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Just as the spectroscopic study of emitted photons from excited atoms played a crucial role in understanding atomic structure, gamma-ray spectroscopy is essential for understanding the structure of atomic nuclei. For nearly four decades, advances in germanium detector technology have led to revolutionary increases in the sensitivity of gamma-ray spectroscopy and the study of the structure of atomic nuclei (see Box 1). In 1962, the first Li-drifted Ge detectors were introduced opening the field of high-resolution gamma-ray spectroscopy, and by 1970 such detectors were being used to determine the coincidence relationships between gamma rays emitted from the nucleus in order to construct detailed schemes of the nuclear states. In 1971, larger volume germanium detectors (which had a greatly increased efficiency) were based on high-purity crystals. Further gains were made by decreasing the background in experiments by surrounding the Ge detector by a shield of scintillator material (such as sodium iodide or bismuth germanate) to suppress events in which only part of the gamma-ray energy is deposited before it Compton scatters out of the germanium crystal. By 1980 small arrays of such Compton-suppressed detectors were being widely used.

Current state-of-the-art detector arrays, such as Gammasphere in the U.S. (presently based at the Lawrence Berkeley National Laboratory [1]) and Euroball in Europe (presently based in Strasbourg [2]) comprise approximately 100 individual Compton-suppressed Ge detectors. They have an efficiency of about 10% for detecting the full energy of a 1MeV gamma ray in a Ge crystal. The corresponding maximum efficiency, obtained from 4 coverage with Ge detectors (a Ge shell), is theoretically limited to about 60% due to losses from the finite size of the Ge crystals, gaps, and absorption in material required to mount the crystals. The drawback of this arrangement (and the reason why a shell built purely of Ge is unreasonable) comes from events involving the simultaneous emission of multiple gamma rays. For such events it becomes impossible to distinguish when two different gamma rays hit two different detectors or when one gamma ray scatters between the two detectors. To circumvent this double-hit or “add-back” problem, the number of detectors has to be increased to separate all interactions of each emitted gamma ray. Unfortunately, this approach is prohibitively expensive since it requires many individual detectors (>1000) to regain the maximum theoretical efficiency. The new approach is to “track” the interactions of all gamma rays emitted in an event. 

Tracking takes advantage of the recent technological advances in the electrical segmentation of Ge crystals. It is now feasible to build an array of approximately 100 highly segmented Ge detectors, retaining high efficiency, but allowing a 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 from an event to be tracked and reconstructed. The concept of gamma-ray tracking is illustrated in figure 1. While the rest of this article is devoted to the tremendous gains this approach will have for nuclear spectroscopy, it is worth pointing out the potential improvements in other fields based on this ability to track gamma radiation in large volume Ge detectors. Unknown gamma-ray sources, for example in the environment, in geological formations, or in the human body, can be localized and identified much more efficiently than with current techniques, opening new possibilities in fields as diverse as planetary science or nuclear medicine.

To illustrate the power of this new concept for nuclear physics applications, we take three examples: gamma-ray spectroscopy of high-spin states in nuclei populated in heavy-ion fusion-evaporation reactions; the study of rare nuclei formed from reactions involving re-accelerated radioactive nuclei; the study of states in nuclei far-from-stability formed in fragmentation reactions and studied in flight. The first example is the most commonly employed reaction at current stable-beam facilities and will remain the “workhorse” for populating nuclear states with high-angular momentum. The second (`isotope separation online (ISOL)' or the `re-accelerated beam' method) and third (the `fast-beam fragmentation' reaction) are the two approaches employed by all existing and planned exotic beam facilities. Indeed, a push towards the development of the Rare Isotope Accelerator (RIA) [3] in the U.S. and similar facilities in Europe and Asia, promise the possibility of beams of rare, short-lived radioactive isotopes, opening up to study a whole range of exotic nuclei. This will have an impact on a broad range of science covering areas such as the physics of mesoscopic systems, nucleon-nucleon interactions, nucleosynthesis in the universe, new super-heavy elements, and physics beyond the Standard Model of elementary-particle physics. Gamma-ray spectroscopy will remain at the center of this diverse research program and also promises vast new gains in sensitivity due to the development of gamma-ray tracking arrays (such as the proposed GRETA - Gamma-Ray Energy Tracking Array - conceived at the Lawrence Berkeley National Laboratory in the U.S. [4]). We will point out the unique features that make gamma-ray tracking the method of choice for gamma-ray spectroscopy in each case.

