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1 Executive Summary and Observations

1 Executive Summary

The Gamma-Ray Tracking Coordinating Committee
[GRTCC] was appointed, on 21 January 2002, by the Direc-
tors of the nuclear science divisions at the Argonne National
Laboratory, Lawrence Berkeley National Laboratory, and
Oak Ridge National Laboratory, at the request of the DOE
Division of Nuclear Physics, to promote the development of
y-ray tracking detector technology in nuclear structure re-
search. The goal is to help organize the y-ray tracking com-
munity, to provide widespread support and to provide an
effective plan for the future. The DOE Division of Nuclear
Physics intends to use this committee to obtain timely advice
on issues and proposals in y-ray tracking.

The initial charge, made to this committee is to take a broad
role in the development of y-ray tracking detectors in this
country. In particular there are three elements of the charge
that should be addressed in atimely manner.

o Develop the various physics justifications for y-ray track-
ing and establish the performance goalsthat are required
in each area.

o Formulate a national R&D plan for y-ray tracking detec-
tors.

o Examinethe currents efforts in y-ray tracking that are
underway in the United States and provide the Depart-
ment of Energy with advice about how they should pro-
ceed.

This charge is focused on y-ray tracking detector technology
in nuclear structure research. However the committee should
also examine progress in other areas of science.

The recommendations of the Committee are based on re-
quested written answers to questions that were posed to the
major y ray tracking detector projects in this country,
GRETA, GARBO, and SeGA, the Gamma-ray Tracking
Fact Finding Meeting held at Argonne 29-30 March 2002
and extensive discussions by the Committee. The attendees
to the fact-finding meeting included active participants de-
veloping the projects mentioned above, the European
AGATA project, the NRL Astrophysics Tracking Group, the
GRETA Steering Committee, and representatives of the
Gammasphere User Group. The current and planned efforts
in y-ray tracking were discussed frankly and openly leading
to unanimous support for a set of important and unambigu-
ous conclusions.

This report, by the Gammaray Tracking Coordinating
Committee, makes five recommendations that are focused
on the development of y-ray tracking detector technology for
nuclear physics research. It also includes an observation
regarding the cost of implementing a national 4r y-ray track-
ing array. The Committee also recognizes that development
of y-ray tracking detector technology has much broader ap-

plicability to science, technology and society as mentioned
in the second observation.

Recommendations:

1 A 4a Gamma-Ray tracking facility is an important
new initiative within the 2002 NSAC Long Range
Plan. This committee unanimously recommends a
shell of closely packed coaxial Ge-detectors as out-
lined in the GRETA conceptual design for this 47 y-
ray tracking facility. We strongly recommend that
DOE support thiseffort with highest priority.

As stated in the 2002 Long Range Plan for Nuclear Science,
a 4r y-ray tracking array facility will play a key role in the
future success of the national and international nuclear re-
search programs at both stable and radioactive beam facili-
ties in this country. Such a 4rn y-ray tracking array also will
build upon the extraordinary success of Gammasphere with
regard to both scientific output and training the next genera-
tion of scientists in the field. The Tracking Coordinating
Committee is in unanimous agreement that a major 4n y-ray
tracking array facility is required to address the exciting
physics opportunities at RIA as well as existing stable and
unstable-beam facilities. The physics justification for a 4w y-
ray tracking detector is presented in the NSAC 2002 Long-
Range Plan for Nuclear Science, the report of the 2001
Lowell Workshop on Gammearray Tracking Detectors for
Nuclear Science, and chapter 3 of this report. The Commit-
tee strongly recommends that DOE fully support this excit-
ing opportunity.

Preliminary computer simulations made at Argonne, based
on current technology, show that the predicted performance
of a 4n y-ray tracking array of planar detectors is not com-
petitive with the predicted performance of a 4n tracking ar-
ray of coaxial Ge detectors. As a consegquence, there was
unanimous agreement of the Committee, and the attendees
of the Gamma-ray Tracking Fact Finding Meeting held at
Argonne, that a shell of closely packed coaxial Ge tracking
detectors, as exemplified by GRETA (and AGATA in
Europe), is the only practical approach for proceeding with
the implementation of this major 4r y-ray tracking array.

2 R&D necessary to demonstr ate the full functionality
of this detector was identified and has to be ad-
dressed immediately. We note that a substantial
fraction of this R&D effort is manpower that must
be supported.

The Committee strongly recommends the highest priority to
immediate and adequate funding of the remaining R&D ef-
fortsin order to facilitate rapid progress towards completing
construction of a national 4 tracking array facility.

The analysis of the tests to demonstrate the performance of
the prototype segmented GRETA detector should be com-
pleted. The next critical detector milestone is to complete
construction and testing of the first GRETA (3-crystal) clus-



1 Executive Summary and Observations

ter module to confirm that the performance meets or exceeds
the functional requirements using both radioactive sources
and in-beam tests. The second R&D critical detector mile-
stone is to construct and test performance with an array of
two, or more, tightly-packed cluster modules to confirm full
functionality when tracking across separate cluster modules
with radioactive sources and with in-beam tests. The fina
system critical milestone is a demonstration of full function-
ality for signal processing and tracking across an array of
three closely packed cluster modules for an in-beam source.
The projected costs are $750K in FY 2003 for the first mod-
ule, which is aready funded, plus $1,030K in FY 2004 for
the second two modules plus a mount. Testing will require 3
FTE of scientist effort plus 0.3 FTE technical.

Development of digital electronics must occur in parallel
with detector development. The first critical milestone is
completion and successful use of the 8-channel digital sig-
nal-processing unit with a tracking detector. The second and
final critical digital electronics milestone is construction and
demonstration of full functionality with a GRETA module
using the 40-channel digital signal processing boards. The
digital electronics development could have a significant im-
pact on data acquisition technology both for nuclear science
and science in general. The digital electronics R&D will
require $225K plus 2.5 FTE of engineering effort spread
over FY 2003/2004.

Further signal analysis of available data, development of
improved and fast minimization procedures and complete
signal-shape parameterizations including crystal orientation
effects will require 6.5 FTE of scientific effort. About 5.5
FTE of scientific effort is needed to refine available tracking
algorithms. These efforts can be spread over several years
and will be done by scientists based at national laboratories
and universities.

The signal analysis and tracking development work will be
applicable to all types of y-ray tracking detectors. The broad
applicability of the digital electronics, signa analysis and
tracking makes it important that this R&D be a national co-
ordinated and collaborative effort.

3 The R&D phase, the subsequent final design, and the
construction of GRETA should continue to be a
community effort; in particular, it should involve sig-
nificant participation by the low energy nuclear phys-
icsnational laboratoriesand universities.

The importance of GRETA to the future scientific program
in this country, as well as the magnitude of the task, plus the
manpower involved for the R&D phase, the subsequent final
design, and the construction, requires that this national en-
deavor continue to be a community effort. Moreover, it
would be very beneficial to nuclear science, both in this
country and Europe, if the GRETA development were done
in close coordination with development of the European
AGATA project. Current efforts to facilitate such coordina-

tion should be encouraged. The GRETA Steering Committee
should continue to be responsible for overseeing all aspects
of the GRETA project.

4 Tracking with planar detectors is of interest to the
nuclear science community and has a wide range of
applications outside of nuclear physics. R& D efforts
in this direction should be supported as part of the
drive to develop tracking, as most of the electronics
and software challenges are common to all tracking
detectors.

The flexibility and versatility of planar tracking detectors
makes them useful for applications to nuclear science that
complement the coaxial tracking detectors used for the
GRETA 4r array. Planar y-ray tracking detectors also have
other uses in space science, and applications in medicine,
environmental surveying and security. The first major R&D
effort on planar detectors for nuclear science is to develop
and test functionality of an improved Ge wafer, as outlined
in Chapters 5 and 6, and to house it in a compact detector
packaging to facilitate efficient detector geometry. The sec-
ond R&D goal is construction of a stack of planar detectors
for efficient detection of higher energy y rays. These devel-
opment efforts will require $625K during FY 2003-2005 and
will require 1.0 FTE of scientific effort.

The R&D required for planar y-ray tracking detectors in-
volving digital signal processing and tracking algorithms is
similar to that required for all y-ray tracking applications
including GRETA. Signal analysis specifically for planar
detectors will require an additional 2.5 FTE of scientific
effort. The R&D of these common aspects for tracking de-
tectors should be unified and coordinated efforts.

5 Gammasphere continues to be the premier national y-
ray facility until GRETA becomes operational. This
resear ch facility must be supported to sustain the vi-
tality of thefield.

Assuming even the most optimistic funding scenario, it will
be 2009 before construction of GRETA will be completed
and 2007 before an early implementation of GRETA will
significantly overtake the capabilities of Gammasphere. It is
crucia to the vitality of the field that Gammasphere be sup-
ported in a manner befitting its role as the premier high-
resolution y-ray facility until GRETA becomes operational.
Gammasphere still can play a significant supporting role in
nuclear science even after GRETA is fully commissioned.
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Observations:
1 GRETA construction costs

The GRTCC finds that there are compelling scientific argu-
ments for GRETA, and strongly recommends rapid imple-
mentation of this project. It is noted that preliminary cost
estimates for construction of GRETA have been indicated as
a concern of the DOE. The GRTCC encourages the GRETA
Steering Committee to continue to study ways to reduce the
projected cost. Tracking detector procurement is a major
component of the cost of GRETA. Consequently, the current
situation of a sole vendor for GRETA detector modules will
have a significant impact on the cost, as well as the delivery
schedule, for construction of GRETA. The availability of a
second vendor will encourage competitive bidding that will
help to reduce this cost, the required contingency, and also
reduce the uncertainty in the delivery of the product. This
could become an issue because of the large number of detec-
tors required, and the possibility of a similar number of seg-
mented coaxial detectors procured in Europe for AGATA or
other programs. Negotiations with a second vendor to de-
velop and construct a (3-crystal) GRETA cluster module
should have a high priority. Collaborations should be forged
with other tracking detector projects, such as the European
AGATA project, as these will reduce GRETA development
or construction costs. Manpower contributions from univer-
sities, national laboratories, and other agencies, should be
solicited as another avenue to reduce costs. Finally the trade
off between cost and performance is an area that should be
carefully evaluated. The GRTCC has not identified perform-
ance or scientific goals that could be changed.

It is important to proceed with procurement of the GRETA
module and subsequent testing. Results of this work will
provide an excellent basis for program cost and risk analysis.

2 Other applications of Gamma-ray Tracking

Gamma-ray tracking, for all practical purposes, is an entirely
new technique in y ray detection, enabled for the first time
by the new detector technologies that are now being devel-
oped.

Tracking has important applications for homeland security in
the detection of nuclear materials, with an emphasis on im-
aging and sensitivity. Tracking provides the possibility of
achieving higher detector efficiency, higher peak to tota
ratio (rejection of the Compton shelf), and better background
rejection than conventional detectors in a variety of applica-
tions. Urgent homeland security needs represent an immedi-
ate application of this new technology. It should improve
capabilities for a variety of diverse threats from the use, de-
ployment or transport of nuclear materials. Thereis a criti-
cal need for more sensitive detectors to detect and locate ~kg
Size strategic nuclear materials at a distance, monitor boarder
crossings, and for nuclear surveillance.

Tracking has applications in diverse areas of science such as
astrophysics (Compton telescopes, polarimetry), and diag-
nostic medical uses (Compton imaging). All of these appli-
cations are currently active areas of research in many ingtitu-
tions throughout the country. A common thread between
them is the need for electrically segmented detectors, the
need for robust tracking algorithms, and the need for data
acquisition capabilities that are necessary to implement
them.

This report has focused on applications of tracking detectors
in nuclear physics. However, it will be useful to have the
Gamma-Ray Tracking Coordinating Committee continue to
function with the goal of developing a y-ray tracking user
community, consisting of scientists with a broader range of
application agendas, and supported from as wide of a range
of sponsors as possible.  This task will take further study by
the committee, with a range of options including organizing
workshops or soliciting inputs from the user base, either of
which will result in a summary report to the DOE.
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2 Introduction

For many years the study of y-ray emission from excited
states in nuclei has played a pivota role in discovering and
elucidating the wide range of phenomena manifested by the
structure of the atomic nucleus. Each major technical ad-
vance in y-ray detection devices has resulted in significant
new insights into nuclear science. The culmination of these
technical advances are the two current state-of—the-art 4rn
arrays of Compton-suppressed Ge detectors, Gammasphere
in the US and Euroball in Europe. Gammasphere was the
first national y-ray facility in the US. The tremendous ad-
vance in sensitivity provided by this array has made it the
central component of a highly successful national, and inter-
national, nuclear structure program involving about 400 sci-
entists. The physics impact and productivity of Gammas-
phere, commissioned in 1995, has been extraordinary. For
example it has now produced about 400-refereed publica
tions; of these about 80 were published in Physical Review
Letters or Physics Letters which is a strong reflection of the
profound influence it has already had on the field. It also is
playing an important role in graduate education leading to
many completed Ph.D theses and Ph.D.’s in progress. The 6
auxiliary detectors developed by university groups for
Gammasphere have been excellent for graduate training as
well as contributing greatly to the scientific output. Gam-
masphere will continue to be a prime focus for both the na-
tional and international nuclear structure community until a
4r tracking array is built.

The development of y-ray tracking systems capable of
measuring the location and energy deposition of every y-ray
interaction in a detector will lead to a dramatic advance in y-
ray physics, and will have wide applications in medical im-
aging, astrophysics, nuclear safeguards, and radioactive ma-
terial characterization. The tracking concept will allow con-
struction of y-ray detector systems with tremendous im-
provements in sengitivity and resolution, providing remark-
able new discovery potential in a broad range of nuclear
science. The compelling physics opportunities provided by a
y-ray tracking array have been discussed at workshops in
LBNL (1998), MSU (2000), and the University of Massa-
chussets at Lowell (2001). These opportunities were already
recognized at the time of the 1996 Long Range Plan for Nu-
clear Science. The 4n tracking detector concept mentioned in
the 1996 LRPNS is called GRETA [Gamma Ray Energy
Tracking Array] and was first proposed by LBNL in 1994.
Substantial R&D has been carried out on a coaxial 36-
segment GRETA prototype leading to a highly successful
proof of principle. Pulse-shape digitization and digital sig-
nal-processing methods have been developed to determine
excellent energy, time and position (< 2 mm) resolution,
while tracking algorithms have been developed that are ca-
pable of assigning charge deposition points to a particular y-

ray enabling the reconstruction of the energy of the y-ray.
The Europeans have enthusiastically embraced this new
technology that was conceived and developed in the US, and
are making plans to build AGATA, a 4r array of more than
120 coaxial Ge detectors similar in concept to GRETA.

The NSF-funded SeGA array of eighteen 32-fold segmented
coaxial germanium detectors has just been commissioned at
MSU for experiments employing fast exotic beams.

Significant advances in detector technology based on planar
strip Ge detectors also have been made in the past few years.
Segmented planar detectors can provide important comple-
mentary features for tracking compared to the 4n coaxial
array.

The considerable success in R&D for y-ray tracking detec-
tors has led to strong endorsement of a 4rn y-ray tracking
array in the 2002 Long Range Plan for Nuclear Science,
which identifies it as an important new initiative. This 2002
LRPNS states, “The physics justification for a 4r tracking
array that would build on the success of Gammasphere is
extremely compelling, spanning a wide range of fundamen-
tal questions in nuclear structure, nuclear astrophysics, and
weak interactions. This new array would be a national re-
source that could be used at both existing stable and unstable
accelerators, as well as at RIA.” The 4n-tracking array also
will build on the extraordinary success of Gammasphere
with regard to both scientific output and training.

Much of the R&D required for developing y-ray tracking
arraysis common to all types of tracking detectors as well as
having broad applicability to many branches of science and
technology. For example, digital signal processing will be-
come the premier signal processing technique in many
fields, while tracking algorithms will have broad applicabil-
ity to many other sciences and applications outside of nu-
clear science. Thus a need was apparent to coordinate the
R& D for these techniques that have such wide applicability.
The Gamma-Ray Tracking Coordinating (GRTCC) was ap-
pointed, on 21 January 2002, by the Directors of the nuclear
science divisions at Argonne National Laboratory, Lawrence
Berkeley National Laboratory, and Oak Ridge Nationa
Laboratory, at the request of the DOE Division of Nuclear
Physics, to promote the development of y-ray tracking detec-
tor technology in nuclear physics research. The goal is to
help organize the y-ray tracking community to provide wide-
spread support and to provide an effective plan for the fu-
ture. The DOE Division of Nuclear Physics plans to use this
committee to obtain timely advice on issues and proposalsin
y-ray tracking. The membership of the Coordinating Com-
mittee, listed in appendix A, consists of eight members from
the nuclear and astrophysics research community.

The charges, made to this committee are listed in appendices
B and C. One charge is to take a broad role in the develop-
ment of y-ray tracking detectors in this country. In particular
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there are three elements of the charge that should be ad-
dressed in atimely manner.

o Develop the various physics justifications for y-ray track-
ing and establish the performance goalsthat are required
in each area.

o Formulate a national R&D plan for y-ray tracking detec-
tors.

o Examine the currents efforts in y-ray tracking that are
underway in the United States and provide the Depart-
ment of Energy with advice about how they should pro-
ceed.

This charge is focused on y-ray tracking detector technology
in nuclear physics research. However the committee should
also examine progress in other areas of science.

