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Executive Summary

Gamma-ray detector systems play a key role in a broad rahgeience and technology. The
development of gamma-ray detection systems capable of trackitgcHi®n and energy deposition at
every gamma-ray interaction point in a detector is a major advardetector technology. This advance
could be of comparable importance to that seen when germanium deteeterfrst developed four
decades ago. The tracking concept will allow construction of garmayaletector systems with
tremendous improvement in sensitivity and resolution, providing new oppasufat a broad range of
science. Such major advances in detector technology, coupled wiihge=isd future facilities, such as
RIA, are crucial to further the scientific goals of this nation.

Evidence of the strong support within the community for a new geoerafitracking arrays can be
found in, for example, (i) the 2002 Long Range Plan for Nuclear Science [LRP02], whichaedentr
y-ray tracking array as a major initiative for nuclear s@elfic) the Gamma-Ray Tracking Coordinating
Committee report of July 2002 [GRTCCO02], and (iii) the recent NSAC FaciStksommittee.

The present proposal concerns Gretina, which will consist of 30 hsgiginented coaxial germanium
crystals (10 triple-crystal modules). It will be able to dwiee the energy (with high-resolution) and
position (within 1-2mm) of each gamma-ray interaction point and doktmultiple gamma-ray

interactions using the energy-angle relationship given by the @onspattering formula. Gretina will

be a unique and extremely powerful detector system, easilyssurgathe capabilities of existing
detector arrays in many critical areas.

In the 2002 NSAC Long Range Plan for Nuclear Science a nhumber dahé&eyes and questions were
selected for special discussion and which outlined future prioofi@svestigation for our field. They
included,

(i) What are the limits of nuclear existence?
(i) How do weak binding and extreme proton-to-neutron asymmetries affect nuclear properties?

(i) How do the properties of nuclel evolve with changes in proton and neutron number,
excitation energy, and angular momentum?

It is now accepted that a gamma-ray energy tracking detedlt be needed to address these questions
and to fully capitalize on the science opportunities at existimd)future facilities, such as RIA. Gretina
will provide significant gains in sensitivity for a large numbkexperiments particularly those aimed at
nuclei far from beta stability, and will be an important stepards answering these crucial questions in
our field.

For example, efforts to improve our understanding of the structurauafinally bound systems near the
driplines will face experimental difficulties very differemd those encountered before. Tracking
detectors are perfectly suited to face these challenges; &geriments will involve studies in "inverse
kinematics", in which beams of exotic nuclei near the dripline prodinoedfission, fragmentation, or
spallation are investigated. In such situations, a highly segmentedtateis needed to minimize
Doppler effects. In addition, the most interesting nuclei are aftese furthest from stability, which are
most difficult to produce. Thus, in all cases, the experiments muas ledficient as possible, and be
highly selective to clearly differentiate between the stateinterest and copious decays from other



sources. Also, the ability to track will result in a greatensitivity for gamma-gamma angular
correlation and polarization measurements, which yield important spin and pemityation.

Experiments carried out with Gretina will include studies aimedinderstanding many important
specific questions fully consistent with those mentioned previousty the NSAC Long Range Plan.
For example,

(1) How does nuclear shell structure evolve in exotic n-rich nualed, what are the detailed
wave-functions for these nuclei populated using fast rare isotope Ddders the high
efficiency, high resolution, and high segmentation of Gretina, whiohbles the
measurement of photon emission angles of better than 1 degredlowilhage advances to
be made by making possible the detailed study of extremely exotic nuclei.

(i) How does the collectivity, and the characteristics of Isiparticle levels, as well, as pairing
correlations, change with particle number using n-rich ISOL beams® &tmin the high
efficiency, high resolution, and high segmentation of Gretina wikh@mously important
but so too its very high count rate ability in the hostile radioadieem environment will
pay great dividends in the study of n-rich nuclei.

(i)  What is the influence on increasing charge on the quantumtaspiecuclear dynamics and
structure for the heaviest nuclei? As well as the above mentianeeheed abilities of
Gretina, its compact nature will allow better packing, and thus much togbkaall efficiency
experiments to be performed with recoil detector charged partleces for the
investigation of very heavy nuclei.

(iv)  What happens to the collective degrees of freedom as thw@atextienergy and angular
momentum increases? Here it is the high segmentation and the adrdeagnitude
improvement in angular resolution, resulting in greatly reduced Dojmpterdening, that
will give Gretina such an advantage in heavy-ion Coulomb excitaxperiments. It will
allow the study of odd-A nuclei and transuranic nuclei; all ca$esonsiderable interest
where the gamma-ray transition density challenges the resolofi current gamma-ray
detectors.

(v) What are the characteristics of the Giant Dipole Resondngi#son superdeformed states
and loosely bound nuclei? It is the unique ability of Gretina to conthigie resolution at
low energies for very selected gating options, with high effyeat high energies (more
than an order of magnitude more than Gammasphere at 15 MeV) to see GDR d¢eulls tha
allow a new class of experiments to be performed.

A more detailed summary of these advances in physics madélpoby Gretina may be found in
section 2.3.

Over the past 7 years substantial R&D has been carried out amelctimology needed to realize a
gamma-ray tracking array has been identified and developed ldadindemonstration of the “proof of
principle” in the key areas of (i) detector manufacturing, {@hal processing, and (iii) tracking. This
extensive R&D has continued and culminated in the recent order @rettna module. A Gretina

module consists of three germanium crystals, each with 36 segnmeatspmmon cryostat and is the
basic building block of the Gretina array.



Table. Optimal schedule for major components of Gretina

First detector module production I
First detector module test | I
Remaining module production | I —
Support structure design | [
Support structure fabrication | I
Support structure installation [
Liquid nitrogen system design [
LN fabrication, installation I
Chamber design [
Chamber fabrication, installation (]
Fabrication of 8-ch module |
Design prototype of 40-ch module
Fabrication, test 40-ch module | 1
Final design of 40-ch module [
Fabrication, test 40-ch module (N
Design ACQ system I
Analyze 1st module test data I
Develop signal analysis algorithm
Program signal analysis
Signal parameterization
Develop tracking algorithm
Program tracking |
ACQ system integration |

Final installation, commissioning [
[ I I

2004 2005 2006 2007 2008 2009
Fiscal Year

Gretina will be a national instrument, moveable between seveaprmccelerators in the US and
available to the entire nuclear science community, in orderpitatiae on the broad variety of scientific

opportunities this significant detector system can bring. As haseg@rsuccessful with Gammasphere,
the specific order of rotation and duration at any particular &bor will be decided at the appropriate
time by the community of users and funding agencies.

To summarize, it is becoming increasingly clear that segdegrmanium detectors and tracking are
the future of gamma-ray detection systems. Numerous workshops havedb@do discuss the physics
opportunities gamma-ray tracking detector systems would bringekss technical workshops from
which working groups have been formed. The importance of segmentedagay detectors and
tracking is further illustrated by the increasing number ofgatsj employing this new technology



around the world. Gretina will allow us to capitalize on a numbem@fue science opportunities now,
and a gamma-ray tracking will be required for a future RIA facility.