After a nucleus is formed in a heavy-ion fusion evaporation reaction it often has high angular momentum and decays via the successive emission of many gamma rays (20-30). A measure of the sensitivity of Ge arrays in these kinds of studies involves combining factors such as energy resolution, efficiency, response, granularity, and counting rate to yield an appropriate “resolving power”. For a tracking array, the huge increase in efficiency from the near 4coverage of Ge combined with the high granularity and the ability to recover full-energy events by tracking, will lead to an unprecedented gain of 2-3 orders-of-magnitude in sensitivity for studying high-multiplicity cascades.

In ISOL methods, rare isotopes are produced at rest in the laboratory by target fragmentation, fission, or spallation and are then extracted from the source, separated from other products, and re-accelerated. These beams of rare isotopes can be trapped and studied, or used in reactions on targets. The intensities of the rare nuclei produced by this method will be very low in comparison to beams of stable ions and it is clear that the large efficiency of a tracking array is extremely important. However, a factor that will largely determine the feasibility of studying such nuclei is the ability to isolate the rare decays from the large background of other radioactive decay in the environment. Here tracking plays another crucial role since it is possible to identify and suppress gamma rays that arrive in a direction other than that of the source itself.

In fast-beam fragmentation reactions the nuclei of interest are formed when a highly energetic beam collides with a target, fragmenting nuclei in the beam, the most exotic fragments of which (with very large neutron excess, for instance) can then pass through electromagnetic separators and be identified. In such reactions, which may often be the only way of forming some nuclei, not only will the nuclei of interest be rare but they will also have very high velocity (typically 30% the speed of light). The gamma-ray decay will take place faster than it is possible to stop the nuclei, and therefore must be studied in-flight. Gamma rays emitted from sources moving with such relativistic velocities suffer a Doppler shift in energy that depends on the angle of emission. Here the most crucial feature of tracking arrays is their ability to localize the first interaction point in a detector thereby defining the angle of emission of that gamma-ray from the moving nucleus and reducing the measured energy spread. It has been demonstrated that the first interaction point can be determined to less than 1 mm in a GRETA-type detector. This translates to a vast improvement in the angular resolution.

The new gamma-ray tracking 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. Whatever techniques are used to populate excited states in nuclei, whether using standard approaches at current stable beams facilities or new methods for production and use of rare radioactive species, gamma-ray spectroscopy using advanced Ge detector technology will remain at the heart of nuclear physics experimentation. 

Bibliography

1. http://www-gam.lbl.gov
2.http://eballwww.in2p3.fr/EB/welcome.html
3. http://www.phy.anl.gov/ria/index.html
4. M.A. Deleplanque et al., Nucl. Instr. and

 Meth. A 430 (1999) 292 and http://greta.lbl.gov
[image: image1.jpg]Gammasphere

Germanium

Hevimet
. %

Gamma-ray
Source

Pulse-shape analysis

0
-0.05

-0.15

Charge [normalized]

0
-0.2
00
1
-0.2 0.5
0

0 200 4 0 200 400
0
0.4

0 200 400 0 200 400

Time [ns]