The Committee has held regular conference calls and re-
quested written answers to questions that were posed to the
major y-ray tracking detector projects, GRETA, GARBO,
and SeGA. Thisinitial fact-finding activity culminated in the
Gammarray Tracking Fact Finding Meeting held at Argonne
29-30 March 2002. The attendees to this meeting included
active participants developing the projects mentioned above,
the European AGATA project, the NRL Astrophysics Track-
ing Group, the GRETA Steering Committee, and representa-
tives of the Gammasphere User Group. Copies of the meet-
ing program and list of attendees are given in appendices D
and E. The current and planned efforts in y-ray tracking were
discussed frankly and openly leading to important conclu-
sions. There was complete agreement that a major 4n y-ray
tracking array facility is required to address the exciting new
physics opportunities at RIA as well as existing stable and
unstable-beam facilities. There was unanimous agreement
that a shell of closely packed coaxial Ge detectors, as exem-
plified by GRETA (and AGATA in Europe), is the only
practical approach for proceeding with the implementation
of this major 4r y-ray tracking array. The GRETA Steering
Committee should be responsible for overseeing the latter
effort. In view of the unanimity in opinions expressed during
the deliberations the Committee believes that the recom-
mendations in this report are robust, and sound, as well as
having broad support in the nuclear structure community.

Chapter 3 of this report presents an outline of physics oppor-
tunities justifying the need for y-ray tracking arrays in nu-
clear science. This leads to a set of performance goals pre-
sented in chapter 4. Chapter 5 presents a survey of current
efforts in tracking in nuclear science. A proposed national
R&D plan for y-ray tracking detectors in nuclear science is
presented in chapter 6. The five recommendations and two
observations made by the Coordinating Committee are de-
scribed in the Executive Summary and summarized in chap-
ter 7.
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3. Physics Opportunitieswith Gamma-
Ray Tracking

The strongly interacting aggregation of fermions we call the
nucleus displays a remarkable diversity of phenomena and
symmetries. Its structure continues to surprise and fascinate
nuclear scientists, as unexpected properties are revealed by
fresh experimental results arising from increasingly sensitive
instrumentation along with new accelerator developments. A
central component in the highly successful US nuclear struc-
ture program has been through the utilization of y-ray spec-
troscopy techniques, in particular, using Gammasphere. The
latter is a National Facility funded by the DOE and was de-
signed and built by US national laboratories and universities.
It is a spectrometer of unparalleled detection sensitivity to
nuclear electromagnetic radiation. Its resolution, granularity,
efficiency, and ability to be used in conjunction with a pow-
erful suite of auxiliary detector systems, have made it a su-
perb device for studying rare and exotic nuclear properties.
Since its commissioning in 1995 its physics impact has been
extraordinary. Many of these success stories have been those
studies whose major focus was to investigate the behavior of
nuclear systems at the limits of, for example, spin, extreme
N and Z values, and at high excitation energy. As scientists
we will always strive to continue to push back these limits.

While the present state-of-the-art detector arrays, which con-
sist of large volume germanium crystals surrounded by a
suppression shield, have pushed this particular detector
technology to its limit, it has become apparent that signifi-
cant further gains in sensitivity will be possible as a conse-
guence of an innovative and new design utilizing the concept
of y-ray energy tracking in electrically segmented Ge crys-
tals. The detector design, which was already mentioned in
the 1996 Long Range Plan, is called GRETA (Gamma-Ray
Energy Tracking Array). It would contain about 100 co-axial
Ge crystal's each segmented into 36 portions and arranged in
a highly efficient 4n geometry. It is anticipated that GRETA
would have about 100-1000 times the sensitivity of Gam-
masphere for selecting weak exotic signals, and thus give as
big a jump in capability compared to Gammasphere, as
Gammasphere was to previous detector generations, as illus-
trated in the accompanying “resolving power” figure 3.1.

The improved sensitivity or resolving power is due to the
new technique of “gammarray tracking”, which identifies
the position and energy of y-ray interaction points in the
detector segments. Since most y-rays interact more than once
within the crystal, the energy-angle relationship of the
Compton scattering formula is used to “track™ the path of a
given y-ray. The full y-ray energy is obtained by summing
only the interactions belonging to that particular y-ray. In
this way there are no lost scatters into suppression shields
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Figure 3.1: Evolution of y-ray detection technology with time. The large performance gains provided by the proposed 47
tracking array GRETA is clearly shown. The calculated y-ray resolving power (y-axis) is the inverse of our ability to ob-
serve the faint emissions from rare and exotic nuclear processes. This is illustrated in the inset, which indicates the pro-
gression of the experimental observational limit for excited states in atypical rare-earth nucleus as a function of time and

detector developments.
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(which cover nearly 50% of 47 in Gammasphere) and so a
much higher overall efficiency can be achieved, for exam-
ple, by a factor of 6 (GRETA vs Gammasphere) and 100
(GRETA vs SeGA) for a single 1 MeV y-ray. An efficiency
gain of about 20 times over Gammasphere is also expected
for 15 MeV y-rays. Other key design benefits of a highly
segmented Ge array include high energy resolution, high
counting rate capability (~factor of 5 over Gammasphere),
good position resolution (<1° versus 8° for Gammasphere)
which is critical for Doppler shift corrections since many
experiments involve high recoil velocities, the ability to
handle high multiplicities without a high double-hit
probability, and the ability to pick out low-multiplicity
events hidden in a high background environment due to
background rejection by direction. Another asset is that the
high segmentation aso makes high precision linear
polarization measurements possible. The modularity of the
detector design makes it extremely versatile and flexible for
use in many different configurations. Of course, any final
design would also be optimized to take full advantage of
coupling with auxiliary detector devices, which continue to
prove themselves of immense value in Gammasphere and
other y-ray experiments.

For off-line decay spectroscopy, tracking detectors have
dlightly different advantages from their in-beam applica-
tions. Without the need for Doppler corrections a detector
array can be more compact, with detectors placed only a few
centimeters from the source of radiation. For low cross sec-
tion activity, spatial, directional and time correlations in-
crease the sensitivity by discriminating against background
events. However, time correlations usually lose their selec-
tivity when the state of interest has a half-life longer than a
few ms. Here, tracking of the de-excitation y rays reduce the
background by demanding a spatial correlation with a prior
residue implant or o decay. In B*-activity, tracking will re-
duce the intense background from annihilation radiation by
identifying and eliminating the back-to-back 511-keV y-
rays, from the spectrum and, thereby, greatly enhancing the
sensitivity for other y rays.

Many detailed R& D projects have been carried out since the
1996 LRPNS on all the main ingredients necessary to show
that building a 4n tracking detector array is now feasible.
The US nuclear structure community, which conceived of
this next revolutionary step in y-ray detection capability, is
therefore poised and eager to build a new generation of y-ray
spectrometer with unsurpassed sensitivity.

There is no doubt that with its enormously increased resolv-
ing power, GRETA and y-ray tracking, will provide discov-
ery potential far beyond Gammasphere and will usher in a
new era in nuclear structure, nuclear astrophysics, and fun-
damental interaction studies both before and after RIA is
built. 1t also holds the promise of important spin-off applica-
tions in other fields, such as, medical, environmental, secu-
rity, and space exploration. It is a time of great opportunity

and some of these exciting physics topics are discussed be-
low but of course, as we have seen many times over previ-
ous decades in our field, the most important discoveries are
often those that were unforeseen.

The field of nuclear structure covers a broad range of study.
The examples below illustrate that a large overlap and con-
siderable synergy exists between them. More detailed phys-
ics discussions can be found in the 2002 NSAC Long Range
Plan, the GRETA White Paper contribution to the 2002
NSAC Long Range Plan, the 2001 Filippone Report on Low
Energy Nuclear Physics, and also the report from the 2001
Lowell Workshop on Gammearray Tracking Detectors for
Nuclear Science plus several other Workshop and Town
Meeting reports.

3.1. Properties of nuclei far from stability

A forefront challenge in nuclear structure physics today is to
broaden our understanding of nuclei to encompass all bound
systems of protons and neutrons. As we move away from the
valley of stability towards the driplines, our overall view of
the nuclear landscape has improved and our understanding
of the underlying physics has become clearer. However, y
ray spectroscopy of the nuclear landscape far from stability
is always difficult. Cross-sections for producing the most
interesting nuclei are always low and there are backgrounds
(from impure beams or beam decay). In these hostile envi-
ronments, all approaches which glean new information, and
all methods to increase efficiency and sensitivity will be
useful. In recent years, we have made grest progress in mov-
ing away from stability towards the proton rich nuclei. This
has been possible by fusing or fragmenting stable heavy
ions, and developing sophisticated experimental techniques
that can pick out the interesting new isotopes that lie farthest
from stability. By these means we can now reach, and even
pass, the proton drip line for many elements. While much
important work remains at the proton drip line another major
future challenge lies near the neutron drip line. Here, there
are several reasons to expect that many features of nuclear
structure are quite different from the stable and proton-rich
isotopes. Reaching this domain needs a new generation of
accelerators, such as RIA, the Rare Isotope Accelerator and
new detection devices such as GRETA. Access to the nuclei
near the neutron drip line will not only enhance our overall
picture of nuclear structure, but will provide vital data on
nuclei along the r-process nucleosynthesis path, the route
through which we believe most heavy elements were synthe-
sized. A very recent key breakthrough, for example, is the
demonstration that important information on n-rich nuclei
can be obtained using rare isotope beams of only 10°-10°
particles per second using transfer, Coulomb excitation, and
fusion reactions, with y-ray spectroscopy. This bodes well
for the future.

Understanding the structure of marginally bound systems
near the driplines will focus on obtaining a detailed picture
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of the wave functions of low-lying states, and the ground
states themselves. It is clear that the experimental difficulties
will be different to those that have been encountered before.
However, there is no doubt that y-ray spectroscopy will play
a key role in these investigations, and tracking detectors are
perfectly suited to face these challenges. Many of the ex-
periments will involve studies in “inverse kinematics’, in
which a beam of exotic nuclei from near the dripline, pro-
duced from fission, fragmentation or spalation, will need
investigation. The most interesting nuclei are usually those
furthest from stability, which are most difficult to produce.
Thus, in &l cases, the experiments must be as efficient as
possible, and be selective to differentiate between the states
of interest and copious decays from other sources. For off-
line spectroscopy, isomer-y decay will play an important role
in our studies of the structure of nuclei far from stability.
With the ability to track, more sensitive measurements of yy
angular correlation and polarization, which yield important
spin and parity information, become possible. Some key
themes related to studies of far-from-stability nuclei are
mentioned below.

Do dramatic changes in shell structure occur far from
stability? Single-particle and pairing degrees of freedom
play a pivotal role in nuclear structure. Single-nucleon trans-
fer reactions are the most direct and unambiguous probe of
single-particle structure while pair transfer is a direct and
unambiguous probe of pairing correlations. Shell structurein
nuclei is expected to change dramatically when approaching
the extremes of isospin far from line of stability. This should
be manifested by large changes in single-nucleon and pair
transfer cross sections to individual nuclear states. For ex-
ample, the valence single particle orbitals will be different in
nuclei at extreme isospin which can be probed by studying
single-nucleon transfer reactions with radioactive beams.
Similarly, extreme neutron-rich nuclei should exhibit strong
new neutron pairing behaviour in the tail of the nuclear
wavefunction that will lead to fascinating nuclear Josephson
effects such as strongly enhanced pair transfer cross sections
and diabolical pair transfer. A y-ray tracking array used in
conjunction with scattered ion detection will provide the
opportunity to measure the transfer angular momentum and
spectroscopic factors to individual states in nuclei both far
from stability as well as to closely spaced states at higher
excitation energy, in deformed nuclel and in very heavy nu-
clei. Studies of transfer using heavy ions can simultaneously
probe the interplay of single-particle, pairing and collective
degrees of freedom. These new opportunities will provide a
new dimension to the study of the evolution of shell struc-
ture in nuclei.

What new information can we learn about collective
shape degrees of motion in nuclei? Collective rotational
and vibrational shape degrees of freedom are a dominant and
ubiquitous feature of nuclear structure. Studies of coexis-
tence of states with very different collectivity in individual
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nuclei, as well as the evolution of collective correlations
with isospin and temperature all are required to elucidate and
better understand the pivotal role of collective correlationsin
nuclear structure. Coulomb excitation is the preeminent
probe of collective shape degrees of freedom in that it selec-
tively populates collective bands of states with cross sections
that are a direct measure of the collective matrix elements.
The efficiency and resolving power of a 4x tracking array,
when coupled with detection of scattered heavy ions, pro-
vides the opportunity to measure quite complete sets of both
the excitation energies and collective matrix elements cou-
pling these states. The completeness of such data adds a new
dimension to the study of quadrupole and octupole collective
shapes degrees of freedom in nuclei. For example one can
directly measure the magnitude and distribution widths for
both quadrupole deformation and triaxiality. The much supe-
rior resolving power and efficiency provided by a tracking
array will make it feasible to study collective modes in odd-
A nuclei, transuranic nuclel and at higher excitation ener-
gies, all cases where the y-ray transition density challenges
the energy resolution of current y-ray detectors. Studies of
odd-A nuclei are especially sensitive probes of nuclear struc-
ture. The new opportunities provided by exploiting tracking
arrays with heavy-ion Coulomb excitation will greatly ad-
vance the study of both collective and single-particle degrees
of freedom, plustheir interplay, in nuclear structure and their
evolution with temperature and isospin. In all cases, high
efficiency, peak-to-total, and granularity are key issues for
excellent spectroscopy.

Experimentswith Fast Rare | sotope Beams:

An efficient high-resolution y-ray tracking detector will
greatly enhance the scientific reach of any fast-beam rare
isotope facility. Experimental techniques with fast beams of
rare isotopes and y-ray detection have been developed dur-
ing the last decade. High-resolution in-beam y-ray spectros-
copy is possible if both the energy and emission-direction of
the photons originating from the moving projectile are
measured. Gamma rays traverse matter with known attenua-
tion and much less scattering than particles for the same
amount of matter. Experiments employing y-ray detection to
indicate inelastic scattering to bound states can be performed
with secondary targets about 100-1000 times thicker than
similar experiments using particle detection. The increased
target thickness translates directly into lower possible beam
rates — and thus farther scientific reach — for given luminosi-
ties.

The instrument crucial to realizing the physics opportunities
described below is a large solid-angle y-ray detector, which
can detect photons with energies up to 10 MeV with a reso-
lution of 0.5% or better and which can measure photon-
emission angles with an accuracy of better than 2°.
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With the availability of fast beams of rare isotopes we can
measure key quantum-mechanical observables needed to
understand the evolution of nuclear structure with isospin. A
GRETA-like device will be needed to answer the following
questions:

How does nuclear collectivity evolve with isospin? Cou-
lomb excitation of even-even nuclei provides a direct meas-
ure of the collectivity of the protons in the nucleus via the
energy and probability for exciting low-lying states. Cou-
lomb excitation of odd-even nuclei provides additional in-
formation regarding single-particle structure and how single-
particle degrees of freedom are connected to collective
states. The in-beam y-ray spectroscopy measurement of the
energy and quadrupole (E2) transition strength to the first
excited 2" state in Mg (Z = 12) at RIKEN experimentally
established a large degree of collectivity in this N = 20 nu-
cleus. This is an example of the change in shell structure
away from that found in nuclei near the valley of stability,
where N = 20 is a magic number. Other such dramatic
changes to the “magic numbers’ are expected as one moves
away from stability.

Are the proton- and neutron fluids in nuclei deformed
differently? Protons and neutrons contribute differently to
transition strengths between low-lying collective states.
While Coulomb excitation measurements are sensitive to
protons, a strongly interacting experimental probe is needed
to probe the neutron distribution in the nucleus. Measure-
ments of both the proton and neutron matrix elements then
provide a tool for understanding the relative importance of
valence and core contributions to these transitions and pro-
vide an additional means for testing the predictive power of
theoretical models far from stability.

Close to the valley of f stability, the proton and neutron dis-
tributions in the nucleus generally have similar degrees of
deformation. However, microscopic cal culations suggest that
for example in the most neutron-rich sulfur isotopes (N >
28) the proton distributions are more deformed than the neu-
tron distributions by up to a factor of two. By comparing
deformations of neutron distributions with proton distribu-
tions for the most neutron-rich nuclei, it will be possible to
experimentally address the question of whether very neu-
tron-rich nuclei have deformed neutron distributions.

Experimental methods for the determination of proton and
neutron matrix elements involve the comparison of meas-
urements of a transition using two experimental probes with
different sensitivities to proton and neutron contributions.
Such studies have been performed on stable targets with a
variety of combinations of experimental probes. For f-
unstable isotopes it is possible to deduce information on the
ratio of proton-to-neutron transition matrix elements by
comparing electromagnetic excitation strengths to hadronic
excitation strengths. The latter can be measured by proton
scattering in inverse kinematics (since proton targets are
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available and neutron targets cannot be made). A y-ray de-
tector system of high efficiency, granularity and peak to to-
tal, such as GRETA isrequired for such studies.

What is the detailed wave-function for exotic nuclei?
Direct reactions with fast beams are a powerful tool that
allows the determination of orbital angular momentum quan-
tum numbers and spectroscopic factors for reactions leading
to individual excited states. Special promise is shown by
single-nucleon knockout reactions. They have been used to
extract spectroscopic factors, which have been compared
with the results from large-basis shell-model calculations.
Measuring the longitudinal momentum distribution provides
the basic information about the shell structure of the occu-
pied states. With y-ray coincidences, the method can be suc-
cessfully extended in a major way to excited-state spectros-

copy.