Further information on gamma-ray tracking detectors can be fourdt@//greta.lbl.gov, and at
http://www.pas.rochester.edu/~cline/grtcc/grtcc_webpage.htm.
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1. INTRODUCTION

The nucleus is a complex system constructed fwmbasic constituents, protons and neutrons. Like
many complex systems it displays remarkably regular aneh afimple excitation modes. Nuclei
concentrate into a single body many types of behavior, almosft athich are found individually in
other systems but which, in nuclei, interact with one anotherthisgproperty that makes the nucleus
unique. The questions being addressed by nuclear physics reflectamajenges facing many areas of
modern science; namely, how do complex systems evolve from ddasients and what governs the
emergence of regularity and symmetry? Nuclei, their reactions andthueiture, are also central to our
understanding of the physical universe. They provide a mechanigimefgeneration of energy within
stars, they impact the evolution of the stars, and their propptagsa decisive role in the synthesis of
all the elements. The goal to achieve a fundamental understandimg wfany-body physics of nuclei
that applies equally well in all mass and N-Z regions wduree the study of nuclei at the extremes of
mass, charge and isospin, as well as angular momentum and temgdraall these areas gamma-ray
spectroscopy detector is an essential tool.

In nuclear physics the typical energy range for gamma radistibatween 0.1 and 20 MeV and over
the decades there have been major developments in gamma-rajordééehnology that have
culminated in the state-of-the-art large multidetector gamayaarrays, Gammasphere in the US and
Euroball in Europe. The influence of these arrays has been enormamsnaSphere was the first
national gamma-ray facility in the US. It continues to have aopraf impact on nuclear structure
research, and acts as a focal point for the US and worldwide cotygmidawever, today’s 7 arrays,
with their large volume germanium crystals surrounded by a swgipmeshield, have pushed this
particular detector technology to near its limit and it is agmathat significant further gains in
sensitivity will require innovative and new designs.

In this proposal we present the science and technical ca&rdtina, which has 30 highly-segmented
coaxial germanium crystals and uses the new concept of gaaynemergy tracking. It will have the

capability to determine the energy (with high-resolution) and ipasftvithin 1-2mm) of each gamma-

ray interaction point and to track multiple gamma-ray intevastiusing the energy-angle relationship
given by the Compton scattering formula. Gretina will supercededpabilities of many existing state-

of-the-art arrays. It's high angular resolution for gamma-ragractions and the large number of
crystals arranged in a compact and close-packed geometryitmakaique and powerful instrument

that will greatly enhance our ability to carry out high resolusardies of the most exotic nuclei far
from stability.

Over the past 7 years substantial R&D has been carried out, ateckimology needed to realize a
gamma-ray tracking array has been identified and developed ldadindemonstration of the “proof of
principle” in the key areas of (i) detector manufacturing, {@hal processing, and (iii) tracking. This
extensive R&D has continued and culminated in the recent order @rettna module. A Gretina

module consists of three germanium crystals, each with 36 segnmeatspmmon cryostat and is the
basic building block of Gretina. An 8-channel digital signal processing board bdseals fabricated.

! More generally, electromagnetic radiation is imaot for a broad range of science; including atoamd molecular
physics, nuclear physics, weak-interaction physasttophysics, and particle physics among otherd,vehile the energy
ranges of interest differ there is a common needeteelop new detectors in order to answer the msipelling scientific
guestions.
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It is becoming increasingly clear that segmented geumarletectors and tracking are the future of
gamma-ray detection systems. Numerous workshops have been held te tisqusysics opportunities
gamma-ray tracking detector systems would bring, as weédcimical workshops from which working
groups have been formed. The importance of segmented gamma-raprdetext tracking is also
clearly illustrated by the large (and increasing) number ofept®jemploying this new technology
around the world. Specifically, the SeGA array of eighteen 32-&mgdhented germanium detectors has
just been completed and has begun experiments using fast exoticdiddi®s). There is also a major
effort in Europe aimed at developing segmented tracking arrayshamdare advanced plans to build a
41t highly segmented germanium shell, called AGATA. Evidence o$titoeng community support for a
new generation of tracking arrays can be found in, for exampléhgi2002 Long Range Plan for
Nuclear Science [LRPO02], which identified a #ray tracking array as a major initiative for nuclear
science, (ii) the Gamma-Ray Tracking Coordinating Commigpert of July 2002 [GRTCCO02], and
(ii) the recent NSAC Facilities Subcommittee report.

The physics opportunities of Gretina will be outlined in more detaihapter 2. Past achievements and
R&D in gamma-ray tracking as well as an overview of worléamadforts are discussed in chapter 3.
Chapter 4 will contain the details of the Gretina design. Chaptentains the management plan, while
the project cost, effort, and schedule are given in chapter 6.
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2. ADVANCING THE FRONTIERS: PHYSICS AT THE LIMITS WITH
GRETINA

In the 2002 NSAC Long Range Plan (LRP) for Nuclear Science QRR& major chapter was devoted
to “Atomic Nuclei: Structure and Stability”. A number of keyies and questions were selected for
special discussion, which outlined future priorities of investigation for our fidlesd included

(i) What are the limits of nuclear existence?

(i) How do weak binding and extreme proton-to-neutron asymmetries affect nuclear properties?

(i) How do the properties of nuclei evolve with changes in proton and neutron number, excitation
energy, and angular momentum?

A gamma-ray energy tracking detector will be needed to adtlress questions and to fully capitalize
on the science opportunities at existing facilities as wellptioposed Rare Isotope Accelerator, RIA.
Gretina will provide a unique and powerful detector system withelgains in sensitivity for a large

number of experiments, particularly those aimed at nuclei fan foeta stability, and will be an

important step towards answering the questions in our field.

The sections below discuss a brief selection from the wide rahgwysics topics which can be
addressed with Gretina at a variety of facilities and iléistthe significant benefits that Gretina and
gamma-ray tracking can bring. In addition one should mention thaifisant interest in this detector
system and its related technology is also present in other falis as astrophysics and fundamental
interaction physics [GRTCCO02].

2.1. How Do Weak Binding and Extreme Proton-to-Neutron Asymmetries
Affect Nuclear Properties? Nuclei Far from Stability

A forefront challenge in nuclear structure physics today ibrbaden our understanding of nuclei to
encompass the full range of bound systems of protons and neutrons. Asvev@way from the valley
of stability towards the driplines our overall view of the nucleEmdscape is improving and the
important underlying physics is gradually becoming clearer. é¥@w gamma-ray spectroscopy of the
nuclear landscape far from stability is always difficulto€x-sections for producing the most interesting
nuclei are always low and there are many backgrounds. In these hostitmprerits all approaches that
glean new information and all methods to increase efficiency amsitisgy will be useful. In recent
years, we have made great progress in moving away from statwiards proton rich nuclei. This has
been possible by fusing or fragmenting stable heavy ions and dexglemphisticated experimental
techniques that can pick out the interesting new isotopes thatthedafrom stability. By these means
we can now reach and even pass the proton dripline for many eterdemtever much important work
remains at the proton dripline.

