuclei having v/c less than10% and greatly reduce it for higher velocities.  As an example, near-drip-line nuclei produced by fragmentation reactions have recoil velocities of v/c = 30%, or higher.  For a 1 MeV gamma ray emitted at 900 to the recoil direction, the contribution to the FWHM of the gamma-ray peak due to the Doppler broadening would be 40 keV with a standard Gammasphere detector, but only in the order of 4 keV with a gamma-ray tracking array. Clearly, this improvement can have a large effect on the extracted physics, both in detecting weak gamma rays and in separating close-lying peaks. 

The very high efficiency for high-energy gamma rays, together with excellent energy resolution, will open up new studies of giant resonances in nuclei. For example, it will be possible to tag the giant-resonance gamma rays with known low-lying gamma rays to explore the decay pathways. 

The efficiency, response function and background suppression of a tracking array will be important in many experiments where yields are low, e.g. in experiments with ISOL- or fragmentation-type RIB facilities studying the most neutron- and proton-rich nuclei and in determining some important cross sections and level schemes involved in astrophysical processes.  

Furthermore, in many types of high-spin nuclear-structure studies, a tracking array can potentially improve the sensitivity by orders of magnitude. Such an enhancement in sensitivity will be essential to discover the predicted very elongated hyperdeformed shapes and the expected pre-fission Jacobi shapes. It will also be necessary to elucidate the order-to-chaos transition in nuclei and to understand the superfluidity of this finite quantal system.

In addition, experiments in which the nucleus serves as a laboratory for different fundamental studies, such as tests of the standard model or basic quantum mechanics, will greatly benefit by the realization of a tracking array. 

5. Conclusions

A gamma-ray energy tracking array, which is based on highly segmented Ge detector elements would provide far better efficiency, peak-to-back ground, counting rate and localization than any existing gamma-ray array. Such arrays hold the potential to have as profound an impact on the field of nuclear physics as occurred when the first Li-drifted detectors were introduced or the first multi-detector Compton-suppressed arrays came online. The new and enhanced features of such an instrument will be especially important for the planned facilities to produce and study rare isotopes either by ISOL or fragmentation techniques.
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Figure � SEQ Figure \* ARABIC �1�: The evolution of gamma-ray detectors in terms of resolving power. The lower left part shows the corresponding observational limit as relative intensity measured in 156Dy as a function of spin. The lower right graph shows the associated moment of inertia as a function of rotational frequency. Note that the color coding allows the comparison between all three figures.





Figure � SEQ Figure \* ARABIC �2�: Comparison between the current state-of-the-art detector Gammasphere (left) and the proposed GRETA array (right). Proposed gamma-ray tracking arrays such as GRETA consist only of Ge detectors; Compton shields and absorbers are removed. The lower portion indicates the two different approaches. While anti-Compton shields suppress cross scattering between Ge crystals and hevimet absorber prevent direct hits of the shields to prevent false suppression, a gamma-ray tracking array accepts all gamma rays, significantly increasing the efficiency.








Figure � SEQ Figure \* ARABIC �3�: 36-fold segmented GRETA prototype detector. The hexagonal and tapered shape is designed to fit in a spherical shell arrangement.





Figure � SEQ Figure \* ARABIC �4�: Upper part: Coincidence setup used to map out sets of signals based of single interactions in the volume of the Ge detector. The coincidence requirement between the Ge detector which is illuminated by a 137Cs source through a hole collimator and the NaI detector which is arranged at 900 and shielded by a slit collimator defines the three-dimensional position of the interaction in the Ge segment (here B1). The middle part shows measured (red) and fitted (dashed blue) signals. Segment B1 contains the interaction and the net-charge signal, the remaining segments see transient mirror charge signals. The lower part shows distribution of simulated (dashed blue) and fitted (red) x,y, and z positions. 
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