Knockout reactions can be used to study states that are
reached by removing a nucleon from any projectile produced
by the fast fragmentation method. Although the initial
experimental work has been carried out for light nuclei, in
principle the method is applicable to any mass region, and
work with neutron-rich nuclei a N = 20 and 28 has aready
started. With RIA, even heavy fission fragments should
come within reach. Early tests of the technique show that
precise orbital angular momentum assignments and
spectroscopic factors are obtained in known cases. It seems
realistic to expect that knockout reactions, in those cases
where they are applicable, will have spectroscopic
sensitivity comparable to that of classical transfer reactions.
The theoretical strength of the method has been underlined
in calculations that compare two different models that are in
excellent agreement. Other important assets are, that with
increasing energy the theoreticall models become more
reliable, with the cross sections remaining essentially
constant. An important open question is how the knockout
technique will be modified in the case of nuclei with large
guadrupole deformations; recent theoretical work suggests
that the shape of the momentum distribution is sensitive to
the single-particle motion in a deformed potential

3.2. Nuclear structure at thelimits of angular
momentum and at high excitation energy

What are the new symmetries, shapes and excitation
modes at the limits of angular momentum and excitation
energy? How high in spin and excitation energy nuclei sur-
vive and what symmetries are responsible for any stabilizing
shell effects are fundamental questions in nuclear physics.
Indeed the recent observation of very high spin states in
»*No far beyond those expected in such afissile nucleus has
surprised us all. The future of high spin studies of transura-
nium nuclei seems especially promising. In addition, super-
exotic hyperdeformed shapes associated with a third energy
minimum in the potential energy surface of rapidly rotating
nuclei have been predicted at the very limit of sustainable
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spins most notably in the rare-earth region. Experimental
searches have begun to try to find these structures at the very
limits of deformation and spin, but most scientists in the
field believe that GRETA is needed to discover and charac-
terize such important but weak ultra-high spin signals among
alarge fission background.

The whole question of stable triaxial nuclear shapes is one
that has been debated for decades. Therefore the recent ob-
servation of candidates for “chiral” partner bands brought
about by the relative orientations of the angular momentum
vectors of odd proton and odd neutron valence particles with
that of atriaxia core is extremely exciting. This result along
with the recent discovery of high spin triaxial superdeformed
shapes has opened up a broad new field of research involv-
ing triaxial nuclei where new symmetries and new collective
(e.g. wobbling) modes of excitation are possible.

In the past several years we have made the stunning discov-
ery that superdeformed nuclei are the best examples of sin-
gle-nucleonic motion in a deformed potential. However,
satisfactory answers still elude us with regard to the mysteri-
ous phenomena of isospectral structures in different nuclei
and AI=4 bifurcation. While some spectacular progress in
fixing the excitation energies and spins of several superde-
formed bands have been made, a truly general understanding
of the many facets of nuclear superdeformation must await
GRETA.

Does proton-neutron pairing really exist, and what are
the true indicators of the survival or demise of like-
fermion pairing correlations at high angular momenta?
Nuclear pairing correlations play a central role in the low to
medium spin properties of nuclei. One key phenomenon
keenly sought after for many years is a signature for the
existence of the T=0 proton-neutron pairing phase. Hints of
its presence are perhaps beginning to be found in N = Z
nuclei near A = 80 from high spin band crossing systematics.
Such studies are at the limit of present experimental
capabilities and therefore a new generation detector system
is needed to perform the necessary spectroscopy of yrast and
near yrast sequences in order to build up a compelling case
for p-n pairing based on Pauli blocking arguments. Another
fundamental question relates to the quenching or collapse of
the nuclear superfluidity at high rotational spins, where the
angular momentum behaves like an external magnetic field
and tries to destroy the correlations between nucleonic
“Cooper” pairs. Exactly how the nuclear superfluid
correlations evolve with angular momentum in the finite
guantum system of the nucleus remains an important and
unfinished chapter. An enormously more efficient detector,
such as GRETA, will alow “complete” spectroscopic
studies of discrete states over a wide range of spin,
excitation energy and seniority which will alow fresh
insight into these critical questions.
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How do collective excitation modes evolve in heavy nuclei
at high angular momenta and excitation energy? Cou-
lomb excitation is an excellent way to study collective exci-
tations in nuclei. Recently a very successful series of ex-
periments studying B, y, and octupole vibrational modes in
heavy Pb, Th, U, Pu and Cm nuclei have been demonstrated
using a highly efficient y-ray detector with a particle detec-
tor. However many open questions remain concerning fun-
damental excitation modesin nuclei, such asthe evolution of
such structures to higher angular momenta, and the frag-
mentation of multi-phonon states. A y-ray detector system of
much greater efficiency, particularly at higher energies, and
granularity would provide this class of experiments with a
huge improvement in discovery potential.

When do shell effects melt away above the yrast line and
how does chaos emerge out of order? GRETA, because of
its great efficiency and granularity will also provide revolu-
tionary progress in the study of the behavior of nuclei far
above the yrast line allowing highly selective decay pathway
analyses of the “continuum” where the level densities are so
high that individual “bands’ in the traditional sense cease to
exist. There are many fundamental questions. How high
does one go above the yrast line before there is a melting of
shell structure? When are the commonly used characteristic
quantum numbers no longer conserved, leading to chaos?’
In highly collective superdeformed structures, there are very
recent indications that the transition from order to chaos
goes through an ergodic regime, where rotational coherence
is retained despite the emergence of complicated wavefunc-
tions arising from band mixing. The investigation of the
transition from order to chaos in a quantal system, is of sig-
nificant interest in other branches of science.

What are the giant dipole resonances built on superde-
formed states and loosely bound nuclei? Giant Resonances
are fundamental collective excitations of nuclei and they
play an important role in the understanding of basic nuclear
structure properties. The y-ray decay of the giant dipole
resonance for example is sengitive to the size and shape of
nuclei. It would be very exciting to discover and study the
giant dipole resonance built on a superdeformed shape,
where two peaks widely separated in energy are expected
corresponding to oscillations along the two different length
nuclear radii. Gamma decays of giant resonances are a weak
branch, emitting y-rays in the energy range of 10-20 MeV.
GRETA combines excellent energy resolution at low energy
with high efficiency at high energy. Hence, it will be possi-
ble for the first time to gate on superdeformed transitions to
observe the giant resonances built on those states. The N and
Z dependence of giant resonances, which is predicted to
change dramatically near the neutron dripline, can be studied
with Coulomb excitation of fast beams from RIA. The large
Doppler broadening due to the high-energy beams requires
the excellent position resolution available with GRETA.
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In conclusion, detailed high-resolution y-ray based studies of
the properties of atomic nuclei continue to reveal a dizzy
variety of exciting new discoveries and compelling opportu-
nities. In the near future there is no doubt that a highly effi-
cient 4x y-ray tracking array will provide enormous discov-
ery potential beyond Gammasphere both before and after
RIA isbuilt.

3.3 Nuclear astrophysics

Nuclear astrophysics is one of the forefront applications of
nuclear physics to understand our universe. It is concerned
with the impact of the microscopic aspects of nuclear struc-
ture and reactions on the macroscopic phenomena we ob-
serve in our universe. There are a number of measurements
in the area of nuclear astrophysics that will benefit greatly
from vy-ray tracking detectors.

Low-Energy Capture Reactions: Nuclear reactions play
the crucial role in the energy production and element synthe-
sisin most astrophysical sites, and models of these environ-
ments require the rate and energy release of the relevant nu-
clear reactions as critical input. Thermonuclear capture reac-
tions are the most important, since they provide the pathway
to forming heavy nuclides out of lighter nuclides. Further-
more, because hydrogen and helium comprise 99% of the
baryonic matter in the Universe, and because they have the
lowest Coulomb barriers, ailmost al heavy element charged
particle nuclear reactions in the cosmos involve interactions
with isotopes of H and He, burning them as fuel to form
even heavier nuclides. The determination of the rates of such
reactions, by both direct and indirect techniques, is the focus
of much international effort.

Direct measurements of reactions such as *C(a,y)*°O or
¥N(p,y)*™°O at very low energies are of great interest, but are
also very time consuming because of their extremely low
cross sections. To provide the required high beam intensi-
ties, these measurements are usually performed by bombard-
ing solid targets with intense (several pA) beams of light
ions, which would preclude the use of recoil separators.
Therefore, capture y rays, detected in singles, could be easily
masked by backgrounds from cosmic rays and natural radio-
activity in a typical experimental hall. Surrounding such a
target with a tracking detector could perhaps reject the ma-
jority of the background vy rays, while giving a very high
efficiency for detecting the capture y rays of interest. This
would, for example, make it unnecessary to build expensive
and cumbersome accelerator facilities deep underground to
carry out these measurements. There are probably more than
30 measurements that could benefit from this approach. A
dedicated array of tracking detectors would be necessary for
these experiments, since each of them could last severa
months.

Many studies of stellar explosions involve inverse capture
reactions of radioactive ion beams on gas targets. The ap-
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proach for current and next-generation radioactive beam
facilities is to use a radioactive beam incident on an ex-
tended, windowless, hydrogen or helium gas target, and
measure the capture y rays in coincidence with the heavy
recoils. A tracking detector can help reduce the backgrounds
from 511 keV annihilation radiation. The directional infor-
mation provided by tracking of the y ray can help establish
where in the (~30 cm long) target the reaction took place.
This information can be used to correct ion-optical aberra-
tions, and to determine the energy losses of the beam and
recoil in an extended target. Tracking can furthermore help
with angular distribution measurements. A tracking detector
should have high efficiency for ~MeV y rays, and high reso-
[ution to reconstruct the cascade y ray decays in cases where
there is a reasonably high level density. Of the order of ~20
measurements can benefit from this technology. However,
coupling of a closely-packed tracking array to an extended
(~30 cm) target and its associated pumps poses some techni-
cal challenges that need to be addressed.

Nuclear Structure Studies: This category of measurements
is very broad, and includes studies used for indirect determi-
nations of important reaction rates. Specificaly, nuclear
levels that may dominate an astrophysical reaction rate are
populated by a reaction different from that occurring in the
cosmos, and the decay properties of those levels (branching
ratios, lifetimes, spins and parities, level densities) are meas-
ured. These studies are particularly important near the pro-
ton- and neutron-dripline, where structure information is
both grestly lacking and is very important for studies of stel-
lar explosions. The high efficiency of a tracking array will
allow studies to go several mass units closer to the drip line
than possible with current arrays. There are hundreds of
studies that can benefit from this technology, utilizing both
stable and radioactive beams.

3.4 Fundamental Interactions and Rare Proc-
esses

A y-ray tracking array with high efficiency, high segmenta-
tion and thus high spatial resolution, and excellent back-
ground rejection could be used to perform important ex-
periments in weak interaction physics. One possible experi-
ment would be a greatly improved measurement of the su-
perallowed branching ratio of the p-decay of °C. The
strength of superallowed B decays can be simply related to
the V4 element of the CKM matrix. The decay of °C is the
least susceptible of the superallowed decays to theoretical
uncertainties. The superallowed branching ratio of *°C can
be measured by observing a y-ray cascade, and the largest
systematic error in such a measurement is caused by acci-
dental pileup of 511 keV photons. Very high spatial resolu-
tion in a new array could essentially remove this error from
current measurements, allowing an improvement in the pre-
cision of the branching ratio of a factor of 10 or more. An
array with extremely good spatial resolution and high detec-
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tion efficiency would also be useful in further studies of
positronium annihilation. An experiment with only one week
of data acquisition could improve existing measurements of
positronium annihilation to four and five photons, which test
QED predictions at high orders of a. This experiment would
also significantly improve limits on Charge Conjugation
Symmetry violating currents. The decay of polarized posi-
tronium in a highly segmented detector could provide an
extremely sensitive test of CPT. Measurements of -y corre-
lations could be improved in an array with good spatial reso-
lution. Several cases would be interesting as tests of recoil-
order weak interaction form factors including ?Na, **O, and
Na-F, #Na->Al, and ZAI-®P. A particularly interesting,
although challenging, experiment would be investigating the
B-y correlation of polarized Ne in order to study the parity
mixing of the 1/2* ,1/2" levels in *°F. This could help resolve
the current uncertainty in nuclear parity-violating meson
couplings.
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4 Functionality and Perfor mance Goals
for a 4n Gamma-Ray Tracking Array

Generally speaking, studies of nuclel at the limits of spin,
excitation energy, or isospin require use of very efficient and
selective detector systems. This is because the states of in-
terest are either populated very weakly with stable beams, or
are reached with very weak radioactive ion beams (RIBS).
Therefore, these studies benefit greatly from the use of a
universal, nearly 4n y-ray detector that simultaneously pro-
vides large photopeak efficiency, high peak-to-total ratio,
good position resolution, and excellent resolution in the en-
ergy range of a few tens of keV to about 20 MeV. Redliza-
tion of these conflicting requirements requires a new con-
cept, namely y-ray tracking in a Ge shell with nearly 4 solid
angle coverage.

Current state-of-the-art detector arrays, such as Gammas-
phere, comprise approximately 100 individual Compton-
suppressed Ge detectors. They have an efficiency of about
10% for detecting the full energy of a 1.33 MeV y ray in a
Ge crystal. In comparison, the maximum efficiency of areal-
istic Ge shell with 4 coverage is theoretically limited to
about 70%. The drawback of this arrangement comes from
events involving the simultaneous emission of multiple y
rays. For such events it becomes impossible to distinguish
when two different y rays hit two different detectors or when
one y ray scatters between the two detectors. To circumvent
this problem, the number of detectors has to be increased to
identify al interactions of each incident y ray. Unfortu-
nately, this approach is prohibitively expensive since it re-
quires more than 1000 individual detectors to regain the
maximum theoretical efficiency. The new approach is to
“track” the interactions of all emitted y rays detected in an
array of highly segmented Ge detectors.

Tracking takes advantage of the recent technological ad-
vances 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 allow-
ing a pulse-shape analysis of signals from each segment to
be used to reconstruct the energy and three-dimensional po-
sitions of all y-ray interactions. This in turn allows the scat-
tering of all the y rays from an event to be tracked and re-
constructed. The concept of y-ray tracking is illustrated in
figure 4.1. 1t is the basis of the proposed next-generation y-
ray detector system discussed below.

4.1 General characteristics of a 4z tracking
array

Large full-energy efficiency (g), good energy resolution
(AE,), and high pesk-to-total ratio (P/T) are the most crucial
parameters for any y-ray detection system. In a K-fold y-ray
coincidence experiment, the sensitivity for detection of the
weakest reaction channel or decay path increases as
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{(I/AEY)(P/T)}K, while the counting statistics improve as
(). Therefore, our primary design goals are to maximize
the efficiency and peak-to-total of the array, and to preserve
the energy resolution close to the intrinsic values, even in
experiments involving fast-moving sources.

Full-Energy Efficiency: The full-energy efficiency of a 4n
Ge shell is related to the average interaction length of the y
ray vs. the depth of the Ge crystals. For example, to achieve
afull-energy efficiency of ~23 % for 15 MeV y rays requires
a9 cm deep Ge crystal.

In a tracking array, efficiency depends on not only the vol-
ume of active Ge, but also on the ability to track and recon-
struct the full-energy events. Hence, to obtain an optimal
tracking efficiency (and peak-to-total ratio), the individual
elements of the array have to satisfy a set of requirements on
their energy and position resolutions, noise and trigger lev-
els, etc. Specifically, test results and Monte Carlo simula-
tions indicate that a position resolution of 2 mm is needed.

Segmentation: Multiple interactions in the same pixel in-
crease the uncertainty in position and energy determination
and, hence, reduce the tracking efficiency. Therefore, the
number of detection elements (segments) must be very large
compared to the total interactions to reduce the multi-hit
probability. Optimum segment sizes vary with y ray energy
(interaction length) and event multiplicity. Simulations indi-
cate that a depth segmentation of approximately 1.5 cm and
angular segmentation of nearly ~10° of 4n provides 50%
tracking efficiency for a 1.33 MeV v ray and total y multi-
plicity of M=25,

Peak-To-Total Ratio: Since the sensitivity to detect the
weakest y ray in a reaction increases as (P/T)¥, a high peak-
to-total is essential for al experiments, especially those in-
volving high-multiplicity. In conventional arrays, a peak-to-
total value of ~0.60 is achieved with the help of an active
BGO shield to suppress the Compton-scattered events. In a
tracking detector, tracking algorithms may be tuned to opti-
mize the peak-to-total or full-energy efficiency, depending
on the experimental requirements. Y et, even when atracking
algorithm is optimized to achieve the highest efficiency,
simulations predict a peak-to-total ratio of 0.78 for a 1.33
MeV y ray.

Energy Resolution: In fast-beam fragmentation reactions and
in the majority of other in-beam experiments, y rays are
emitted from nuclei that are moving with velocities (v/c) that
range from a few percent for fusion reactions in normal
kinematics, up to ~50% for relativistic beams. Therefore, the
energy resolution of the array is adversely affected by Dop-
pler broadening, which depends on the source velocity, y-ray
energy, and angle of emission with respect to the source
velocity. This is a serious limitation for the conventional
arrays, such as Gammasphere, whose individual elements
subtend an angle of approximately 8°. In experiments where
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Figure 4.1 Thisfigureillustrates the basic principles of track-
ing concept. Instead of individually shielded Ge detectors
and collimators, as in Gammasphere, a tracking array will
consist of a closed shell of segmented Ge detectors. Pulse-
shape analysis of signals from segments containing the inter-
action(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 con-
cepts, and the gain obtained by removing Compton suppres-
sors and hevimet absorbers. Gamma rays, which hit a Comp-
ton suppressor or an absorber, are lost for spectroscopic pur-
poses.
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the positions and velocities of the emitting sources are well
known, Doppler broadening may be corrected by determin-
ing the position of the first interaction of the y ray in Ge. To
approach the intrinsic energy resolution of the array an angu-
lar resolution of better than 1°, corresponding to a first-
interaction position determination of ~2 mm is highly desir-
able. However, it should be noted that the recoil angle of the
emitting nucleus needs to be determined with the same accu-
racy in order to realize the full energy resolution of the ar-
ray.