Other major future challenges lie near the neutron dripline. Herdluatrated in Fig. 2.1, there are
several reasons to expect that many features of nucleaustrace quite different from the stable and
proton-rich isotopes. Access to nuclei near the neutron driplineetitbnly enhance our overall picture
of nuclear structure, but will provide vital data on nuclei along thecess nucleosynthesis path, the
route through which we believe most heavy elements were synithesilre the last decade novel
experimental techniques have been developed for in-beam gamma-rsyrensants with low rare-
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isotope beam rates. New techniques developed for fast exotic lmammeasure energy levels,
transition rates, and absolute occupation numbers with rates as laview particles/second. A recent
key breakthrough has been the convincing demonstration that impar@ambation on n-rich nuclei
may be obtained using rare isotope beams dfphticles per second or less using transfer, Coulomb
excitation and fusion reactions with gamma-ray spectroscopy.sudeess of these extremely sensitive
techniques bodes well for the future.

Nuclear Shell Structure

126

[}
—3p— i
— 2 P32

no spin

very diffuse orbit around the
surface harmonic exotic nuclei/ valley of
neutron drip line oscillator hypernuclei B-stability

Figure 2.1. Calculated sequences of nuclear sipgitele levels for various potentials [Do96]. Tleeels on the far right
correspond to nuclei close to stability; thosehi left correspond to a system with a very diffssdace close to the neutron
dripline.

Efforts to improve our understanding of the structure of marginallynd@ystems near the driplines
will focus on obtaining a detailed picture of the wave functions of low-lying statesthe ground states
themselves. It is clear that the experimental difficultigd be different to those that have been
encountered before. However, there is no doubt that gamma-ray speptravill play a key role in
these investigations, and tracking detectors are perfectlydsta face these challenges. Many of the
experiments will involve studies in “inverse kinematics", in wladieam of exotic nuclei from near the
dripline, produced from fission, fragmentation, or spallation will biézat. In such situations, a highly
segmented detector is needed to minimize Doppler effects. Incagditie most interesting nuclei are
often those furthest from stability, which are most difficult gooduce. Thus, in all cases, the
experiments must be as efficient as possible and be highlyigelaxr clearly differentiate between the
states of interest and copious decays from other sources. Alstheiability to track, more sensitive
measurements of gamma-gamma angular correlations and paarizetich yield important spin and
parity information, become possible.
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Some key themes related to studies of far-from-stability nuclei areanedtbelow.

2.1.1. Experiments with fast rare Isotope beams

Fast beams of exotic nuclei, typically in the energy range ob 3D® MeV/nucleon, are made via the
separation of fragmentation products by a combination of magnedatrie] and energy-loss methods.
This technique of projectile fragmentation provides a powerful angersdl method of separation by
physical means, which is equally applicable to all elemegitter than uranium. The NSCL Coupled
Cyclotron Facility presently provides such fast exotic beamshieg the neutron-dripline up to sulfur
(Z=16), although ultimately the envisioned Rare Isotope Accelenaliqrrovide experimental access to
even more neutron-rich nuclei reaching the neutron-dripline up to Z=40.

Experiments with fast exotic beams using gamma-rays tin&agstic scattering extend the scientific
reach of any fast-beam facility by several orders ofnitade. Experiments with standard luminosities
can be carried out with thick secondary targets (order of?y/nu very low incident beam rates (order
of particle/s or less). Photons traverse targets witle ktid known attenuation and with the availability
of position-sensitive gamma-ray detectors it has become possitleasure the energies and directions
of photons emitted in-flight. This allows the accurate reconstruofitime photon energy in the frame of
the moving exotic projectile. Thus Gretina will greatly enhance the daamtach of any fast-beam rare
isotope facility. Several experimental techniques have beenogexdtin the last decade. Coulomb
excitation [GI98] and proton scattering measure transition mekements in exotic nuclei in response
to electromagnetic and hadronic excitations. In-beam fragmentedamtions populate a variety of
excited states [Yo01l], and nucleon knockout reactions [HaOl] allow foisjmecwavefunction
spectroscopy through the measurement of cross sections, whicle camn\erted into spectroscopic
factors.

The instrument crucial to realizing these physics opportungiashigh solid-angle gamma-ray detector,
which can detect photons with energies up to 10 MeV with a resoluti@®f or better and which can
measure photon-emission angles with an accuracy of better ifhaGretina will provide these
capabilities needed to understand the evolution of nuclear structiliresaspin. Specifically, Gretina
will help answer the following questions:

(a) How does nuclear shell structure evolvein n-rich nuclei?

New physics is predicted close to the nuclear driplines, wierebinding energies for protons and
neutrons become zero. For example, as the outer regions of very natlironelei approach pure low-
density neutron matter, mean field calculations suggest that theanymbtentials will diverge from
those encountered close to stability (see [D096]). This could leadctmnge in single-particle orbit
ordering and shell structure as illustrated for heavy nucldrign 2.1. In spite of the theoretical
excitement, experimental data on the structure of very neutdomuclei, apart from the very lightest
ones (Z<6), is sparse. The first experimental evidence for a poss&blelering of nuclear shells for
light neutron-rich nuclei in ther(sd)-shell has been achieved with the measurements of the
disappearance of tHé=8 shell closure if'Be [Mi83,Na00], the high degree of collectivity in the low
lying v(f7;2) intruder state in N=26°Mg [M095], the experimental discovery of the weakening of the
N=28 shell closure for neutron-ri¢fiS [GI97], and the emergence of N=16 as a shell closure near the
neutron dripline.

14



The goal of the proposed research activities is to gain expgaimaformation on isotopic chains of
nuclei, including the most exotic nuclei possible, using a set of complary techniques to provide
comprehensive measurements from the proton dripline to the neutron dripfieegesults will form the
experimental foundation for a detailed theoretical understandintheofevolution of nuclear shell
structure. In particular, the structure of exotic nuclei will ibeestigated via intermediate energy
Coulomb excitation to probe the electromagnetic degrees of ceaifgctiia proton scattering to isolate
hadronic degrees of collectivity, with in-beam fragmentation tabéish higher-lying states and their
spins and parities via angular distribution measurements [OI03], avdlivmeasure the spectroscopic
factors for particular states of interest to investigate their spaylgcle character.
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Figure 2.2. Online spectra from SeGA's first in-reest experiments with a heavy nucleti&r) and a light nucleus'{Be)
impinging on a gold target at intermediate beanrgias. The bottom panels show the energy spestthey are measured
in the laboratory and the top panels show the sspeetra after an event-by-event Doppler-reconstmidias been applied.
The gamma-rays from the first excited states taqytioeind states become visible as peaks.