Tracking
v-ray\A o





[image: image2.jpg]o
4+
1044 ~ e 1963
™~ &  Morinaga & Gugelot
e (01, 4n)
103+ Nal(TI)
e % ‘ N I —
by \&L\.YR\.‘/ a$_gwargnge )
== 70 |- by \\. Band Termination_|
z I Neut o " \ 1
31031 1973 — | Bagkbend | ***" - 1
> 60 Proton \,
24031 ) Ryde et al. g Alignment |
. 5 (0, 4n) = 55 |
1.103__ h & 8 2XGe(LI) ~
: 12* = b
'rfx.'\g;g:_;,>n’ 4% = | _
1/ e A‘”“”"*va‘\:iw SRdp Moment |
of Inertia
w 16420+ 30 —
— 1978 o -
=z 250+ Ward et al. i 20 N S N B
) (8C, 5n) ‘ S 0.0 0.2 0.4 0.6 0.8 1.0 12
@) 2xGe(Li) 24+ e Rotational Frequency (MeV)
O 'M% l 28+30+
=+ 4+ 6+
1031 ¥
410 10+ 16%20% 1988
34034 2 Riley et al.
(%8S, 4n)
21034 TESSA2
110%¢
50-10% - ol [
401034 LAl 1998
16" Kondev et al.
3010°1 . (*S, 4n)
g sef [, GAMMASPHERE
2010%¢ ik
1010 U ll l
I T 51 MENUPENIN I eTN S —
0 200 400 600 800 1000 1200 1400 1600 1800
Energy (keV)
108
3
» [s2]
- 5 Ge Shell i
fe)) o]
100 oss) B 5 &Tracking-
v / —1106
1071
Gammasphere
o2 Euroball ]

Yrast Sequence
in 156Dy

Relative Intensity

e
o
N

Gamma-Ray Resolving Power

-3k
10 (Intensity 2¥> 0% = 1) % /
1074 \ - Compton-
T S ST Suppression
10 20 30 40 50 60 1402
Spin () & HPGe —10
Discovery of / i
RadioactiVity J Sma” Arrays
Geiger-Muller W Nal Ge(Li) —100
Absorbers —
1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 -
1900 1925 1950 1975 2000 2025

Year










Figure 1:





In this figure we illustrate the basic principles of the tracking concept. Instead of individually shielded Ge detectors and collimators as for example in the state-of-the-art gamma spectrometer Gammasphere, a tracking array, such as GRETA, will consist of a closed shell of segmented Ge detectors. Pulse-shape analysis of signals from segments containing the interaction(s), as well as analysis of transient signals in adjacent segments, allows the determination of the three-dimensional locations of the interactions, and their energies. Tracking algorithms, which are based on the underlying physical processes such as Compton scattering or pair production, are able to identify and separate gamma rays and to determine the scattering sequence. Note, while the topmost drawings are to scale, to illustrate the dimensions of the arrays, the expanded drawing showing 4 individual detectors are not to scale. They are shown to illustrate the two different concepts, and the gain obtained by removing Compton suppressors and hevimet absorbers. Gamma-rays which hit Compton suppressor, or the absorber, are lost for spectroscopic purposes. 





Box 1


The top figure qualitatively demonstrates the huge increases in sensitivity of gamma-ray spectroscopy by tracing the `spectroscopic history' of a rotational sequence in 156Dy for the last four decades. The first spectrum was taken from a study in 1963 (H.Morinaga and P.C.Gugelot, Nucl. Phys. 46 (1963) 210) when sodium-iodide scintillators were used to detect gamma-ray transitions from excited states in 156Dy. In 1973 the study was repeated (H.Ryde et al., Nucl. Phys. A 207 (1973) 513) but with two Ge(Li) detectors used to detect the gamma rays. In 1978, an experiment (D.Ward et al., Lecture Notes in Physics Vol. 92 (1979) 415) used a beam of 12C to populate higher angular momentum states in 156Dy. In 1986, the nucleus was studied with an array of 12 hyper-pure Compton suppressed Ge detectors (M.A.Riley et al., Phys. Lett. B 177 (1986) 15). The most recent investigation of 156Dy was in 1998 (F.G.Kondev et al., Phys. Lett. B 437 (1998) 35) using the current U.S. state-of-the-art array, Gammasphere, which at that time comprised 85 large-volume hyper-pure Ge detectors. It is easy to see the dramatic improvement in spectroscopic information accompanying each advance of Ge detector technology. The insert shows the phenomena revealed by the detailed study of the moment of inertia, obtained from measuring the gamma-ray energies. These include the alignments of neutrons and protons (single particles aligning their angular momenta along the axis of rotation due to Coriolis effects), the loss of superfluid pairing correlations, and band termination (the loss of quantum collectivity). The figure at the bottom shows the corresponding development in terms of the evolution of the observational limit (the inverse of the resolving power). Here, the insert displays measured intensities as a function of the observed spin in 156Dy for the aforementioned experiments. The current observational limit is about 10-4. Employing tracking in a Ge shell, an observational limit of 10-7 is anticipated.