Timing Resolution: Invariably, studies of far-from-stability
nuclei or other rare and exotic phenomena require detection
of v rays in coincidence with other y rays, or with signals
from auxiliary detectors, or both. These experiments greatly
benefit from having good time resolution (e.g., FWHM of
better than 5 ns at 1332 keV) for detection of y rays.

Geometry: It is highly desirable for a large 4w array to have
azimuthal symmetry (to facilitate analysis of angular correla-
tion data), and to provide good efficiency and resolution for
total-energy pulse height (H) and total fold (K) measure-
ments. Using the response functions of the array, the meas-
ured (H,K) could be transformed into two-dimensional maps
of total energy (E*) and multiplicity (M), which define the
entry-state distribution for each reaction product. Knowledge
of (E*,M) isrequired for the selection of specific entry-state
regions in a given nucleus to study the evolution of nuclear
structure with spin and excitation energy. Another powerful
technique is to combine (H,K) with the measured energies of
the evaporated particles to select the reaction Q-value and,
thus, the interesting reaction products. These measurements
require an efficiency of better than ~80% for H and K.

Properties of a Single Ge Detector: General characteristics
of a single HPGe element of the array, along with its per-
formance requirements are specified in Chapter 6. In track-
ing mode, the energy and time resolutions of the array
should meet or exceed these specifications. Also indicated in
Chapter 6 are performance specifications for each segment
(such as noise, threshold, cross talk, and energy resolution)
that affect signal decomposition and three-dimensional posi-
tion resolution of the device. Furthermore, one needs to
minimize the inter-crystal gaps and inactive materials in the
47 array, which adversely affect its tracking efficiency.

To put the performance of a redistic tracking array in per-
spective, Table 4.1 compares its basic properties with those
of an ideal Ge shell that provides 4n solid angle coverage.
The specified numbers are based on extensive Monte Carlo
simulations that have taken into account results of tests per-
formed with highly segmented prototype detectors.

4.2 Reaction-specific requirements

A 4n y-ray tracking array must be a universal instrument that
is capable of addressing the wide range of physics opportu-
nities outlined in Chapter 3. Therefore, in addition to the
general characteristics mentioned above, it also hasto meet a
number of requirements that are imposed by specific classes
of experiments. Since many of these requirements strongly
depend on the specifics of the reaction kinematics (i.e., beam
energy and asymmetry of the projectile and target masses),
we have summarized in Table 4.2 the characteristics of reac-
tions that are commonly used for y-ray spectroscopy. Also
listed in this table are the auxiliary detectors needed for
these studies, as well as special requirements posed by the
presence of the background P and y radiation that emanates
from the decay of the scattered radioactive ion beams.

Fast-Beam Experiments. Fragmentation beams, which have
very high velocities (v/c up to 50%), low emittance (beam
spots of afew cm?) and low intensities (afew ppsin the case
of the most interesting species), pose severa significant
challenges for vy spectroscopy. However, a 4r tracking array
provides an ideal detector for these experiments because of
its large efficiency and, most importantly, its high angular
resolution for Doppler correction. For example, an energy
resolution of better than 1% is expected for a secondary re-
action with M=15 and v/c=50%.

Sow-Beam Reactions. Coulomb excitation, transfer and
fusion, as well as deep indlastic collisions are the most
common reactions used to study single-particle and collec-
tive properties of nuclei. (Typical beam energies, recoil ve-
locities, and other important attributes of these reactions are
listed in Table 4.2.) With stable beams and targets, one gen-
erally has the choice of performing these reactions in either
normal or inverse kinematics. Normal kinematics use lighter
beams that are both easier to accelerate to the desired ener-
gies, and result in smaller Doppler corrections.

Table4.1 Comparison of full-energy efficiencies (¢) and peak-to-total (P/T) ratios for aredlistic tracking array vs. anideal Ge
shell with an inner radius of 13 c¢m, outer radius of 22 ¢cm, and 47 angular coverage.

Detector Ideal Ge Shell Redlistic Array
Multiplicity Gamma-ray Energy (MeV) € PIT € PIT
M=1 0.122 100 1.00 70 0.95
M=1 0.662 85 0.88 60 0.88
M=1 1.332 71 0.78 50 0.78
M=1 15.1 32 041 23 0.41
M=25 1.332 31 0.78 22 0.57
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For Coulomb excitation and heavy-ion transfer reactions,
inverse kinematics is preferable since it results in lower re-
coil velocities for the more interesting back scattering events
than does normal kinematics. Also the isotopic purity of the
beam makes it preferable to use projectile excitation, which
removes Coulomb excitation of adjacent isotopes that can be
troublesome when using target excitation. Inverse kinemat-
ics is aso the preferred mode in experiments that require
detection of the recoils in a mass separator, or those using
radioactive ion beams. This is because kinematic focusing
increases the efficiency to collect recoils, and reduces large-
angle scattering of beam particles. However, the large recoil
velocities resulting from these reactions produce significant
Doppler broadening of the emitted y rays. High angular reso-
lution of a tracking array helps rectify this problem, as dis-
cussed earlier.

Suppression of Background Due to I1SOL Beams: In ISOL
radioactive ion beam experiments, especially those with ex-
tremely weak intensities, having large y detection efficiency
is the most important factor. However, another factor that
greatly facilitates these studies is the ability to isolate the
rare decays from the large background of other radioactive
decay in the environment. Here tracking plays another cru-
cial role since it is possible to identify and suppress y rays
that originate from sources other than the target.

All y rays that satisfy the Compton scattering formula for the
observed energies and positions lie on the surface of a cone
with a half-angle equal to the first Compton scattering angle.
The axis of this “event cone” is defined by the vector that
joins the first two interaction points in the crystal (Also see

chapter 5.3 for illustration of tracking with Compton cam-
eras.) Therefore, the uncertainty in the direction of the inci-
dent y ray depends on how well one could determine the first
scattering angle, and the positions of the first two interaction
points. The dispersion in the cone angle depends largely on
(i) the separation between the first two interaction points
(which depends on the y energy), and (i) the position resolu-
tion, provided the interactions occur in two different seg-
ments. For a 1 MeV v ray, a position resolution of 2 mm,
and energy resolution of ~2 keV, a spread of about £7°in the
cone angle is expected. The angular spread becomes consid-
erably larger for y energies below a few hundred keV be-
cause the two interaction points get closer. When two inter-
actions occur in the same segment, both position and energy
determination become more uncertain, resulting in a very
poor reconstruction of the incident angle.

High y-Ray Multiplicity Reactions: Many reactions between
heavy ions and heavy targets at or above the Coulomb bar-
rier produce residues at very high spins and are used to study
high angular-momentum properties of nuclei. Gamma-ray
decays of these products may result in y-ray multiplicitiesin
the range of M=15-25, which increase the chance of multiple
hits in a single crystal, or multiple interactions in a segment.
To be able to correctly deduce the energies and positions of
multiple interaction points in a single segment, a three-
dimensional position sensitivity of better than 0.4 mm is
needed.

It is quite common to encounter overlapping y-ray energies
in reactions that produce many residual nuclei at high spins.
Good energy resolution (Doppler correction) is needed to

Table 4.2 Characteristics of reactions used for y ray spectroscopy, including special requirements posed by the presence of the
background B and y radiation that emanates from the decay of the scattered radioactive ion beams, and auxiliary detectors

needed for these studies.

Reactions Physics Energy v/c v Ey Energy (H,K) RIB v Auxiliary Detectors
(MeV/u) % Mult. (MeV) Resolution Back G. Vector
Fragmentation beams Coulex, knock out, soft dipole >70 >25 few <5 0.5-1% - - y  Tracking, particle detectors
Capture, inverse Astrophysics 1-4 <10 low <3 ~0.5% - - y  Micro-channel plate (M CP), separator
Coulomb Excittaion:
Inverse Kinematics Collective properties ~4 7-10 1-15 <5 ~0.3% - - y  Particle detectors, MCP
Normal Kinematics Collective properties ~4 2-4 115 <5 few keVv - y y  Particle detectors
Transfer Reactions:
Inverse, heavy target  |Single & multi-particle transfer 4-6 <10 <15 <3 ~0.3% y - y Gas& Si det., MCP, separator
Inverse, light target Single-particle transfer <15 <20 <5 <3 ~0.3% y - y  Position sensitive Si, M CP, separator
Normal, light ion Single-particle transfer 4-15 <3 <5 <3 few keV y Particle detectors
Normal, heavy ion Single & multi-particle transfer 4-6 <7 <15 <3 few keV y y y  Particle detectors
Fusion:
Inverse Kinematics Hi spin, decay tagging, p-rich 4-5 <10 <25 <4 ~0.3% y - y  Particle and neutron det., separators, plunger
Normal Kinematics Hi spin, decay tagging, p-rich 4-5 <6 <25 <4 few keV y y y  Mini-orange
Deep Inelastic Collisions:
Inverse Kinematics Hi spin, n-rich, >5 <10 <25 <5 ~0.3% y - y  Particle detectors
Normal Kinematics Hi spin, n-rich, >5 <5 <25 <3 few keV y y y  Particle detectors
Hot GDR Giant Resonances 4-5 <6 <25 <25 y - - Particle detectors
Decay Tagging Particle unbound, isomerism 4-5 <6 <25 <3 few keV y y y  Separator, variety of focal plane detectors
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resolve the y rays that lie very close to each other.

As mentioned before, (H,K) measurements offer a valuable
tool to isolate the high-spin states of interest. To do so effec-
tively, the array needs to provide an efficiency of better than
80% for measurements of H and K.

High-multiplicity events also pose the most restrictive con-
straints on the data processing and data acquisition rates that
array hasto meet, as will be discussed in Chapter 6.

Auxiliary detectors: The partial cross section for the produc-
tion of exotic nuclei decreases rapidly as we approach ex-
tremes of spin and isospin. To cope with this difficulty, we
need to combine y detection with one or more auxiliary de-
tectors that would help select the reaction channels of inter-
est cleanly and efficiently. While many of the auxiliary de-
tectors are deployed in the inner cavity of the array, some
devices are mounted outside the cavity and may have to re-
place some elements of the array. The reguirements posed
by auxiliary devices will be briefly discussed below.

Very proton-rich nuclei are produced via fusion-evaporation
reactions with very small cross sections (down to a few pb)
in the presence of tens of other products. These nuclei are
commonly identified and studied with the help of charged-
particle detectors placed around the target, and neutron de-
tectors placed at forward angles. Therefore, the inner cavity
of the array should be large enough to accept a nearly 4n
array of charged-particle detectors, and the forward elements
of the array should be modular to alow their replacement
with neutron detectors.

Many binary reactions between heavy ions and heavy tar-
gets, such as Coulomb excitation, transfer and deep inelastic
collisions, require coincidence detection of target- and pro-
jectile-like fragments. Examples of such detectors are paral-
lel-plate avalanche counters (CHICO at Rochester), and en-
ergy-loss telescopes of segmented or position-sensitive sili-
con detectors. Other types of internal devices are mini-
orange spectrometers to measure conversion electrons, and
plungers for lifetime measurements. To accommodate such a
large variety of detectors, a minimum inner-cavity radius of
13 cmisrequired.

Recoil mass separators (RMS), which identify reaction
products by their charge-to-mass ratios, provide another
powerful tool for the selection of weakly produced nuclei
that are kinematically focused at forward angles. At high-
enough recoil energies, gas counters at the final focus of an
RMS may be used to identify the atomic numbers of the
products. In recoil-decay tagging experiments, prompt y
emission at the target position is detected in coincidence
with some characteristic decays of the recoils at the focal
plane (e.g., particle or isomeric y decay) that uniquely iden-
tify the nucleus of interest. This technique requires that the
data acquisition and readout systems be versatile enough to
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accept both prompt and delayed coincidence triggers from a
variety of auxiliary detectors.

Depending on the reaction of interest and the nature or se-
verity of the contaminating background, one may have to
use the tracking array in conjunction with different types of
mass separators. Examples of these separators are recoil
mass spectrometers with high mass resolution for nuclear
structure (FMA at ANL and RMS at ORNL), gasfilled
separators with very high collection efficiency but low mass
resolution (BGS at LBL and RITU at Jyvaskyla), and
separators suitable for radiative-capture reactions of interest
to astrophysics (DRS at ORNL and DRAGON at ISAC).
Since no separator can singularly meet the conflicting
requirements of the above experiments, it should be possible
to move the tracking array to different beam lines.

Finally, to fully utilize the Doppler correction capabilities of
the array, one needs auxiliary detectors that would allow
determination of the recoil angle to better than 1°. With low-
intensity radioactive ion beams, this may be achieved with
the help of micro-channel plates, or other tracking detectors.
Recoil direction may be also determined either directly by
position-sensitive recoil detectors such as HERCULES
(Washington University), or indirectly by kinematic-
reconstruction technique for reactions that involve only
emission of charged particles. The y-ray tracking array
should be able to accommodate these auxiliary detectors
with no, or only small adverse effects on its overall perform-
ance.

4.3 Data acquisition and electronics

Requirements for digital electronics and digital processing of
the large amount of data generated by a y ray tracking array
have been discussed at the Argonne (March 2001) and
Lowell (June 2001) Workshops. The main conclusions of
these meetings are discussed in Chapter 6, and summarized
below.

The electronics should be able to handle: (i) adynamic range
of 10 keV to 20 MeV for the incident y rays and a trigger
threshold of better than 5 keV, (ii) count rates of up to 50
kHz per detector, and (iii) an event rate of ~1 MHz for M=5
and 300 kHz for M=25. The trigger logic and data acquisi-
tion systems should be versatile enough to accept both
prompt and delayed coincidence triggers from a variety of
auxiliary detectors, and to incorporate an adequate level of
signal processing to select the interesting events with mini-
mum loss of data
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4.4 Summary of the characteristics and
performance parameters

441 Geometry:

e Segmentation: Approximately 1.5 cmradial, about 107 of
Az angular

o Azimuthal symmetry (desirable for angular correlations)

o Minimum size of the target cavity (important for auxiliary
detectors): 13 cm

e Modularity: Ability to accommodate external auxiliary
detectors, and to easily mount or dismount elements of the
array

o Portability: Ability to use the array at different beam
lines.

4.4.2 Performance with tracking:

e Energy resolution (FWHM) of 1.2 and 2.2 keV for 122 and
1332 keV y rays, respectively.

e Angular resolution: Better than 1° for a 1332 keV point
source at target position

e Directional information: Spread in the half angle of the
cone that defines the direction of the incident y-ray to be
nearly +7° @ 1 MeV

 Efficiency of better than ~80% to measure H and K

e Timing resolution (FWHM) of better than 5 ns at 1332
kev

o Efficiencies and peak-to-total ratios similar to the values
indicated in Table 4.1.

4.4.3 Electronics and data processing rates

e Energy dynamic range: 10 keV to 20 MeV for the incident
yx ray

Compatibility with auxiliary detectors

Ability to incorporate a variety of prompt and delayed
triggers from auxiliary detectors

Count rate per detector: ~50 kHz

Event rate: Approximately 1 MHz for M=5, 300 kHz for
M=25,
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5. Current Effortsin Gamma-Ray
Tracking

5.1 Coaxial Detectors

5.1.1 GRETA (Gamma Ray Energy Tracking Array)

The first conceptual design study for applying y-ray tracking
to a proposed major new detector for nuclear structure phys-
ics was done at LBNL in 1994 and an array named GRETA
was proposed. This detector was mentioned as a desirable
future development project in the February 1996 Long
Range Plan for Nuclear Science. The first prototype 12-fold
segmented coaxial Ge detector was tested in 1997; the first
working tracking algorithm for Compton scattering was suc-
cessfully developed and 2D sensitivity demonstrated at
LBNL. This success led to the first workshop of GRETA
Physics held at LBNL February 1998. A GRETA Advisory
Committee was formed April 1998, which later became the
GRETA Steering Committee. In 1999 the second prototype
6x6 fold segmented GRETA detector was tested. Pulse-
shape analysis of transient and net charge signals was used
to obtain three-dimensional position information of individ-
ual y-ray interactions, and the realization of y-ray tracking
algorithms based on the two dominant interaction processes,
the Compton and the photo-electric effects. This success
demonstrated the crucial first proof of principle for y-ray
tracking in segmented detectors with regard to detector
manufacture, signal processing, and tracking algorithms.

The current design of GRETA is based upon a geodesic con-
figuration, consisting of either 110 or 120 hexagons plus 12
pentagons. For the 110 hexagon geometry there are three
types of dightly irregular hexagons, shown in Fig. 5.1.1,
forming three rings surrounding the inner pentagon. The
inner radius of the array depends on the size of the Ge detec-
tors. Considering a detector with 8 cm diameter and 9 cm
length, this inner radius is ~14 cm, matching the require-
ments needed to accommodate auxiliary devices. The two

1D ecm

packing schemes being considered by the GRETA Steering
Committee do not significantly change the following discus-
sion. It is envisioned that 3 detectors (one of each type) will
be mounted in a common cryostat (see the discussion in 6.1),
as a compromise to minimize both the dead layers between
and the complications that arise in sharing a common vac-
uum by many detectors. A total of 37 to 40 cluster modules
will form GRETA.