Intermediate-energy Coulomb excitation experiments have showrit tisapossible to measure the
excitation energy of the first excited state and the degrgeadrupole collectivity (B(ER) value) in a

moderately deformed nucleus with secondary beam intensities lifless 3 particles/seconds in a
three day long experiment with the position sensitive NSCLTN)atletector array [PrO1]. However,
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the energy resolution in this detector array is limited to ahBUE=6%, which is insufficient to resolve
the fragmented transition strength in odd and odd-odd nuclei. For bedggy resolution the SeGA
array of 18 highly-segmented germanium detectors can be used. Esgegira measured in
commissioning experiments on light and heavy secondary beams are showrei2 ffgueGA can run
in different configurations and has a photopeak efficiency of 2%.3a¥leV) for an angular uncertainty
of 0.6’. Gretina will have nearly 4 times greater efficiency sonilar angular resolution. For a recoil
velocity of v/c=0.5, this angular resolution will give an averagegneesolutiorAE/E=0.7% for the 30
Gretina detectors mounted arourfd This will enable us to measure transition matrix elementid
nuclei, which are more sensitive to changes in single-particle statesidiraeven-even neighbors.

Gretina will be used to study the evolution of nuclear shell tstreign ther(fp)-shell via intermediate-
energy Coulomb excitation. In particular, we will fragment primiseams of*Ni, "°Zn, "°Ge, and®kr

to study isotopic chains of nuclei out to, for exampf€r, ®®Fe, "*Ni, and ®zn. The low predicted
secondary beam rates in these experiments and the lower expecitation energies and higher level
densities compared to thgsd)-shell necessitate the use of a very efficient, hightgsnldevice such
as Gretina.

(b) What isthe detailed wave function for exotic nuclei?

The properties of a quantal system are fully described bysnafaits wave function. However, direct
measurements of wave functions cannot be made easily. The measuremthe momentum
distribution of particles from knock-out reactions is one of the technitpaésan be used to determine
the wave function in the momentum representation. This method was irdootuauclear physics to
measure proton wave functions via tpgj) reaction and then was widely applied in atomic physics to
map the electron wave function in atomic and molecular systemgnfRethe technique has been
applied in nuclear physics to determine the momentum distributioheo¥alence neutron(s) in halo
nuclei. Halo nuclei are unique in that the one or two valence neutromauate less tightly bound
compared with “normal” nuclei and their wave functions extend olair¢ie distances. The experiments,
using beam break-up reactions, have been applied to single-neutron halsuitias™'8Be, **B and
13C [Au00,Na00], neutron-rich carbon isotopes [Ma01], nuclei in the vicinitN=20 [En02], and
proton-rich nickel isotopes [Mi03]. An illustration of the method is show Fig 2.3. Although very
useful, momentum measurements alone cannot determine all the compafnggsvalence-nucleon
wave function. The complex parentage of the neutron wave functiorsl&daveesidual nucleus in a
variety of excited states which require a high-resolution ganapaletector to identify and classify
them from their gamma decay. With the currently availableawalys it is not possible to resolve the
complex energy spectra resulting from the knockout of deeply boundonacléhe SeGA array does
not have enough efficiency to reliably extract feeding to exatates. Gretina will have the ability to
measure spectroscopic factors for specific excited stateql@menting the measurements of ground
state spectroscopic factors possible with current detectors.

The superior energy resolution and position sensitivity of Gretinh b@ used to extend the
measurement of spectroscopic factors for specific excitegssitatexotic medium-mass nuclei (A=40-
80). By combining the radioactive beams and the S800 spectromedter BISCL with Gretina the

evolution of single-particle parentage will be studied in exotic nudlbe nature of the neutron single-
particle structure of exotic nuclei is vital for the deterrtioraof the actual location of the neutron drip-
line. In addition, single-particle ground-state structures wilhtsasured for nuclei which lie on the
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astrophysical r-process path. This information will provide importemchmarks for the theoretical
description of r-process nuclei.
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Figure 2.3 The momentum wave function of the hadatron in*'Be is measured using break-up reactions. The recoil
moment of 11Be is measured in coincidence with gamays from excited states which represent diftepamentages of
neutron wave functions (i.e. s, p, and d orbitals).

(c) How do nuclear propertiesevolvewith spin in n-rich nuclei

As was discussed in previous sections, low spin properties of n-ricéi lawel providing new insights
into nuclei near the neutron drip-line. These nuclei were producedagandéntation reactions, and
studied using Coulomb excitation, knockout reactions, and beta-decays. Tétbselsronly propulate
nuclei at low spin states. Higher spin states can provide additmopattant information on the physics
of n-rich nuclei. For example, in even-even collective nucleiyatie of the 4 to the 2 energy, R»,
gives a clear indication of whether the nuclei are rotatidRgkB.33), or vibrational (R=2). In nuclei
near closed shells the energy of the multiplets arising frawrparticle coupling gives a measure of the
strength of residual reactions. One of the most interesting piegpeftnuclei near the neutron drip-line
is whether the extended neutron distribution could produce new colleatigesnin which the protons
and neutrons exhibit different motions. For example, if the neutron b&tes, but the core of protons
and neutrons makes no contribution, the evolution of such rotation as a fuottspn will give
important information on the rotational properties of pure neutron matter.

It has been demonstrated recently that fragmentation reactimhscer fragments with a spin as high as
10h and in-beam spectroscopy studies have been carried out sucgeassiuliclei produced with a rate
as low as one per second. Obviously, the most n-rich nuclei that cstundied in these experiments
were limited by the sensitivity of the gamma-ray detectraya Gretina will provide far better Doppler
correction and thus the detector can be placed closer to thé targeoduce a higher efficiency,
allowing nuclei closer to the neutron drip-line to be studied. The higtieeicy of Gretina for high-
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energy gamma rays is equally important because relatighy iuclei are produced near the neutron
drip-line and these nuclei have larger level spacing.

2.1.2. Experiments with ISOL beams

Isotope Separation Online (ISOL) radioactive ion beams also @&mingpexciting possibilities for a
wide range of new spectroscopic studies, including B(E2) measurethemigh Coulomb excitation in
inverse kinematics, gamma-ray spectroscopy following fusion-eatporreactions, and neutron- and
proton-transfer reactions to investigate single-particle staegor experiments utilizing fast beams,
these experiments, involve significant technical and experimemadénges but every possible solution
involves the need for a high efficiency, highly segmented Geg ach as Gretina. For example, many
experiments involve heavy beams and light targets to producectxcitlei with high recoil velocities,
typically ~0.07c. This generates significant Doppler broadeningdomma-rays, an effect ameliorated
by good angular resolution, i.e. segmentation, in the detection system.

(&) How does collectivity change with proton and neutron number?

An important aspect in the understanding of the structure of racl&iom stability is the evolution of
collectivity with proton and neutron number. Of particular interetitesnature of low lying vibrational
states near closed shell nuclei. Consider, for example, the raeastirements of B(E2)'s in Te and Sn
isotopes around®’Sn. Extracted values for the B(E2) of Te isotopes, and prelimialnes for Sn
isotopes, are displayed in figure 2.4 together with the B(E&Eematics for this mass region. These
results [Ra02] provided a major surprise since the B(E2) valu€®iar was expected to conform to the
symmetry around neutron number N=82 exhibited by Ba, Ce and other heagler, and thus be
similar to the value fol**Te. Instead, th&°Te value is almost a factor of two smaller. This unexpected
behavior can be associated with a decrease in neutron paiong asosses N=82 [Te02], which in turn
lowers the neutron quasiparticle energies. As a result the eoktgg lowest 2 state decreases while
the increasing neutron amplitude in the wave functions reduceq##® &rength, which is dominated
by the proton contribution.

In these Coulomb excitation experiments, the hijerergies and low B(E2) values yield low cross
sections for excitation, which in combination with the low intenséggms (~19-1C /sec) make these
types of measurements challenging. There is much for us to learn as weomardstmore neutron rich
nuclei. In fact measurements of th&3Sn isotopes are currently being performed but with a, BaF
array of gamma detectors to improve the efficiency for higerggn (~4 MeV) gamma-rays. Such
experiments performed with a high resolution, high efficiencyrgarmay array such as Gretina will
have much greater discovery potential and will ultimately leatet insights and opportunities in the
Coulomb excitation of rare isotope beams.
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Figure 2.4 Values of B(E2;0+ - 2+1) for even-even $e, Xe, Ba and Ce isotopes around neutron nuib&82. Open
symbols are adopted values from Ref.[Ra01] whiledisymbols are [Ra02]

(b) How do single-particle levels and pairing correlations change far from stability?

Single-particle and pairing degrees of freedom play a cemi@lim nuclear structure. While single-
nucleon transfer reactions are the most direct and unambiguousqgbrsingle-particle structure, pair
transfer is a direct and unambiguous probe of pairing correlations. Shellignchuclei is expected to
change dramatically when approaching the extremes of isdapifrom stability. This should be
manifested by large changes in single-nucleon and pair tracrsfes sections to individual nuclear
states. For example, the valence single particle orbitalbevidlifferent in nuclei at extreme isospin, and
these orbitals can be probed by studying single-nucleon tramsfetions with rare isotope beams.
Similarly, extreme neutron-rich nuclei should exhibit unusual neutromga»ehavior in the tail of the
nuclear wavefunction that will lead to fascinating nuclear Josep#f$ects such as strongly enhanced
pair transfer cross sections and diabolical pair transfer.

Gretina used in conjunction with scattered ion detection will providesémsitivity to measure the
transfer angular momentum and spectroscopic factors to individat@ssin nuclei both far from

stability as well as to closely spaced states at highatagion energy in deformed nuclei or in very
heavy nuclei where standard particle spectroscopy techniques dowioepenough resolution. Studies
of transfer using heavy ions can simultaneously probe the integblaingle-particle, pairing, and

collective degrees of freedom.

As an illustration of these experiments figure 2.5 shows garagpnapectra from a series of recent
neutron transfer reactiom8e(**Te, ®Be) *°Te and®C(***Te, 1%C)***Te in inverse kinematics. The
lower half shows the spectrum using the Clarion array fronf¥Be target, gated by pairs of alpha-
particles, and the upper half shows the similar spectrum gatezhrbon ions from thé®C target.
Transitions from the previously-assigned [Ho89] single-neutronsstt659, 1084 and 1127 keVsgp
p12and §),, respectively) are clearly visible in the Be spectrum.oAdsible are the 11/3tate at 1180
keV, and several new transitions, such as the 1400 keV peakC 3pectrum has very few counts, but
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the p.state is clearly populated, and probably also theapd 11/2states. Inelastic excitation to the 2
and proton stripping t6**Te are the dominant contaminants.

Obviously Gretina with its high efficiency, high resolution, and high segmentatiordpsotrie next step
in gamma-ray detection for use in this class of experiments.
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Figure 2.5 Gamma-ray spectra from the neutron fearexperiment with**Te on natBe and’C targets. The spectra are
gated by coincidence with alpha-particle pairs {&get, lower part) or carbon ionSG target, upper part) detected in the
HyBall array.

2.2. How Do the Properties of Nuclei Evolve with Changes in Proton and
Neutron Number, Excitation Energy, and Angular Momentum? Some
Experiments with Stable Beams

In-beam experiments using Coulomb excitation, transfer reactitmesgky-damped reactions, and
fusion evaporation reactions at beam energies close to the Coulonds bave played an important
role in the development of nuclear structure. In this energy dommairetoil velocities typically range

from v/c= 5 to 10%. This limits the gamma-ray energy resolutonrdcoiling ions ta>1% due to the

finite solid angle of individual gamma-ray detectors for modern ngasray arrays such as
Gammasphere. Use of thick targets to stop the recoils does intheoeaergy resolution for the lowest
states that have lifetimes exceeding the stopping time; asults in badly Doppler-broadened line
shapes for shorter-lived states. Use of thin targets is rm@gess observe the recoiling ions in
coincidence with de-excitation gamma-rays to study higher angutenentum states as well as to
measure the impact parameter dependence and accurate ctasssséoth of which are crucial to
determine electromagnetic or transfer matrix elementsofder of magnitude improvement in angular
resolution provided by Gretina will lead to a reduction in Doppler broadegiving improved gamma-

ray energy resolution for thin target experiments. Gretinehaite a factor of about eight improvement
in resolving power relative to Gammasphere for lower multipliptpcesses, such as Coulomb
excitation and transfer reactions. The improved energy resolutibgreatly expand the opportunities
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for advancing nuclear structure studies to higher spin, heavier mass, and to odd:Aalhgelses where
the density of gamma-ray transitions exceeds the energy resoaathieved using present day gamma-
ray detectors for in-beam spectroscopy. Gretina marks the next step faldha$ study and opens new
avenues of study at stable beam facilities. Some of these opportunitieséicseatebelow.