Guided by the results obtained so far, and by Monte Carlo
simulations, one expects the characteristics listed in Table
5.1.1 for the system described above, in comparison to
Gammasphere. The resolving power expected under differ-
ent experimental conditions covering most of the physics
needs, can be estimated for a “realistic’ GRETA configura-
tion using the properties presented above. When compared
to Gammasphere, the most conservative estimates, shown in
the final column of table 5.1.2, show that GRETA will be

hundreds to thousands of times more sensitive than the

world’s most sensitive existing spectrometer. The large in-
crease in resolving power reflects the corresponding increase

Table 5.1.1: Expected characteristics of GRETA in compari-
son with Gammasphere (GS). The peak-to-total ratio quoted
for Gammasphere, and used in the resolving power calcula-
tions, is from simulations (the actual value is 0.60).

GS GRETA
Solid angle coverage 0.45 0.80
Efficiency (1.3 MeV) 0.08 0.50
Efficiency (15 MeV) 0.005 0.23
Position resolution >20mm | 2mm
Peak-to-total ratio (1.3 MeV) 0.66 0.78
Energy resolution (1.3 MeV) 2.3keV | 2.0keV
Timeresolution (1.3MeV) 8 ns 5ns
Direction information No Yes
Polarization sensitivity (1.3 MeV) 0.04 0.3
Counting rate (per detector) 10kHz | 50kHz

Fig. 5.1.1 Picture of ageodesic design for GRETA , based on the Gammasphere geometry. There are

110 hexagons and 12 pentagons.
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Table 5.1.2: The calculated resolving power of GRETA for a variety of different reaction types ranging from B-decay
(low multiplicity and v/c = 0) to fragmentation of fast beams, to very high spin fusion evaporation reactions. The final
three columns list the improvement in the resolving power of GRETA, relative to Gammasphere, for three different
assumptions about the total solid angle coverage and position resolution of GRETA.

Type of Reaction <E> vic M, Resolving I mprovement Factor
(MeV) Power (Relative to Gammasphere)
AX =2 mm Ax =0 mm AX=1mm AX=2mm
Q=80% Q=100% Q=90% Q=80%

Stopped 5.0 0.0 4 2.1x 10’ 370 290 200

15 0.0 4 4.4x 10’ 170 120 77
High-spin 1.0 0.04 20 2.4x10° 240 140 55
Normal Kinematics
High-spin 1.0 0.07 20 2.2x10° 600 340 120
Inverse Kinematics
Coulex/transfer 1.5 01 15 3.7x10° 2200 1320 510
Fragmentation 15 0.5 6 5.9 x 10° 137600 46570 12490
In beam Coulex 5.0 0.5 2 27X 10° 1510 440 110

15 05 2 4.1x 10° 1800 180 50

in optimum fold for an array like GRETA, as compared to Ge detectors

Gammasphere. The numbers show both the power of y-ray
tracking and the fact that this design matches very well the
requirements of a 4z device. The predicted energy resolution
as a function of recoil velocity is shown in figure 5.1.2. The
calculations assume that there is no contribution to the en-
ergy resolution from the uncertainty in the direction of the
emitting fragment.

During the Fact-finding Meeting at ANL, I-Yang Lee pre-
sented a cost estimate and budget profile for such an array,
these are shown in table 5.1.3 and Figure 5.1.3. They include
both purchase and manpower in FY02 Dollars with no con-
tingency and no inflation. According to this spending plan,
the available number of cluster modules in FY06 (of order
10) aready will exceed the performance of Gammasphere.
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Fig. 5.1.2 The predicted energy resolution for GRETA as
a function of recoil velocity for 1.33 MeV and 5 MeV vy

rays.
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Two two-dimensionally segmented closed-ended HPGe de-
tectors have been built by Eurisys Mesures and tested at
LBNL. Both detectors have a regular hexagona shape and
are tapered by 10°, they were 9 cm long with a maximum
diameter of 7 cm at the back. The first prototype was 12-fold
segmented (6 azimuthal x 2 longitudinal) and the second
prototype was 36-fold segmented (6 azimuthal x 6 longitu-
dina), showninFig. 5.1.4.

Extensive measurements have been performed to determine
basic properties, such as noise characteristics, three-
dimensional position sensitivity and resolution for single
interactions, crystal orientation effects and energy resolu-
tion. On average, an energy resolution of 1.94 keV at 1.33
MeV was obtained for the segments and a total integrated
noise of 4 keV at a bandwidth of 40 MHz, both indicating
the excellent noise properties of this detector [NIM A452
(2000) 105]. A position sensitivity of about 0.5 mm at 374
keV was measured indicating that the combination of two-
dimensional segmentation and pul se-shape analysisis able to
provide sufficient sensitivity for a y-ray tracking system
[NIM A452 (2000) 223]. In addition, electrical field and
pul se-shape calculations as well as Monte-Carlo simulations
have been performed to understand the measured properties
and to parameterize measured signals in terms of calculated
signals which is necessary for the signal decomposition to
determine energies and three-dimensiona position of the
individual y-ray interactions. An example of these results is
shown in Fig. 5.1.5; it clearly demonstrates the sensitivity of
both the main and induced signals to the position of the in-
teraction. The agreement between the calculated and meas-
ured signalsis very impressive.
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Table 5.1.3: A cost estimate for GRETA in FY02 Dollars.

The effort assumes $200K/FTE.

Item Purchase (M$) | Effort (FTE)
Mechanical 0.8 5
Liquid Nitrogen 0.5 4
Detector 17.0 7
Electronics 3.2 10
Computer 1.0 13
Installation 6
Management 15
Safety 3
Sub-tota 225 63
Total(M$) 35.1

10,000
8,000
6,000
4,000

2,000 -
O D\D\"\ T T T 1

2003 2004 2005 2006 2007 2008 2009
Fiscal Year

Cost (k$)

Fig. 5.1.3: GRETA cost profile as a function of Fiscal
Year.
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Fig. 5.1.4 Picture of the GRETA detector prototype. The insets show the preamplifier configuration, the
crystal segmentation and the energy resolution for each segment.

By employing the event-by-event decomposition of meas-
ured signals with purely calculated signals a position resolu-
tion - again for single interactions — of better than 1 mm at
374 keV was obtained. These results are presented in Fig.
5.1.6; position resolutions in 3D (X, y and z) are compared
for fitted positions and positions obtained by Monte Carlo
calculations.

Currently, source data are being analyzed to compare simple
properties as peak-to-total and efficiency with and without
tracking [A. Kuhn, UC Berkeley]. The latter includes all the
ingredients of y-ray tracking, starting with the measurements
of all the channels, the decomposition of measured signals
with the calculated basis, and finally the tracking calcula-
tion. Data were also measured from different sources and
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different locations. This will allow study of the imaging ca-
pability of the GRETA prototype detector for a range of y-
ray energies.

Results for the **'Cs source are presented in Fig. 5.1.7. The
left panel correspondsto afull simulation and the right panel
to the real data. Once again the agreement is excellent. The
tracking algorithm improves the peak-to-total from ~16% to
31% with atracking efficiency of 62%

Previous attempts to image the location of a **?Eu by using
the 244 keV transition were unsuccessful, probably due to
the noise level at this low energy. We expect to be able to
determine source locations by using y-ray energies above
500 keV (*Cs, ®Co, *Eu source data have been meas-
ured).
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Figure 5.1.5. Comparison of measured and calculated signals at two positions in a given segment of the prototype de-
tector, asindicated in the inset. Note the sensitivity of both main and induced signals to the position.
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Fig. 5.1.7. Singles spectrum for the **'Cs source (662.7 keV) obtained with and without tracking. The left panel corre-
sponds to a full simulation while the right panel isfor the real data.

Electronics and Data Acquisition

Compact low noise preamplifiers have been built at LBNL
for the second prototype detector. All 37 preamplifiers are
arranged on a circular motherboard close to the feed-
throughs (See Fig. 5.1.4).

The measurements to determine noise characteristics, posi-
tion sensitivity and position resolution were performed with
8hit, 500MHz Tektronix RTD modules (16 channels in total
on loan from LLNL). The recent measurements were per-
formed with eight 4-channel XIA modules. With the XIA
modules, and its implemented algorithms, it was possible to
improve the energy resolution by about 0.1 keV.

Tracking analysis software

Tracking analysis software includes two components:
extraction of information about individual interactions and
the tracking calculation itself. The first task is associated
with the decomposition of the measured segment signalsinto
individual interactions, the second task with converting this
information into y rays.

All signal decomposition approaches studied so far are based
on fitting the measured signals with calculated signals. Fit-
ting procedures such as adaptive grid search, singular value
decomposition and state-of-the art x> minimization algo-
rithms have been developed and implemented in the time
domain, the latter has been also explored in the wavelet do-
main.

So far, the different algorithms achieve position resolution in
the order of a few millimeters and take in the order of sec-
onds for each event, consisting of 2-3 interactions.

Significant effort went into the development of ay-ray track-
ing algorithm based on the Compton and the photo-electric
effect [NIM A 430 (1999) 69]. It consists of three steps:
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(2) Identification: the interaction points within a given angu-
lar separation, as viewed from the target, are grouped into a
cluster.

(2) 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 y ray. If the interaction points had infinite position and
energy resolution, the tracking would be exact and the prop-
erly identified full-energy clusters will show no deviation
from the scattering formula. Wrongly identified clusters or
partial-energy clusters will deviate from the formula and the
separation of the good and bad clusters would be easy. How-
ever, in redlity, with finite position and energy resolution,
the good clusters will also have a non-zero ¥ and they can-
not be separated cleanly from the bad clusters. This causes a
lower efficiency and poorer peak-to-total ratio (Fig. 5.1.8).

(3) Recovery and filter: recover some of the wrongly identi-
fied y 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.

With a position resolution of 2 mm and realistic assumptions
concerning the geometry (e.g. gaps and can thickness) an
efficiency of about 25% and a peak-to-total of about 0.65
can be achieved for events with 25 emitted y rays. This has
to be compared with Gammasphere which has an efficiency
of about 8% and a peak-to-total of about 0.66 under the
same conditions, which implies a gain of four in efficiency
for each of 25 emitted y rays.

Another advantage of a tracking array is the high photo-peak
efficiency for high-energy y rays (e.g. 0.23 at 15.1 MeV).
This results from the large probability of pair production.
(At 10 MeV, this probability is about 60%) and therefore
pair-production events need to be identified with a high effi-
ciency. A “pair-tracking” algorithm was developed based on
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Fig. 5.1.8 Efficiency and Peak-to-Total for GRETA for a multiplicity of 25, as a function of the angle used

to define a cluster in the tracking algorithm.

the characteristic features of the pair-production process and
the subsequent position annihilation radiation.

5.1.2 AGATA: The Advanced GAmma-Tracking
Array

The European efforts in y-ray tracking were presented at the
Argonne Fact-finding Meseting by Dino Bazzacco from
INFN-Padova. This R&D work was supported by the TMR
Network project and included work on simulations and
tracking, calculations of pulse shapes, signal decomposition
and development of segmented detectors (such as MARS).
These efforts resulted in the AGATA proposal. It is impor-
tant to note that most AGATA results are consistent with
those obtained by the GRETA team. The AGATA collabora
tion includes 38 ingitutions from Bulgaria, Denmark,
Finland, France, Germany, Italy, Poland, Sweden and UK.
The main properties of AGATA are summarized in table
514

The geometrical structure of AGATA is based on the geo-
desic tiling of a sphere with 12 regular pentagons and 180
hexagons as shown in Figure 5.1.9. Owing to the symmetries

Table5.1.4 Basic propertiesof AGATA

Property Condition
Photo-peak efficiency| E,=1 MeV, 50%
M,=1, B<50%
E,=1MeV, M,=30, 25%
B<50%
E,=10MeV,M,=1 10%
Peak-to-total ratio M,=1 60-70%
M,=30 40-50%
Angular resolution AE/E<1% <1°
Event rates M,=1 3MHz
M,=30 0.3MHz
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of this specific bucky-ball construction only 3 dightly dif-
ferent irregular hexagons are needed. To minimize inter-
detector space losses while still preserving modularity, 3
hexagonal crystals (one of each type) are arranged in one
cryostat. The pentagona detectors are individually canned.
The inner radius of the array is 17 cm. The total solid angle
covered by germanium material is close to 80% and the
photo peak efficiency is 50% for an individual 1 MeV y-ray.

The total number of segments in the array is 6780. This
granularity provides optimum position sensitivity. Realistic
simulations of the tracking performance indicate efficiencies
of 40% for individua transitions and of 25% for a cascade of
30 y-rays. A key feature of AGATA isthe high precision for
determining the emission direction of the detected y-rays of
<1° for a point source located at the target position. This

Figure 5.1.9: Artist’s view of AGATA. The three dightly
different hexagonal crystal shapes are shown in red, green
and blue. Three Crystals are packed in a cryostat, as indi-
cated by the grey aluminium walls. The total number of
such triple cluster detectorsis 60. The pentagonal detectors
are shown in light blue color.
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Fig. 5.1.10: Simulation of the AGATA Detector Module
consisting of (1) three 36-fold segmented Ge detectors, (2)
preamplifier, (3) frame support, (4) digital pulse processing
electronics, (5) fiber-optics read-out, and (6) LN, — dewar.
The (7) target position is indicated.

ensures an energy resolution better than 0.5% for transitions
emitted by nuclei recoiling at velocities as high as 50% of
the speed of light. This value is only a factor of two larger
than the intrinsic resolution of Ge detectors and is compara-
ble with the values currently observed at 10 times smaller
recoil velocity.

Fig. 5.1.10 shows a simulation of how an AGATA detector
module will look. Each cryostat contains three 36-fold seg-
mented Ge detectors of hexagonal, tapered shape (8 cm di-
ameter, 10 cm length). The individual Ge crystals are encap-
sulated in a very thin Al can — a new technology, developed
in the framework of the Euroball and Miniball projects,
which strongly improves the reliability of the detectors. The
111 preamplifiers consist of a cold part including the FETs
mounted inside the cryostat and a warm part behind the Ge
detectors. Highly integrated digital pulse processing elec-
tronics could be mounted in a second layer behind the pre-
amplifiers. The data are transferred via a fiber-optic channel
for further analysis. A central support frame is situated be-
tween the preamplifier and the pulse processing-section. The
Ge detectors are cooled with liquid nitrogen contained in
conical dewars.

The estimated cost for this project is 40MEuros and the
manpower 150 FTEs. It could be completed in 8 years.

A segmented prototype detector (MARS) was built by Euri-
sys for the Legnaro-Padova group. It is a cylindrical crystal
with 6(azimuthal)x4(longitudinal) segments plus an extra
segment in the front. The results of the test of this detector
are important and provide an important milestone in the ap-
plication of the tracking concept in realistic conditions. In
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Fig. 5.1.11: The 2" transition in **Fe before and after Dop-
pler reconstruction using a genetic algorithm. The expected
energy resolution is 3.5 keV for perfect tracking and 4.2
keV for a position resolution of 5 mm.

one experiment a beam of **Fe at 240 MeV was Coulomb
excited by a ®®Pb target. The recoils, with vic ~8%, were
detected in an array of 15 tightly collimated particle counters
positioned at approximately 90° from the prototype. Figure
5.1.11 shows the Doppler corrected spectrum was generated
by the reconstructed points obtained by a tracking using a
genetic algorithm. The FWHM of 4.7 keV for the 2" transi-
tion in ®°Fe (846 keV) is very close to the 4.2 keV expected
from simulations including a position resolution of 5 mm.
The full analysis of the experiment is still in progress.

5.1.3 The SeGA Array

The National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University has developed the
SeGA 32-fold segmented germanium detector array. The
project was funded via the Mgjor Instrumentation Program
(MRI) of the NSF. The array was optimized for in-beam y-
ray spectroscopy experiments with fast (v/c = 0.3-0.5) exotic
beams.

The SeGA array consists of 18 individual detectors. Each
cylindrical crystal is 8 cm long and 7 cm in diameter and
made of n-type high-purity germanium. The outer p-type
ion-implanted contact of the crystal is vertically segmented
into four longitudinal segments and horizontally segmented
into eight transverse segments. The inner contact is lithium
diffused and each crystal is individually encapsulated. The
gap between the crystal and the can is8 mm and 4 mm in the
front. The full volume energy signal is collected from the
inner contact by an AC coupled preamplifier and each seg-
ment is grounded through a DC-coupled preamplifier which
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Figure 5.1.12: Coulomb excitation spectra at intermediate
beam energies for **Kr and 'Be scattered of secondary gold
targets.

gives the position information. All FETs are warm and can
be easily accessed without breaking the vacuum.

The detector array is in operation and the design goals have
been achieved. The central contact energy resolution varies
between 2.5 keV and 2.8 keV. The average resolution of the
32 side channels is 2.5 keV for al but the four segments at
the front where the average resolution is 3.3 keV (al resolu-
tions were measured at 1332 keV). Each crystal is about
75% efficient relative to a 3"x 3" Nal detector. Peak-to-total
values range from 0.210 to 0.216. The time resolution ranges
from 7.0 nsto 9.0 ns (FWHM) for energies greater than 100
keV from a®Co source. The flexible design of the array was
optimized for fast beam experiments. The detectors can be
arranged in severa configurations with distances to the tar-
get varying from 10 cm to 100 cm.

Figure 5.1.12 shows the y-ray spectrum following Coulomb
excitation of a 83 MeV/nucleon ®Kr on a 184 mg/cm? thick
gold target (left) and of a 121 MeV/nucleon *Be on aon a
968 mg/cm? thick gold target (right). The importance of the
position determination is obvious by comparing the spec-
trum in the laboratory (bottom) and projectile (top) rest
frame. The spectra correspond to six detectors at 109° at a
distance of 14 cm from the target.