2.2.1. What new information can we learn about collective shape degrees of freedom in
nuclei?

Collective rotational and vibrational shape degrees of freedom doeinant and ubiquitous feature of
nuclear structure. Studies of coexistence of states with viéeyedht collectivity in individual nuclei as
well as the evolution of collective correlations with isospin amdptrature are required to better
understand the role of collective correlations in nuclear strucoelomb excitation is the preeminent
probe of collective shape degrees of freedom in that it selgcpogplulates collective states with cross
sections that are a direct measure of the collective magnxeats. The efficiency and resolving power
of Gretina, when coupled with detection of scattered heavy ions, praeespportunity to measure
both the excitation energies and collective matrix elements coupling thiese sta

The completeness of such data adds a new dimension to the stugydoigple and octupole collective
shapes degrees of freedom in nuclei. For example, one can dineetigure the magnitude and
distribution widths for both quadrupole deformation and triaxiality. Thestgerior resolving power
and efficiency provided by Gretina will make it feasible todsgt collective modes in odd-A nuclei,
transuranic nuclei, as well as at higher excitation energlesases where the gamma-ray transition
density challenges the energy resolution of current gamma-ragtaet. Studies of odd-A nuclei are
especially sensitive probes of nuclear structure. Unfortunatbl/, gamma-ray transition density
becomes very large in heavy odd-A nuclei; for example, ~300 gamnzeeks were observed in the
energy range 150-1700 keV fi°'U. The resolution of Gretina is crucial to extract the physiomf
studies of such odd-A nuclei.

2.2.2. Do unusual configurations coexist at low excitation energy in nuclear structure?

A small proportion of nuclei exhibit highly-excited metastablerfisric) states coexisting at low
excitation energy. Isomeric states in nuclei have unique and unusymdrties that can provide new
insights into nuclear shell structure and nuclear shapes. Threeslasisomers are observed, shape
isomers, spin isomers, and K isomers. In contrast to shape isorheis,ake due to a large change in
deformation as seen in fission isomerism, spin and K isomers fesoi the angular momentum
coupling of a few valence nucleons. Studies of collective bands lmsadomeric states are of
considerable interest in order to investigate the breakdown of apm@texsymmetries with increasing
angular momentum. A recent breakthrough has been the observation aritatient of the Coulomb
excitation paths populating collective bands based on several K-isaméfisf including the 31 year
half life K=16" isomer. The much improved energy resolution plus higher efficien&ratina will
provide opportunities to greatly exploit isomeric states to probe arusteucture in both stable and
exotic nuclei.
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2.2.3. What is the influence of increasing charge on the quantum aspects of nuclear
dynamics and structure?

Exploring the structure and properties of nuclei in the region aboveOZrd9just begun and our long
term goal is to understand these nuclei as well as we undetbtaselcloser to stability. These heavy
nuclei would fission instantly if it were not for the stabiliziaffects of nuclear shell structure. By
studying both the decays of nuclei collected at the focal plarsehogh efficiency separator and the
prompt gamma-ray decays emitted at the production targetllitoevipossible to obtain important

information on the excited states in these nuclei. These stuthédeeus to identify and place single-
particle levels, to determine the nuclear deformation, and shdseaction dynamics, all of which are
needed to further test the models which calculate where the tabk super-heavy elements should
exist. Gretina can play a significant role in these investigatlue its physical compactness, high
efficiency, high count rate capability, and segmentation properties.

The compact size of the Gretina array and the geometry of teetaks allows the target position to be
placed very close to the entrance to the first focusing elemeriheofrecoil separator, with a
corresponding large improvement in the transmission efficiency cfetparator. For example, the ideal
target position for the Argonne FMA is ~30 cm from the entrandbd FMA. However when used in
conjunction with Gammasphere, the target to FMA distance must eagect to ~90 cm. With Gretina
the closer optimal target position could be utilized, which will tyeldenefit the study of high-spin
structures of some of the heaviest elements, particlddNp and surrounding nuclei [Re99, Bu02,
He02, Le99]. Overall the increased transmission and the higher caioapability of Gretina will give
about an order of magnitude increase in sensitivity over Gamnrasphes the FMA, and coupling
Gretina with a gas filled separator can give a factor of 30 improvement.

Such gains can be extremely significant when one considers thdowve cross sections involved in
these experiments and will extend their reach in studying odukdei, such a$>Lr, which are
important for extracting the correct placement of singléigarorbitals at these high particle numbers.
Measuring the lifetimes of nuclear levels provides a very semgrobe and test of nuclear models. The
Gretina array, with excellent position resolution, excellent gneggplution, excellent peak-to-total, and
with high detection efficiency will be an ideal spectrometergdrecision lifetime measurements using
Doppler shift techniques. Lifetime measurements in very weakly ptgalihuclear species either very
far from stability or in very heavy nuclei will be possible dglecting gamma-rays in coincidence with
recoils at the focal plane, possibly tagged by their subsequent alpha, proton,dedagta-

2.2.4. What are the characteristics of the Giant Dipole Resonances built on
superdeformed states and loosely bound nuclei?

Giant Resonances are fundamental collective excitations of ramdlehey play an important role in the
understanding of basic nuclear structure properties. The ganyndggay of the giant dipole resonance
for example is sensitive to the size and shape of nuclei. It viceulgbry exciting to discover and study
the giant dipole resonance built on a superdeformed shape. The Ndapértience of giant resonances
is predicted to change dramatically near the neutron dripline and can be studi€dwdmb excitation

of fast beams from rare isotope accelerators. The large Doppadening due to the high-energy
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beams requires the excellent position resolution available wittin&r&hese two physics examples are
discussed in more detail below.

Giant resonances in superdeformed nuclei: A very interesting experiment would be to find the giant
dipole resonance (GDR) built on a superdeformed nucleus [Ca98]. To damrikicould select the
rotational transitions in a superdeformed band and look for the (png¢e€@DR decays, which in this
case should consist of two peaks, corresponding to oscillations alongalffevent-length nuclear
radii. Gretina combines excellent energy resolution at low gneitly high efficiency at high energy
(more than an order of magnitude greater than Gammasphere at 1p Beause of the large
deformation, these two peaks would be widely separated in enbegglower of which might well fall
below 10 MeV for nuclei in the mass-150 region. The intensity ofviloepeaks will give the shape of
the superdeformed nucleus, and the width of each peak is related to the damping of thien@gyR be
possible to find fine structure on the low-energy side of the lowek ped thereby learn about the
damping mechanism of giant resonances.

Giant resonances in neutron-rich nuclei:  Neutron-rich nuclei obtained from primary beam
fragmentation are ideal to study the population and decay of gisomances (GRs) [Au99,Va99]. To
excite GRs with appreciable cross section, a beam eneeggegrthan 100 MeV/A (vic > 0.4) is

required. Here the Doppler broadening is an even more serious prbialernm the Coulomb-excitation

experiments. The excitation energy and shape of the GR is edpecthange dramatically near the
drip-line. This will give us a chance to study the N and Z deéeece of the properties of GRs, while
traditional studies are limited to the mass dependence along the line affystabil

In many nuclei the isoscalar giant quadrupole resonance hag atfucture on the low-energy side
which could contain information on its damping into the single-partielees This can be studied by
looking at gamma-ray decays to the ground state and low-Iyosgalar surface vibrational states (e.g.,
3 states). Such a study involves detecting a high-energy gaayrfeesm the GR in coincidence with
the cascade gamma-ray from low-lying states. Currently, @p®dr energy resolution, these types of
study are limited to closed shell nuclei (e%Pb) with widely spaced excited states [Be89].

In heavy nuclei, the giant resonances decay almost entireydporation of one neutron followed Yy
decay of the low-lying states in the nucleus with one less neldth@se gamma rays can be used to tag
the decay pathways of the GR. They also provide a unique method totetudjructure of the
populated low-lying states, which can be in very exotic nuclei produitedoth stable and radioactive
beams. In addition Gretina could be partnered with g Bafy to create an even more versatile device
for studying giant resonances.

2.3. Summary and Selected Physics Highlights

Experiments carried out with Gretina will include studies aimedinderstanding many important
specific questions, for example,

(i) How does nuclear shell structure evolve in exotic n-rich nuatel, what are the detailed

wave-functions for these nuclei populated using fast rare isotopesBedtare the high
efficiency, high resolution, and high segmentation of Gretina, whiables the measurement of
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photon emission angles of better thah Will allow huge advances to be made by making
possible the detailed study of extremely exotic nuclei.

For example, it will allow the study, for the first time tbe evolution of nuclear shell structure in the
proton (fp)-shell via intermediate-energy Coulomb excitation. Tieaperiments will give data for
determining the new magic numbers of neutron-rich nuclei, fromttity f nuclei such a¥Cr, ®*Fe,
Ni, and "®zn. This will provide a better understanding of the nuclear force ciedlyethe neutron-
proton interaction between orbitals with large energy separation.

(i) How does the collectivity, and the characteristics of Iskpgrticle levels, as well as
pairing correlations, change with particle number using n-rich IB€Ims? Here again the high
efficiency, high resolution, and high segmentation of Gretina wikd@mously important but
also its very high count rate ability in the hostile radioactiverbenvironment will pay great
dividends.

For example, unexpected behavior was observed from the recent emeasis of B(E2)'s in Te and Sn
isotopes around®Sn. This was interpreted as a decrease in neutron pairing asossescthe N=82
shell, which in turn lowers the neutron quasi-particle energies. résuit the energy of the lowest 2
state decreases while the increasing neutron amplitude irathreefunctions reduces the B(E2) strength.
Gretina will extend these study to regions further away fronfirtiee of stability, and to other regions of
closed-shell nuclei. These studies can give unique information onpheate contribution of protons
and neutrons to the nuclear collectivity, which cannot be obtained fromi ciade to the valley of
stability.

(i) What is the influence on increasing charge on the quantum taspémuclear
dynamics and structure for the heaviest nuclei? As wellhasabove mentioned enhanced
abilities of Gretina, its compact nature will allow betteckpag, and thus much higher overall
efficiency experiments to be performed with recoil detector chargedlpatévices.

Such gains can be extremely significant when one considers mdowve cross sections involved in
these experiments and will extend their reach to the study of oddelei, such ag>Lr, which are
important for extracting the correct placement of singléigarorbitals at these high particle numbers.
In addition Gretina will make possible measurements of thentiésti of nuclear levels which will
provide a very sensitive determination of the nuclear deformation. This informstery important for
an accurate description of heavy nuclei. Especially, thesesumeaents are crucial for better
predictions of the shell structure of super heavy nuclei.

(iv) How do the collective degrees of freedom and shell struettolve as the excitation
energy and angular momentum increases? Studies of the evolutiaileaftivty and shell
structure with spin and excitation energy play a key role in pgothia underlying structure of
nuclei. The high segmentation, plus the great reduction in Doppler broadening due tkettod or
magnitude improvement in angular resolution, are the crucial tedtradeances for addressing
such studies.

The far superior resolving power provided by Gretina in heavydonlomb excitation studies will
make it feasible to greatly extend the investigation of collectiodes and shell structure, as well as to
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the study of odd-A nuclei and transuranic nuclei; all cases ofdmnadile interest where the gamma-ray
transition density challenges the energy resolution of current gammateayode.

(v) What are the characteristics of the Giant Dipole Resosanaé on superdeformed
states and loosely bound nuclei? It is the unique ability of Grigisambine high resolution at
low energies for very selected gating options, with high efficy at high energies (more than an
order of magnitude more than Gammasphere at 15 MeV) to observe GBY dieat will allow
a new class of experiments to be performed.

For example, it is expected, due to the large deformation, thaavth&DR peaks built on SD states
would be widely separated in energy, the lower of which mightfaibelow 10 MeV for nuclei in the
mass-150 region. The energy and intensity of the two peaks wélltge shape of the superdeformed
nucleus, and the width of each peak is related to the damping oDiRe @etina will have the unique
ability to resolve the possible fine structure on the low-ensidg of the lower peak and thereby
provide a better understanding of the damping mechanism of giananess. It will thus open up a
whole new avenue of study in nuclei at high temperature.
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3. TECHNICAL DEVELOPMENTS

The current generation oftdgamma-ray detector arrays, for example Gammasphere, see ba
modules of Compton suppressed Ge detectors. They use high-purity &als¢crywhich have
intrinsically good energy resolution. Although the largest availabjstals are used most of the gamma
rays do not deposit all their energy in a single crystal. Suctalpanergy events contribute to a
background, which can be rejected by detecting the gammah@atyscatter out of the Ge crystal into a
“Compton shield” (made with a high density scintillator such as B&®rounding the Ge detector.
While this improves the peak-to-total ratio it does not improve dfigiency. Furthermore, the
suppressors occupy about the same solid angle coverage as the germanions detestimits the full-
energy peak efficiency in Gammasphere, for example, to 10%NMaiv) and the peak-to-total ratio is
60%. To explore new scientific regions, as identified in the 2002 Ramge Plan for Nuclear Science
and discussed in Chapter 2, new technologies and capabilitie®aqreed that go beyond those
provided by arrays of Compton-suppressed detectors.

The efficiency limit reached in current arrays can be @vee by eliminating the Compton shields and
by closely packing the Ge crystals. Rather than suppressingsétiat scatter out of individual crystals,
the gamma rays can be tracked across crystal boundarietdygnohing the location of the scattering
points (a 1 MeV gamma ray has typically 3 to 4 interactionthimithe Ge before depositing its full
energy). This can be achieved by using the new technology of lsghiyented Ge detectors (Fig 3.1).
These detectors have their outer electrical contact divided inmtardoer of individual segments. By
analyzing the direct and induced charges from these segrhentstéraction locations of gamma-rays
can be determined to better than a few millimeters. The pgdhrough the crystals can then be
followed and the gamma-ray energies reconstructed by using suddddrithms. This is the new
concept underpinning a gamma-ray energy tracking array, such as Gretina.

To date considerable progress has been made towards the R&Bargde design and build a tracking
array. This includes 1) the manufacture of segmented detectdnsre-amplifiers that can provide high
quality signals needed to resolve and locate individual interactiorsp@nthe use of signal processing
methods to determine energy, time, and position based on pulse shapatidigiand digital signal
processing, 3) the development of a tracking algorithm thattheemnergy and position information to
identify interaction points belonging to a particular gamma aag, 4) the design and packing schemes
for a close-packed array of segmented coaxial germanium detectors.