The detector hardware of the project is complete and the
next step is the upgrade of the analog electronics with digital
electronics to improve the position resolution. The digital
readout of the detector signals alows the reconstruction of
the position to better than the intrinsic resolution of 0.6 cm
FWHM. The detectors could then be placed closer to the
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Figure 5.1.13: Signal from a Struck SIS 3300 12-bit
100 MHz flash ADC read out by the NSCL VME/PCI
real-time Linux based data acquisition system.

target increasing the efficiency while maintaining the energy
resolution.

This project is an ideal first opportunity to test the tracking
algorithms because the y-ray multiplicity in these intermedi-
ate-energy experiments is low resulting in digital position
determination significantly simpler compared to the full
tracking required in fusion-evaporation reactions. This effort
should be coordinated with the broad development of digital
signal processing of GRETA. The hardware will be based on
the Struck SIS3300 100 MHz 12-hit 6U VME flash ADC
(Figure 5.1.13) and is being developed using NSF funds in
coordination with the working group on Digital Electronics.
The VME/PCI real-time Linux based data acquisition devel-
oped at the NSCL is capable of processing the signals. It is
anticipated that the hardware cost to implement all 18 detec-
tors with digital readout (estimated to be $450k) can be se-
cured through the MRI program of the NSF. The manpower
needed to implement the tracking algorithms is estimated to
be two FTE. This would be directly connected to the
GRETA effort and should be supported within this effort.

5.2 Planar Detectors

Planar double-sided strip Ge detectors (HpGeDSSDs) have
been procured for photon imaging and for tracking of y rays
by several laboratories (see section 5.3). Such detectors have
multiple strips in orthogonal directions on either side of the
wafer; the “intersection” of a pair of orthogonal strips de-
fines a pixel. The uniform, high field of the planar geometry
has many advantages. For imaging and tracking of photons a
key benefit is that each pixel provides inherently good (x,y)
position resolution without the need to process the shape of
the signals. For many applications, for example Doppler
correction, 5 mm pixels are sufficiently small, but it is
straightforward to obtain smaller resolution, < 1 mm, either
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Fig. 5.2.2: An X-Ray absorption image of a NASA “mar-
tian” test sample, imaged with silver X-rays (~23 keV)
from a*®Cd source, measured with the ANL detector. The
circular depression is from enhanced absorption in a quartz
matrix; the left and right peaks inside reveal diminished
absorption from embedded paraffin and carbon objects.
The relative absorption at 23 keV and, say, 88keV alows
the effective atomic numbers of the objects to be deter-
mined. The experimental geometry has a 8:1 magnifica-
tion, so an ANL HpGeDSSD pixel has an effective area of
700 x 700 microns on the object.

by making detectors with finer strips, or by exploiting the
image signals on strips adjacent to that with the photon in-
teraction. Analysis at ANL shows that, for single-interaction
events, ~1 mm lateral position resolution can be very easily
reached with a very simple algorithm which relies only on
the size of the image charges and not at al on their shape.
Approximate algorithms of this type are ideal for executing
in real time in an FPGA or similar device. Depth (2) infor-
mation can come from the time difference of the signalsin
the opposite electrodes; sub-mm resolution has been demon-
strated at the Naval Research Laboratory (NRL), again with-
out resorting to digital analysis. Already Ge DSSDs have
been successfully demonstrated in several applications at
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Fig. 5.2.3. Raw and Doppler corrected y-ray spectra from
the *Mg(***Xexn)**>***Dy reactions at 595 MeV. Date
were collected using the “Mark 2" detector placed 10 cm
from the target at 90°. The recoil velocity was p~8.0%.

NRL, as shown in Fig. 5.2.1, and at Argonne as shown in
Figs. 5.2.2 plus5.2.3.

In the GAmma-Ray BOx (GARBO) project at Argonne,
large planar double-sided Ge strip detectors have been
tested, with the eventual goal of using them for tracking pho-
tons. Collaborating institutions in this project are Argonne,
Bio-Imaging Systems, DePaul, Liverpool, Purdue-Calumet,
U. Massachusetts Lowell, ORTEC and NRL. Currently, tests
are being conducted on a 92 x 92 x 20 mm p-type planar
detector, with sixteen 5.3 mm wide strips. Thereisa 3.5 mm
guard ring around the edge of the detector. Contacts are
made through boron implantation on one side and through
lithium on the other. Fig. 5.2.4 shows a photograph of the
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Fig. 5.24. The ANL “Mark 3" HpGeDSSD. It is a
92 mm x 92 mm x 20 mm germanium wafer, with 16, 5.3
mm strips on each face.

detector. Thisisthe largest and thickest planar Ge wafer that
has ever been manufactured. Preliminary results are very
good. With al warm FETSs, the average resolution for 122
keV photonsis 1.8 keV on the Li side and 2.2 keV on the B
side. The average resolution for 1.3 MeV y rays for all strips
is 2.8 keV. (Two strips, which have poor resolution due to
fabrication problems, are excluded from the average.) The
efficiency response is uniform within 10% across the face of
the detector. The efficiency profile across a strip in consis-
tent with its width.

Two prior versions, which did not have guard rings, showed
poorer performance, both in resolution and in uniformity of
efficiency, but served for refinement and improvement of
manufacturing techniques. These detectors also alowed a
number of useful measurements to be made. Among these
are of the measurements of the digitized pulse shapes from
the strip in which the interaction took place and from the two
adjacent strips. The latter revealed the image charge signals,
which have either a positive or negative polarity, depending
on the depth of the interaction point. Hence, they can pro-
vide additional depth information. It is clear that these pulses
can always provide sufficient data for locating the three co-
ordinates of the interaction point when there is one dominant
interaction in a pixel (by far the most common case), and
can often provide multiple coordinates if the interactions are
well separated (>5 mm apart). Detailed knowledge of the
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Fig. 5.2.5. Probability distribution vs position, measured
with a collimated **'Cs source located at three locations
within a strip (center and ¥ 2 mm from center). Each bin
corresponds to 0.28 mm and the position resolution is
~0.8 mm FWHM. The position information is given by
the relative magnitudes of the image charges on adjacent
strips. The lower panels show digital scope traces of a pair
of image charges, with the source at the —2-mm position.
Events with more than one interaction were excluded in
the analysis.

pulse shape is not needed for single interactions due to the
linear electric fields and simple geometry, unlike in the co-
axial detector geometry. For example, the location of an
interaction point has been determined within < 1 mm from
the relative magnitudes of the two image charges — see Fig.
5.2.5. Investigations are being conducted on multiple inter-
actions in a pixel, but even then simple “multiple peak” fit-
ting may allow position extraction without recourse to fitting
calculated pulse shapes. Full analysisisin progress, but it is
estimated that the position of the interaction point normally
can be located within 0.5-1 mm, depending on the interac-
tion depth and on the photon energy. At worst, at the depth
where the mirror-charge pulse changes sign, the resolution
will be given by the strip width, i.e. £2.5 mm.

Extraction of multiple interactions within a HpGeDSSD will
require digital signal processing, deconvolution of the digital
data to infer interaction points and energies, and then the
development of algorithms to track the incident photon by
reconstructing the successive photon interactions. The two
largest areas of R&D are the digitization and reconstruction,
which are common for photon tracking with both planar and
coaxial detectors.

Monte Carlo simulations have been performed at Argonne to
evaluate detection efficiencies and peak-to-total ratios of
severa detector configurations. A stack of four 92 x 92 x 20
mm wafers is an efficient detector with an absolute photo-
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peak efficiency of 0.17% and peak-to-total ratio of 0.27 for
a 1.3 MeV source at 25 cm [142%, compared to a 3x3” Nal
detector]. With removal of inert material (Li contact, boron
nitride, guard ring) the relative efficiency rises to 210%.
Investigations were also performed for a 6-sided cube, with
four stacks of planars on each face, to evaluate its perform-
ance as a 4n detector for in-beam y spectroscopy. The calcu-
lated absolute photo-peak efficiency was 15%, with a peak-
to-total ratio of 0.28, without tracking. Although the per-
formance will improve with minimization of inert material,
better packing and tracking, it is not competitive with that of
the GRETA array.

Thin planar detector contacts have been developed recently
that do not require lithium. Further, a device without a guard
ring should be possible. However, from devices produced
for both Argonne and NRL, it is evident that detectors with
guard rings perform better. This is an issue, which needs to
be further investigated, with the potentia of providing a sig-
nificant boost in packing efficiency.

5.3Astrophysics and other applications

Gamma Ray Tracking is of broad interest, both within and
outside of the low-energy nuclear physics community. Sig-
nificant support for tracking is provided by various branches
within DOE, as well as by the National Aeronautics and
Space Administration (NASA), Defense Threat Reduction
Agency (DTRA), Office of Naval Research (ONR) and the
National Institute of Health (NIH). The power of this tech-
nique naturally leads to new capabilities and better detector
performance. These include the ability to locate the position
of the first interaction with high precision in alarge detector.
Without tracking, spatial resolution is limited to the size of
the interaction volume, which is typically the size of the
physical detector. Thus, millimeter spatia resolution is tradi-
tionally limited to low energies or small-inefficient detec-
tors. Tracking solves the efficiency problem at medium to
high energies, while providing spatial resolution, potentially
better than sub-mm.

Tracking is particularly important in space-based instrumen-
tation where weight constraints place severe limits on the
size of adetector system. It also creates new opportunitiesin
other fields such as medicine, diagnostic testing, and other
terrestrial applications where position resolution and/or im-
aging are important. Tracking, by identifying the first inter-
action, is essential for the millimeter position resolution
needed in a Compton imager, or any high-resolution camera
application operating above a few 100 keV.

Tracking naturally provides the ability to produce high-
efficiency Compton-camera images through determination
of the first and second interactions: the first two interactions
define the direction of the scattered y ray, and the energy
losses determine the angle of scatter between this direction
and the initial y-ray. The possible direction of the incoming y
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ray is thus restricted to a cone (event cone). The superposi-
tion of many such cones from a number of events is proc-
essed to form an image. The principle of a Compton camera
has been used in space by the COMPTEL instrument on
NASA’s Compton Gamma Ray Observatory, as well as in
laboratory imagers, which are discussed in the published
literature. A Compton camera can be used for imaging the
distant sky, but also for producing full three-dimensional
images of radioactive sourcesin the near field.

Astrophysical tracking also provides an important new capa-
bility to reject detector activation and other backgrounds.
Space instrumentation becomes radioactive after exposure to
the cosmic ray environment. This radioactivity typically
dominates by several orders of magnitude over the much
weaker signals from distant sources of scientific interest.
Tracking readily rejects a large fraction of this background
because the event cone is not consistent with a source loca-
tion. Additional background may be rejected because track-
ing will reveal that one or more legs in a sequence of inter-
actions are consistent with known radioactivities within the
instrument. Thisis anew capability. It is by exploiting track-
ing in this way that the next generation of high-energy y-ray
astrophysics instruments will be realized. Thismission, in its
concept stage, is generally referred to as the Advanced
Compton Telescope (ACT).

Tracking detectors under development for NASA include
several detector technologies. Among these are, germanium
strip  detectors, segmented coaxial germanium detectors
(now flying on a solar mission named RHESS!), thick lith-
ium-drifted silicon strip detectors, liquid and high pressure

Fig 5.3.1 U. Cdifornia, Berkeley concept using germa-
nium strip detectors for a prototype balloon experiment.
Each detector provides a full 3-dimensional position
readout of each interaction. NRL is also working on a
similar germanium-based concept.
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Figure 5.3.2 NRL concept using stacks of thick Si(Li)
strip detectors assembled in towers. Cooling to —40C is
accomplished by a fluid loop minimizing passive mate-
rials, with electronics along the outer wall of the instru-
ment.

xenon time projection chambers, and thin silicon recoil-
electron tracking detectors. Examples of several instrument
concepts based on these are shown in Figures 5.3.1-3. One
of these will become the future ACT. Besides technology
development, the NASA program entails Monte Carlo simu-
lations and tracking development distributed between vari-
ous institutions.

In addition to space and nuclear physics, tracking applica-
tions reflect a diverse range of other interests ranging from
sensitive imaging detectors to identify and map distributions
of radioactivities for environmental remediation, processing
of radioactive materials, developing sensitive detectors for
detecting higher energy lines at large distances, surveys to
find radioactivity, security through improved monitoring at
ports of entry, and new techniques for medical imaging. One
example is that the instruments shown in Figure 5.3.1 and 2
for spaceflight also are ideal for detection of the 2.6 MeV
line from #?U decays, typically found in trace amounts
within enriched #*U. Such an instrument could provide de-
tection capability of *°U at large distances on the order of
200 m, where lower energy lines would be attenuated by the
atmosphere. This is a hew capability, not provided by any
existing detector system. Unlike the stronger 185 keV line,
the 2.6 MeV line is difficult to shield and is an important
component of a system to safeguard against nuclear terror-
ism.

Tracking promises to provide a major improvement in spa-
tial resolution of y-ray detectors through its unique ability to
identify the location of the first interaction. This capability
should find many applications. Among them, a tracking de-
tector can efficiently and accurately identify and quantify the
distribution of isotopesin a“ plutonium button,” a byproduct
of reprocessing nuclear materials. This is important because
of the need to keep a precise accounting of 2°Pu that is pre-
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Figure 5.3.3: Liquid xenon time projection chamber de-
veloped at Columbia University. Crossed wires read out
the x-y position of each interaction. The depth is deter-
mined by timing the charge collection relative to the
initial scintillation light produced by the first interaction.

sent throughout reprocessing steps. This application lends
itself to a collimator configuration, or a Compton imager
that can provide much higher y-ray throughput, and therefore
shorter exposure times. The techniques for this now in use
are either slow, or prone to errors depending on the spatial
distribution of materials.

Compton imaging can map the distribution of radioactivity
in a waste barrel, suitcase, person or other object, or to map
a physical site in a shorter time than traditional imaging
techniques. Compton imaging is currently an underdevel-
oped technique due to the historical challenge of building
adequate detectors. Recent progress in developing tracking
detectors is certain to change this. The Compton imaging
advantage is the ability to image without the use of a crude
collimator, which has a low y-ray throughput. Thus, Comp-
ton imaging potentialy provides much high efficiency and
requires shorter measurement interval.

Solid-state detector arrays

|

A

I o
Figure 5.3.4 Medical Compton tracking concept. Decay

site determined from Compton image of three simulta-
Neous gamma rays.
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Tracking is finding new applications in medical radiology,
funded largely by NIH. Several groups have been develop-
ing Compton imagers over the last several decades with less
sophisticated detectors. Modern tracking detectors provide
the performance necessary to make Compton imaging useful
in medicine. The advantages of tracking include an imaging
capability for new isotopes and higher energies, higher
throughput than is possible with a collimated imaging sys-
tems, and improvements in spatial resolution for PET imag-
ing. Another novel application is the ability to use a new
class of radioisotopes with multiple y-ray decays (Fig.
5.3.4). A Compton image of a three-y decay, for example,
provides the precise three-dimensional position of the decay
site on an event-by-event basis. It is not surprising that a
large array of germanium tracking detectors (e.g. GRETA-
like or planar strip detectors) would be a powerful new tool
in nuclear medicine.
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6 National R&D Plan for Tracking Detectors

6 National R&D Plan for Tracking De-
tectors

The proposed national research and development plan for y-
ray tracking detectors is based on implementation of the
recommendations of this committee as listed in the Execu-
tive Summary and chapter 7.

The Committee recommends highest priority to construction
of GRETA, a 4 y-ray tracking facility utilizing an array of
closely packed coaxial Ge detectors. The R&D required for
achieving this goal is summarized in the following table.
Note that the proposed R&D on digital electronics, signa
analysis and tracking development is applicable to all types
of y-ray tracking detectors.

GRETA 4rn Array CostK$| FTE
Prototype cluster module [Funded] 750 1.0
2 cluster modules 1,000 2.0
Mechanical support 30 0.3
Digital electronics 225 25
Signal analysis 0 6.5
Tracking [Common] 0 5.5

Although the mechanical, digital electronics and some soft-
ware development will require engineering support,
performing measurements and devel oping algorithms can be
done by physicists at universities and national laboratories.

The Committee supports further R&D on planar tracking
detectors for complementary applications to nuclear physics.
The R&D required for achieving this goal, assuming parallel
development of digital electronics, signal analysis and track-
ing techniques, is:

Cost
Planar tracking detectors K$| FTE
Optimization of wafer and packaging 125| 0.25
Stack of 4 planar detectors 500 | 0.75
Signal analysis 0 25
Tracking [See above] 0 0

A more detailed description of the proposed R&D is outlined
for coaxial detectors in 6.1, planar detectors in 6.2, data
processing in 6.3, digital electronicsin 6.4, signal analysisin
6.5, and tracking algorithmsin 6.6.

6.1 Coaxial Gedetectors

Further research and development is necessary to refine the
design of the proposed national 4n y-ray tracking detector
array. The success in establishing the “proof of principle”
with the 36-segment prototype has led to the next stage
R&D, identified as the construction and full characterization
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of a GRETA cluster module, which consists of three crystals
housed in a single cryostat. This will be followed by the fi-
nal stage R&D necessary prior to construction of the na-
tional 4r y-ray tracking detector array which is to prove full
functionality of tracking across two or more tightly-packed
cluster modules.

6.1.1 Three-crystal cluster module

The goal for testing of a cluster module is to confirm that it
meets or exceeds the expected performance (based on the
results obtained with the 36-segment prototype single Ge
detector) both using radioactive sources and in-beam tests.
Of particular importance in these tests is the tracking across
adjacent detectorsin asingle cryostat.

The specifications for the cluster module require three ta-
pered irregular, or regular, hexagona crystals in a closely
packed geometry. Based on the experience obtained with the
prototype, each detector will have 36-fold segmentation and
the following characteristics:

Characteristics of a single crystal central contact:
High Purity N-type Ge detector

Minimum length of the crystal: 9cm
Minimum diameter at back 8cm
Operating temperature of the crystal: 0K
Energy resolution: FWHM (keV): 1.2 @ 60 keV

2.2 @ 1332 keV
Timing resolution: (FWHM) (ns): 5@ 1332 keV

Characteristics of the segments:

Energy resolution: FWHM (keV): 1.2 @ 60 keV

2.2 @ 1332keV
Timing resolution: FWHM (ns): 5 @ 1332 keV
Energy threshold: <10 keV
Noise (for a bandwidth of 35 MHz): ~5 keV
Crosstalk: 0.1%
3-dimensional position resol ution: ~2mm

An estimate (based on a quote from Eurisys Mesures) for the
cost of a single cluster module is $750K for a cluster of
regular hexagons. After delivery and successful acceptance
tests, the first R& D milestone requires a full characterization
of the module and detailed comparison with simulations.
The performance for a single-interaction per segment at
E,=0.662 MeV should be comparable to that obtained with
the single GRETA prototype; i.e. a position resolution of <2
mm with an efficiency of about 85%. The module should be
thoroughly tested in “realistic” in-beam conditions, and the
Doppler reconstruction studied in detail. The module will be
ordered in CY 2002.

It is estimated that the manpower required to test the cluster
module will be 1 physicist-year based on experience gained
in testing the prototype. The detectors will be fully instru-
mented on al channels, permitting performance studies in
greater detail over the full volume of the detector. Variations
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Figure 6.1: Research and development plan for coaxial tracking detectors

in pulse shape and calibration of the segments will be inves-
tigated. Questions of the variation in position and energy
resolution within the detector volume, resolution of two
nearby interactions, and detection threshold will be studied.
These detectors will provide segment pulse-shape data simi-
lar to that which will be produced by the full GRETA array.
These data will serve to develop deconvolution and tracking
algorithms (discussed in sections 6.5 and 6.6), and provide
direct confirmation of the over-al efficiency of the GRETA
tracking modules.

6.1.2 Array of three cluster modules

The final R&D critical detector milestone is to prove the full
functionality of an array of two and three tightly-packed
cluster modules. The second and third cluster modules
should have the irregular hexagonally shaped crystals plus
vacuum envelope required for use in the final GRETA array.
Extensive source and in-beam tests should confirm that the
predicted performance is achieved, even when tracking be-
tween two separate cluster modules. Such an array will be,
in itself, a powerful system for on-line experiments and can
be used to benefit the nuclear physics research programs
while developing the techniques for effective use of such
tracking arraysin experimental programs.

Single vendor estimates place the cost of each cluster mod-
ule at $500K. Following successful demonstration of the full
functionality of the first cluster module, and after the geome-
try of the array is finalized, it is planned to purchase the sec-
ond module in FY 2003 and the third in FY2004. Testing of
these two new detector clusters will require 1 physicist-year
spread over two years.

It seems clear that the availability of a second vendor should
both help to reduce this cost, but aso to reduce the uncer-
tainty in the delivery of the product. This could become an
issue because of the large number of detectors required, and
the possibility of a similar number of segmented coaxial
detectors procured in Europe for AGATA or other programs.
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Negotiations with another vendor to develop and construct a
GRETA cluster module should be a high priority.

Figure 6.1 summarizes the road map, costs and effort re-
quired for research and development of coaxial tracking de-
tectors.

6.2 Planar detectors

The development roadmap and key milestones necessary to
develop planar detectors described here are based on use of
planar tracking detectors for applications to nuclear science,
such as the Gamma Ray Box (GARBO) concept. Key issues,
costs, and timeline questions addressed here are generally
common to any application of planar detectors.

Most of the planar detector development prior to 1998 has
been done by the NRL group in collaboration with Eurisys
Mesures, in Europe. In the last three years the ANL group
has worked with ORTEC, in the USA, to develop larger
crystals (in area and thickness) and to work towards good
energy resolution and position interpolation from image
charges. Much has been learned from the first prototypes,
with the ORTEC effort reaching maturity. Good detectors
are now being produced. However, several technical issues
still need to be addressed in order to realize a stacked planar
detector. New funding is needed to address the following
two R&D issues for planar detectors.

1) Continue to improve the performance and mechanical
packaging of wafers

An important technical issue is replacement of the Li-
implanted n-type contacts. This is the junction contact, so its
characteristics are critical to the detector functionality. Lith-
ium is mobile, so the inter-strip gaps need to be large, ~1
mm, and there are concerns that after annealing the strips
may lose integrity. Lithium diffusion also produces signifi-
cant dead layer over the contact surface with a thickness on
the order 300-800 microns. Many new contact technologies
are being explored to replace lithium, including amorphous
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Figure 6.2: Research and development plan for planar tracking detectors

germanium, amorphous silicon, and phosphorus implanta-
tion. None of these aternative contacts are sufficiently
established for commercia production, nor have they
demonstrated sufficient durability to be deemed as reliable at
this point. It is, furthermore, very important that future
wafers have little or no passive materia due to guard rings.

To date, al efforts at ANL and elsewhere have focused on
studying the wafer performance. Cryostats have been much
larger than needed, to minimize capacitive and cooling ef-
fects and to allow detector changes to be made without a
cryostat rebuild. However, as the design becomes more re-
fined, an efficiently packaged, streamlined detector needs to
be procured. Funding is necessary to develop a new counter
with non-lithium contacts, minimal passive material due to
guard rings and compact packaging. This detector will con-
stitute the building block for the future single-wafer or
stacked planar detectors.

2) Stack of Planar Wafers.

A considerable thickness, ~8 cm of germanium is needed in
order to efficiently detect y-rays of >1 MeV. A stack of four
20 mm-thick wafers provides this stopping power, while
providing accurate information on the location of the indi-
vidual photon interactions. This detector would be a 90 mm
X 90 mm x 80 mm active stack (with physical dimensions of
roughly 90 mm x 90 mm x 95 mm, including 5 mm gaps
between wafers). The plan would be to build a cryostat for a
“4-stack” but initially load it with just two active wafers, to
appraise performance, then reload with the second two wa-
fers later. This detector would be enormously powerful for
many applications. It would be a standalone Compton Cam-
era, and would allow excellent imaging and tracking. It
would have good position sensitivity with analog electron-
ics, and exceptional possibilities with digital €electronics.
Monte Carlo simulations show that this detector would have
an efficiency of 150%, compared to a3”"x3” Nal(Tl).

The optimal time to order is after a thin-contact alternative
to the Li-contact has been perfected, and passive material
due to guard ring is eliminated or significantly reduced.
NRL is pursuing the contact issue with both ORTEC and
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LBNL, each using a different approach. ANL would expe-
dite the ORTEC technology development through consulta-
tions and characterization of small test devices. A promising
alternative is to commercialize the LBNL contact, possibly
at ORTEC. A decision on how to proceed will become clear
in the next several months. Figure 6.2 summarizes the road-
map, costs and manpower for R&D of planar detectors for
nuclear science.

3) Largeareaplanar detectors

The development of larger area planar detectors is another
highly desirable task that would cost about $225K. Large
area detectors are important for non-nuclear tracking appli-
cations, such as medical positron emission tomography
(PET) scanners or Compton Cameras for environmental
cleanup and for national security. However, bigger detectors
would benefit nuclear applications too. As the dead material
around the edge is fixed, so the active/passive ratio improves
with size. If bigger wafers work well and are cost effective,
they would be the optimum choice in most detector systems.

Scientists within the nuclear structure community are en-
couraged to reach out with their tracking technology and
innovation to find applications outside of their traditional
community. Cross-fertilization of ideas and disciplines has
the promise of opening new lines of research, and with it
new discoveries. Equally important, funding sources for
tracking development outside of DOE exist, and these may
provide valuable assistance in meeting our goals, containing
costs, and assuring success.

6.3 Data processing for a 4z y-ray tracking ar-
ray

The concept of y-ray tracking in a shell of closely packed Ge
detectors requires processing schemes that can be imple-
mented only by using a digital processing system. Figure 6.3
illustrates the envisioned data flow with data rates and proc-
ng requirements at different levels. This example is
based on the GRETA implementation of atracking array.

The first level (after analog filtering, gain and offset adjust-
ment) consists of the waveform digitizers, which continu-
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Data Processing for 4z y-Ray Tracking Array
trigger rate = 5 x10% crystal

e : E E
Digitized signals > T E,
x x T
1 —p - ¥ ¥ Trackin, © Storage
5 , Posmon_ . Esiatit z g ¢
Calculation Build ——————p Computer _>.
C t er Farm
5 omputers 240 M hytefs P
1200 Gops/s
1 Fosition U >
2 Calculation . .
C ¢ P Computing power requirements
OINpLULers .
37 s R {based on current algorithims)

15 Gops/s/crystal

60 M hyte/s/crystal

Position calc. = 15x120=1.8 Tops/s
Tracking = 1.2 Tops/s
Total = 3.0 Tops/s

Figure 6.3: Schematics of data flow envisioned for a 41 gamma-ray tracking array.

oudly digitize segment signals. The digitizer boards that are
under development now have a 12bit resolution and a sam-
pling rate of 100MHz, as described in 6.4. Assuming 200
samples (2us) to determine the energy of the interactionsin
one segment, one obtains 300 Bytes per event per segment to
be processed. Furthermore, assuming (i) a trigger rate of
50kHz for each detector,” (ii) that y rays deposit their ener-
gies on the average in two segments, and (iii) that it is neces-
sary to process transient signals of adjacent segments and the
central channel of the crystal, results in processing 13 seg-
ments at a data rate of 195 MB/s per crystal (the total data
rate at this point is 120x195MB/s=23.5TB/s). The second
stage consists of processing units (such as FPGAs to provide
sufficient 1/O capability) for trigger implementations but
also to determine parameters such as energy, time, and easily
accessible position parameters.

The next stage in the processing chain consists of the signal
decomposition calculations. Only 50 samples per segment
are needed to cover the maximum rise time of the charge
signals. Therefore, after determining the energy, time and
simple position information and adding these parameters to
the data flow one ends up with about 60MB/s per crystal.
The main part of the decomposition calculation represents
the determination of the x* for each iteration step of the

" A count rate of 50kHz can be expected assuming an event
rate of 3x10°/s (beam current of 3pnA, target thickness of
1mg/cm?, and reaction cross section of 1b), a y-ray multi-
plicity of 25 and an efficiency of 80% (300x10°/s x 25 x 0.8
/ 120 det = 50kHz/det).
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minimization procedure. Assuming two segments hit, both
containing two interactions, one can estimate about 3x10°
floating point operations based on the currently used SQP
technique. For an event rate of 50kHz per crystal one needs
15x10° ops or 15Gops. The data rate after the decomposition
calculation can be estimated to be 2.2MB/s per crystal (as-
suming the energy and time are from the central channel,
plus energy, time, and x, y, z positions from two segments
each with two interaction points.). 120 crystals result in a
total datarate of about 240MB/s at this stage.

The “locally” running decomposition calculations are run-
ning in parallel, with a total processing power of 120 x
15Gops = 1.8Tops. The event builder combines the distrib-
uted information of the interactions according to time and
feeds it into the tracking processor. Based on the currently
used tracking algorithm 4 Mops is required to process one
event. Assuming a maximum rate of 300 kHz for M=25
events, 1200 Gops of processing power is required for track-
ing. At this stage one can envision a farm of computers to
handle the tracking task. Finally, one can estimate a data rate
of 50-60MB/s, which has to be stored externally. These data
contain energy, time, position, and potentially other informa-
tion such as polarization of the identified y rays.

6.4 Digital electronics

Development of digital electronics must occur in paralel
with the detector development. The first critical milestone is
completion and successful use of an 8-channel digital signal-
processing unit with a tracking detector. The second and
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final critical digital electronics milestone will be the con-
struction of a40-channel board and full integration tests with
the array of 3 cluster modules, as well as with a planar stack.

While some of these developments are being pursued, new
funding is vital for rapid progress to be made. Plans are out-
lined for keeping electronic developments in phase with de-
tector progress.

6.4.1 ANL Analog/Digital commercial setup

The ANL group currently is developing a system of 64 high-
resolution analog channels to instrument two HpGeDSSDs
for “tracking”, Compton Camera, and “PET-scanner”
modes. This phase is mostly funded, and should be in place
before the second quarter of FY 2003.

The addition of 32 channels of 100MHz flash ADCs (e.g.
SIS3300 digital processor) for digital capture of preamplifier
pulses will result in a very useful and portable “analog-
digital’ setup than can be shared among severa institutions
interested in developing tracking techniques. Comparison of
analog and digital reconstruction can be of importance to
give directly the reconstruction efficiency, and the im-
provement in position resolution. This part of the project is
not yet completely funded. Funds should be allocated to pur-
chase a set of 5 SIS VME boards, (total cost of ~$25K) to
implement the project by the end of CY2002. This will be a
powerful system available immediately for work on coaxial
and planar detector development in addition to system pro-
gramming development at LBNL, ANL, MSU, ORNL, and
SUNY -Stony Brook.

6.4.2 LBNL 8 channel card

The first phase of digital signal processing electronics de-
velopment will be the design and construction of an 8 chan-
nel, 12-bit, 100 MHz flash-ADC board suitable to instru-
ment the GRETA module array. This board was designed to
meet the more general requirements for signal processing for
the low-energy nuclear physics community, and in particular
it can be used to instrument the planar setup at ANL. In ad-
dition to simple waveform digitization, this board will be
capable of digital signal processing using alarge FPGA with
functionality comparable to standard anal og electronics.

The following functions will be included on the phase 1
card:

1) Leading edge discriminator
2) Congtant fraction discriminator
3) Energy algorithm

Three trigger modes will be provided to alow for internal
triggering using the digital leading edge discriminator, ex-
ternal triggering (10 pusec maximum latency) and internal
triggering with external validation. Each channel will be
individually gated and the internal leading edge discrimina-
tor for each channel will be accessible to allow for integra-
tion with external detectors.
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The board will be implemented using VME, to make it com-
patible with existing instrumentation and data acquisition
systems. The individual board readout rate will be 8 MB/s
using the VME back plane that allows for a sustained count-
ing rate of 10 kHz with all channelsfiring.

Design of the phase-1 board began in Jan. 2002 and testing
of the first prototype will begin in July 2002. Testing of the
second prototype card with al digital processing in place
will begin in September 2002 with completion expected De-
cember 2002. This effort of 1.5 FTE currently is supported
by Berkeley LDRD funds.

Following the successful tests of the second 8-channel proto-
type, 5 units will be fabricated and distributed to the com-
munity for further tests with other types of detectors. DOE
money for this fabrication is already available ($30K). In
order to instrument the array of three cluster modules, 360
channels (3x(3x40)) are needed. At a cost of ~$600 per
channel, this will require ~$200K plus 1FTE to oversee the
project.

While, as mentioned above, some commercia options are
already available, they are not as flexible as one would de-
sire, in particular with regards to the trigger of the board.
Moreover, the experience gained in the design and fabrica-
tion of this 8-channel board will be very important in the
development of the next phase.

6.4.3 40 channel card

The second phase of the project will involve the design and
construction of a 40-channel board. These boards will be
equally valuable for HpGeDSSD development as well as for
coaxial tracking detectors. In particular, this development is
required once more than three GRETA detector modules are
acquired. This board differs from the 8-channel board in
both channel density and by the amount of on-board process-
ing. As al channels from a given detector are on a single
board, triggering decisions involving the detector as a whole
(as opposed to individual segments) can be made on the
board reducing the data forwarded to the data acquisition
system.

Partial signal decomposition and event filtering will be per-
formed on the card requiring processing resources beyond
that of the FPGAs employed on the phase-l board. The level
of this processing and its implementation will be determined
by the tests to be carried out in the next two years, both with
the GRETA module and the planar detectors. Given the high
data output of these cards, readout will be performed by one
of the emerging commercial high-speed serial link standards
for 1/0O rather then a bus-based architecture used for the
phase | board.

Design and construction of the phase-1l boards could begin
in FY 2003 and should involve collaboration between the
electronic groups at Argonne and Berkeley. Informal discus-
sions indicate this development may take 1.5 FTE over a
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Figure 6.4: Research and development plan for the digital electronic boards

period of approximately one year, so if funded in FY 2004,
the first units could be operational by the end of 2004. The
schedule, cost and manpower are shownin Fig. 6.4.

6.5 Signal analysis

The energies and three-dimensiona positions of individual
y-ray interactions in two-dimensionally segmented HPGe
detectors can be determined by using digital signal process-
ing with a high sampling rate and high resolution. This sig-
nal decomposition principle applies both to two-
dimensionally segmented coaxia detectors as well as to seg-
mented planar DSSD detectors. Pulse shape analysis is
required to determine the radial position for the coaxial ge-
ometry and the depth position for the planar geometry. In
addition to the radial or depth information, pulse-shape
analysis of transient charge signals can significantly increase
the position resolution beyond the segment dimensions in
the two complementary segmented directions. This im-
proved position resolution from signal analysis allows use of
fewer segments that reduces electronics channels, and con-
comitant heat load at the preamplifier stage. However, the
number of segments has to be optimized in that use of fewer
segments results in an increased number of interactions per
segment, which increases the complexity in decomposing
the measured signalsto extract the information on these mul-
tiple interactions.

Advances have been made over the last severa years in use
of pulse-shape analysis for two-dimensionally segmented
HPGe detectors both for the coaxial geometry (GRETA,
MARS, MINIBALL and EXOGAM) as well as for the pla-
nar geometry (LBNL, ANL, XIA, NRL). For the planar
DSSD geometry, the combination of segmentation and
pulse-shape analysis has been used to extract the depth (2)
information of the y-ray interactions. The complementary
X,y coordinates have been extracted by strip identification,
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as well as by using the image charges on adjacent strips,
providing sub-strip resolution.

The signal analysis discussed here deals with necessary
R&D efforts which should be addressed during the pre-
conceptual and during the conceptual design phase. The
main objective is the availability and the implementation of
stable algorithms, which can be used for physics experi-
ments with the array of three GRETA cluster modules. Al-
gorithms and implementations should be open to improve-
ments during the design and the construction phase of the
full array.

6.5.1 Coaxial Detectors:

For the coaxial geometry, the pulse-shape analysis has been
used to extract all three dimensions for location of y ray in-
teractions. A full analysis procedure has been developed to
simulate signal shapes and to process both simulated and
measured signal shapes. The analysis of radioactive source
data (**'Cs, ®Co Eu) to determine energy spectra of the
36-fold segmented GRETA prototype detector is nearly
complete. Comparison between the calculated and measured
spectra obtained with, and without, tracking shows the de-
gree of understanding of the measured signals that alows
reliable determination of the performance of the current de-
composition and tracking algorithms. Furthermore, it allows
study of failure modes that is crucial for improving and re-
fining the signal processing algorithms. Data have been ac-
quired for different source locations to show the imaging
capability of the prototype GRETA detector. In addition to
radioactive source data, in-beam data were measured to in-
vestigate both the tracking capability and the first-hit recog-
nition capability of the signal decomposition and tracking
concept. The analysis of these dataisin progress.

While the results so far look very promising, some issues
still remain to be addressed using the single GRETA proto-
type detector to show full functionality of the proposed y-ray
tracking concept.
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e Itiscrucia that the analyses of the currently available
radioactive source and in-beam data, in terms of energy
spectra and image generation, be pursued with highest
priority. Failure modes will have to be addressed and
improvements implemented if full functionality is not
achieved.

e The current parameterization of signal shapes is based
on “coincidence”-calibration measurements of only 3
segments. More segments have to be measured to in-
crease the accuracy of decomposition procedure. Per-
form “key”-imaging experiments to measure collimator
profiles such as keys or simply holes throughout the de-
tector

e Crysta orientation effects, which change the direction
of the charge carrier, have to be implemented to opti-
mize the signal-shape parameterization. An analytical
description for the transport for electrons can be derived
but it is more complicated for transport of holes.

e  Study the impact of neutron damage on signal shapes.

e Peaform additional in-beam experiments with better
beam spot definition than used for the previous in-beam
experiments. Also run the prototype detector as an aux-
iliary detector in coincidence with one hemisphere of
Gammasphere.

e Develop more accurate and faster minimization schemes
for signal decomposition.

e Finalize segmentation layout, which optimizes trade-off
between complexity of processing and number of chan-
nels.

In the following we summarize the manpower requirements
for the decomposition of signals of the GRETA efforts to
provide reliable position and energy information of individ-
ual y-ray interactions potentially in real time. These efforts
include measurements and calculations regarding the avail-
able GRETA prototype detector as well as the devel opment
of new and faster minimization procedures and their imple-
mentation:

Roadmap and required manpower for coaxial detectors:

Based on the above discussion the following needs and
manpower requirements are identified for the signal decom-
position procedure for the GRETA coaxial detector concept:

Analyze source and in-beam data 15FTE
Develop improved and fast minimization 2FTE
procedures

Complete signal-shape parameterization 1FTE
including crystal orientation effects

I mplementation of decomposition algorithm 2FTE

into hardware

40

6.5.2 Planar detectors

The focus of the Argonne effort has been the production of
large area DSSD detectors suitable for the GARBO instru-
ment. These detectors have a 5 mm pitch, thus the energy
and position information of each individua interaction re-
quires signal shape analysis, similar to what is done for the-
coaxial GRETA design. Signal shape analysis from the
GARBO prototype detector look very promising, as indi-
cated in chapter 5.2. These measurements should be pursued
with highest priority due to the importance of the signal-
shape analysis in the GARBO detectors. In addition, effects
on charge collection properties due to segmentation of the
Li-contact or the use of a guard ring have to be studied. It
should be possible to eliminate lithium contacts and the
guard ring with further detector development. Radioactive
source measurements as well as in-beam measurements have
to be performed to obtain energy spectra, with and without
employing signal decomposition, tracking, and imaging. A
prerequisite for these measurements is the ability to digitize
potentialy all channels. Experiments employing analog elec-
tronics to obtain timing and energy for individual strips can
be used for nuclear physics experiments. However y-ray
tracking will not be efficient employing 5x5x20 mm?® voxels,
and thus signal decomposition is necessary to fully exploit
the tracking capabilities of planar detectors.

Remaining issues for planar detectors:

e Position resolution and its variation with depth for one
and multiple interactions.

o  Effect of segmentation on charge collection properties

e Effect of guard ring on charge collection properties

e  Source measurements to determine efficiency and peak-
to-total ratio as a function of energy, with and without
tracking
I mage measurements
In-beam measurements

Roadmap and required manpower for planar detectors:

The following issues have to be addressed:

Position resolution measurements 1FTE
Charge collection properties 05FTE
Radioactive source measurements for spec- 1FTE

trum generation and imaging aswell asin-
beam measurements

The remaining issues regarding the signals analysis and op-
timization should be part of the common y-ray tracking ef-
fort for al detector types.
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FY 2003 FY 2004 FY 2005
ITEM 1st QTR 2nd QTR 3rd QTR 4th QTR| 1st QTR 2nd QTR 3rd QTR 4th QTR| 1st QTR 2nd QTR 3rd QTR 4th QTR
1.5FTE
Analyze datafrom GRETA >
prototype (proof-of-
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2FTE Implementation (2FTE)
Develop minimization P>
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1FTE
Signal shape P>
parameterization
2.5FTE
Analyze data from planar >
detectors
3.5FTE Implementation (2FTE)
Tracking (common to >
both detectors)
Figure 6.5: Research and development plan for signal processing and tracking
6.6 Tracki ng Figure 6.5 summarizes the road map, costs and effort re-

Tracking algorithms convert the position and energy infor-
mation, determined by the signal decomposition procedure,
into energy and angle information for the incident y ray. Not
only can y rays be identified and separated but also the y-ray
scattering sequence can be determined. Using the positions
of the first interactions it is possible to correct the Doppler
shift, to determine the linear polarization, and to determine
the incident angle of the y ray for point sources.

Roadmap and required manpower:

While there still are important milestones to be achieved in
the development of faster and more accurate signal decom-
position procedures, the available tracking algorithm is al-
ready reliable and can be implemented for real-time applica-
tions, although only using powerful computer hardware that
currently is expensive. However, several options can be ex-
plored in more detail:

Extend and improve current “ forward” 2 FTE
Compton tracking algorithm
Evaluate pair-tracking algorithmin more 1 FTE

detail

For example, implement different ordering schemes of indi-
vidual interactions such as use of minimum spanning trees.
So far, ordering, as well as clustering, is performed based on
the angle coordinates. It will be useful to incorporate the
likelihood of the traveled distance into the figure-of-merit
for cluster evaluation.

Sudy and evaluate back-tracking algo- 0.5 FTE
rithm, in particular as a function of noise
Implementation of tracking algorithminto 2 FTE

hardware
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quired for research and development of signal processing
and tracking.



7. Committee Recommendations and Observations

7 Committee Recommendations and
Observations

The charge to the Gammarray Tracking Coordinating Com-
mittee includes three elements, namely:

o Develop the various physics justifications for y-ray track-
ing and establish the performance goalsthat are required
in each area.

o Formulate a national R&D plan for y-ray tracking detec-
tors.

o Examine the currents efforts in y-ray tracking that are
underway in the United States and provide the Depart-
ment of Energy with advice about how they should pro-
ceed.

The first charge was answered in chapters 3 and 4 of this
report. Chapter 5 examines current efforts in y ray tracking
underway in the United States. The Committee recommen-
dations are described in the Executive Summary while the
proposed national R&D plan based on these recommenda-
tions was given in chapter 6. A summary of the five recom-
mendations and two observationsis as follows:

Recommendations:

1 A 4n Gamma-Ray tracking facility is an important
new initiative within the 2002 NSAC Long Range
Plan. This committee unanimously recommends a
shell of closely packed coaxial Ge-detectors as out-
lined in the GRETA conceptual design for this 4 y-
ray tracking facility. We strongly recommend that
DOE support thiseffort with highest priority

2 R&D necessary to demonstrate the full functionality
of this detector was identified and has to be ad-
dressed immediately. We note that a substantial
fraction of this R&D effort is manpower that must
be supported.

3 TheR&D phase, the subsequent final design, and the
construction of GRETA should continue to be a
community effort; in particular, it should involve
significant participation by the low energy nuclear
physics national laboratories and universities.

4  Tracking with planar detectors is of interest to the
nuclear science community and has a wide range of
applications outside of nuclear physics. R& D efforts
in this direction should be supported as part of the
drive to develop tracking, as most of the electronics
and softwar e challenges are common to all tracking
detectors.

5 Gammasphere continues to be the premier national
v-ray facility until GRETA becomes operational.
This research facility must be supported to sustain
thevitality of the field.
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Observations:
1 GRETA construction costs

The GRTCC finds that there are compelling scientific argu-
ments for GRETA, and strongly recommends rapid imple-
mentation of this project. It is important to proceed with
procurement of the GRETA module and subseguent testing
in order to better identify program cost and risk analysis. In
addition the GRTCC encourages the GRETA Steering
Committee to continue to study ways to reduce the projected
cost.

2 Other applications of Gamma-ray Tracking

Tracking has important applications for science, technology,
medicine, and societal issues such as homeland security.
This report has focused on coordination for applications of
tracking detectors in nuclear physics. However, it will be
useful to coordinate development of y-ray tracking in this
much broader venue.
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Appendix B: Appointment L etter

21 January 2002

Dear XXXXXX,

We would like to ask you to be a member of the Gamma-Ray Tracking Coordinating Committee. This commit-
tee isbeing set up by our three [aboratories at the request of the DOE Division of Nuclear Physics to promote
the development of gammarray tracking detector technology in nuclear structure research. We would like you to
help organize the gamma-ray tracking community to provide widespread support and an effective plan for the
future. The DOE Division of Nuclear Physics would also like to use this committee to obtain timely advice on
issues and proposalsin gamma-ray tracking. The full membership of the committee will be:

Cyrus Baktash Oak Ridge National Laboratory

Doug Cline (chair) University of Rochester

Teng Lek Khoo Argonne National Laboratory

Richard Kroeger Naval Research Laboratory

Augusto Macchiavelli Lawrence Berkeley National Laboratory
Mark Riley Florida State University

Michael Thoennessen Michigan State University

Kai Vetter Lawrence Livermore National Laboratory

A draft charge for the committee is attached. We expect this committee to take a broad role in the devel opment
of gammac-ray tracking detectorsin this country. In particular there are three elements of the charge that should
be addressed in atimely manner.
e Develop the various physics justifications for gammarray tracking and establish the performance goals
that are required in each area.
e Formulate anational R&D plan for gamma-ray tracking detectors.
e Examinethe currents effortsin gammarray tracking that are underway in the United States and pro-
vide the Department of Energy with advice about how they should proceed.

Y our charge is focused on gammarray tracking detector technology in nuclear structure research. However the
committee should take into account progressin other areas of science.

We would like to have preliminary answersto the first set of issues by 1 May 2002. DOE may ask you for ad-
vice on a shorter time scale.

We appreciate your willingness to serve on thisimportant committee. Gammarray tracking has broad support in
the community as evidenced by its significant place in the 2001 NSAC Long Range Planning deliberations. We
believeit will have a major impact on progress in nuclear structure research and want to do everything we can
to support it.

Sincerely,
Fred E. Bertrand, Jr Donald F. Geesaman Lee S. Schroeder
Director, Physics Division Director, Physics Division Director, Nuclear Science Division

Oak Ridge National Laboratory ~ Argonne National Laboratory Lawrence Berkeley National Laboratory
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Appendix C: TheCharge

Mission: Promote development of gamma-ray tracking detector technology in nuclear structure.

1) PROMOTE DEVELOPMENT OF GAMMA-RAY TRACKING TECHNOLOGY BOTH WITHIN AND
OUTSIDE THE NUCLEAR STRUCTURE COMMUNITY

The primary goal of the Coordinating Committee is to coordinate and promote the development, and use, of
gamma-ray tracking detector technology for the benefit of nuclear scientific research, and to identify other po-
tential applications. This requires the Coordinating Committee to promote vigorously development of gamma-
ray tracking technology within the nuclear structure community, to the wider nuclear science community,
NSAC, NSF, and DOE. To achieve this goal the Coordinating Committee will help organize the gamma-ray
tracking user community to provide widespread support.

2) DEFINE PHY SICS JUSTIFICATION AND GOALS. DETERMINE PERFORMANCE GOALS

The physics justification for use of gamma-ray tracking detectors will be updated when scientific and technical
developments in nuclear science, or the Long Range Plan for Nuclear Science, justify arevision. The participa-
tion in scientific updates should involve a broad and large representation of the projected user base including
theoretical support. The justification should include physics opportunities at stable beam facilities, present ra-
dioactive beam facilities based on 1SOL and fragmentation methods as well as the future RIA facility. Based on
the physics justification, the Coordinating Committee should work with the community to define the perform-
ance goals of required gamma-ray tracking detectors. It is important that the whole community feel that it has
participated fully in the physics justification and devel opment of the performance goals.

3) PROVIDE OVERVIEW AND ADVICE ON GAMMA-RAY TRACKING DETECTOR DEVELOPMENT
PROJECTSTO THE NUCLEAR STRUCTURE COMMUNITY AND FUNDING AGENCIES.

The Coordinating Committee will work with the nuclear community, individual development projects, and the
funding agencies, to provide advice and assistance in development of gamma-ray tracking detectors in nuclear
science. The Coordinating Committee will organize workshops and reviews that address the science and techni-
cal issues associated with development and use of gamma-ray tracking detectors.

4) ASSEMBLE AND COORDINATE A R&D PLAN

The Coordinating Committee shall formulate an R&D plan for gamma-ray tracking detectors. In coordination
with specific detector groups and R& D groups, it shall facilitate formation of technical committees of engineers
and scientists, as needed, to develop and design general technical capabilities required for gamma-ray tracking
detectors. It will encourage and enlist participation of the community at every level.

5) PROMOTE AND COORDINATE DEVELOPMENT OF SPECIFIC DETECTORS.

The Coordinating Committee shall monitor development of individual detector projects exploiting the gamma-
ray tracking principle. . The Committee also will coordinate, and provide advice to these detector development
projects. The Committee shall facilitate the sharing of information and technology among the individual detec-
tor projects.

6) COORDINATING COMMITTEE COMPOSITION.

The Coordinating Committee shall include a balanced representation from national laboratories and universi-
ties, and groups involved in major gamma-ray tracking detector projects exploiting gamma ray tracking tech-
nology. Promoting this development of tracking technology requires representation throughout the community
by well established and respected members of the nuclear community who can effectively communicate the
importance of this technology both to their colleagues, review committees and agencies. Appointments to the
Gamma-ray Tracking Coordinating Committee will be for three years, staggered to ensure continuity. The Co-
ordinating Committee, with input from the DOE, NSF, and the community, will nominate prospective Commit-
tee members to the Selection Committee comprising Divisional Directors of the appropriate nuclear science
divisions at Argonne, Oak Ridge and LBNL National Laboratories.
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Appendix D: Agendafor GRTCC Fact-Finding Meeting

Argonne National Laboratory, PHY/203, R-150

Friday, 29 M arch 2002

8:30-8:40 Introduction (Doug Cline)

1) Fact-Finding for Gamma-Ray Tracking Detector Initiatives (Cyrus Baktash)
Status, performance goals, road map, major milestones, R& D needs, cost profile and total cost.

1a) Coaxial Detector Projects:
8:40- 9:40 GRETA (l.-Y.Lee etal)
9:40-10:30 AGATA (Dino Bazzacco)
10:30-11:00 Break
11:00-11:30 MSU Array (Michaegl Thoennessen)

1b) Planar Detector Projects:
11:30-12:30 GARBO (KimLister, et al.)
12:30- 1:30 Lunch—ANL Cafeteria
1:30- 2200 NRL (Richard Kroeger)
2:00- 2:30 Aukxiliary detector requirements (Demetrios Sarantites)

2) Performance Goals (Teng Lek Khoo)
2:30-3:15 Scientific and technical performance goals. Define requirements.
3:15-3:45 Break
3) Technical (Augusto Macchiavelli)
R& D needs, milestones, collaboration opportunities, manufacturing capability, etc.
3:45-4:30 GeDetectors (Richard Kroeger)
4:30-5:15 Deconvolution (Kai Vetter)
5:15-6:00 Tracking (Kai Vetter)
6:00 - 6:45 Electronics (Dave Radford)
7:30 Dinner — ANL Guest House

Saturday, 30 March 2002

4) National Tracking Detector Program (Mark Riley)
8:30-10:00 Formulate a national gamma-ray tracking program with roadmap, milestones, and

cost profile. Discuss maintaining current major gamma-ray detector arrays such as
Gammasphere for the nuclear research program during development of tracking
arrays. Strategies and balance between national and smaller dedicated facilities.

10:00 -10:30 Break

10:30 -Noon  Open Discussion and Conclusions (Doug Cline)
Cyrus Baktash, Teng Lek Khoo, Augusto Macchiavelli, and Mark Riley

Noon End of General Meeting

12:15- 3:00 GRTCC Closed Meeting
Develop committee recommendations, and assign writing responsibilities.
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