In this section we present an overview of the technical developnigait demonstrate the “proof-of-
principle” for the gamma-ray tracking concept, and which inclussilts from measurements and
simulations, primarily carried out on the 36 segment Ge deteb®Gtetina single-detector prototype),
as well as R&D in the areas of computation and electronicsy Mathese results are given in more
detail in [De99, Ku02, Sc99a, Sc99b, Ve00a, VeOOb]. A summary of theogewshts and
achievements is given in section 3.9.

3.1. Prototype Detector

The ability to manufacture coaxial Ge detectors with a diggree of two-dimensional segmentation is
an essential component of the technology of a gamma-ray trackiag dwo two-dimensionally
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segmented closed-ended HPGe detectors have been built bysBvidsyres and tested at LBNL. Both
detectors have a regular hexagonal shape and are tapered blgebO&rd 9 cm long with a maximum
diameter of 7 cm at the back. The first prototype was 12-fgthseated (6 azimuthal x 2 longitudinal)
and the second prototype, shown in Fig. 4.1, was 36-fold segmented (6 azimuthal x 6 longitudinal
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Figure 3.1 Picture of the 36-segment detector pypto The insets show the preamplifier configumgtithe crystal
segmentation, and the energy resolution for eagiment.

The 6 longitudinal boundaries are located in the middle of the flaacasgfof the hexagonal sides. The
widths of the transverse segments starting at the front (th@anand) are 7.5 mm, 7.5 mm, 15 mm, 20
mm, 25 mm, and 15 mm, and were chosen to distribute the number of thetionsranore equally

among the segments for gamma rays coming from the front. ingatlye segmentation widths also
allowed us to study the effects of different thicknesses ondhsiént-signal sensitivity. The Ge crystal
resides in a 1 mm thick aluminum can of the same shape as tal.cijhe can is separated from the
crystal by 1 mm to simulate the close packed geometry of thaéally encapsulated detectors. The 37
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FETs (36 segments + 1 central contact) are located and coolezl sarhe vacuum as the crystal. Cold
FETs provide low noise, which is important for optimizing the energy and positiontiesol

Preamplifiers were designed and built at LBNL and mounted or3@dld segmented prototype
detector. They are characterized by their low noise, exteleponse properties, and small size, which
made it possible to mount all 37 preamplifiers radially on andsical motherboard close to the feed-
throughs on the back of the detector. The preamplifiers have an eesajytion, obtained with a
pulser, of about 900 eV, which is dominated by the FET noise. No oversluligeis/ed down to rise
times as low as 10 ns. This was measured with an input cagacivd 10 pF and translates into a
bandwidth of 35 MHz.

Extensive measurements have been performed to determine basitiggppach as energy resolution,
noise characteristics, three-dimensional position sensitivity andigmogesolution, and crystal
orientation effects. The 36-fold segmented prototype was found to haedeex signal properties
demonstrating it can be used as the basic co-axial crystal element ima-gayntracking array.

A) Energy Resolution

The energy resolution reflects the quality of the crystal esmdharge collection properties, as well as
contributions from both parallel and series noise. Parallel noisendepmn the leakage current or
transistor base current, series noise depends on the transcondwdftaheeFET and the detector
capacitance. While the energy resolution at low energies 6@gkeV from a®*Am source)
characterizes the noise contribution, the resolution at a higher energhy3@2dkeV from 2°Co source)
reflects the charge collection properties.

The average energy resolution for the 34 working segments of tf@d3§egmented Ge detector was
1.14 keV and 1.94 keV at 60 keV and 1332 keV, respectively, and the spread was O(B81&VThe
individual values are shown in the insert to fig. 3.1. These ertetdues are far superior to the 5 keV
segment resolution of the two-fold segmented Gammasphere detectors. praiominantly due to the
small segment size and therefore smaller capacitance, waddadies the series noise contribution. The
importance of a small capacitance can be seen by the fathéhpair of shorted segments had energy
resolutions of 1.83 keV at 60 keV and 2.61 keV and 1332 keV.

B) Noise Properties

The noise response is used to study properties of the detecttoretec (e.g. FET and detector
capacitance). The level of noise determines the low energyhthde®r the identification of an energy
deposition in a segment and is also an important factor in obtairoog g@nergy resolution.

Measurements of the noise spectrum, its power spectrum, and iedegmater spectrum indicate it is
possible to set a threshold of ~5 keV. For a tracking array atmrgy threshold of about 10 keV is
needed.

C) Relative Efficiencies of the Segments

The relative efficiencies of the individual segments refileetcharge collection properties for a specific
volume in the detector, which in turn depend on the crystal propertiethargeometry of the crystal
boundaries and segmentation lines.
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Relative efficiencies for the different segments have beesuned and calculated (using GEANT) as a
function of depth, z, for a gamma-ray energy of 662 keV and 1332 ke\tltsed-ended and tapered
detector many more field lines terminate on the first segro@mipared with the next segment in the
second layer, and to reproduce the intensity profile one has to takacodunt the fact that the electric
field is not always perpendicular to the detector axis. Thegeasl agreement between measurement
and calculation, particularly for the shape of the distributions, atidg that the segments perform as
expected. The geometry of the electric field and its impachercharge carrier pathways has to be
taken into account in the design of segmented detectors.

D) Cross-talk

Due to the relatively high density of electronics in the 36-foldreaged prototype, shielding of the
individual channels against cross-talk is crucial. This applidset&ETs, the wiring, the feed-throughs,
and the preamplifiers. Although care was taken to minimize t&sdalk we did observe a coupling
between some of the segments. Two types of cross-talk were folimel.first occurs only between
adjacent channels on the FET board. The main characteristic afr¢istalk is a net charge in both
adjacent channels with opposite polarity to the original net chsiggeal. This cross-talk can be
compensated by adding a fraction (abo%t) 2f the original net charge signal to the two adjacent
channels. It can be explained by an insufficient decoupling of theempsupply for the FETs. The
second type of cross-talk only affects one of the neighboringesstg and is based on an inductive
coupling. It indicates an insufficient shielding between the input armibat adjacent FETs and can be
compensated by subtracting a fraction of the derivative of thenaliget charge signal. In summary,
the origin of both types of cross-talk is understood and can be removed by changiegttbaiel(FET)
lay-out (the manufacturer has already implemented this change in later prodiatectors).

3.2. Three-Dimensional Position Sensitivity

Pulse shape analysis provides the three dimensional position i@sadutd energy of individual
gamma-ray interactions. It relies on the fact that the shapes of therateagnals vary according to the
location of the gamma-ray interaction within the detector volumis. this difference that allows the
interaction location to be determined to an accuracy better hleasegment size. The amount by which
the two signals differ relative to the noise is called thetjossensitivity and is one of the essential
performance measures of a gamma-ray tracking array.ntipsrtant to note that the position sensitivity
alone does not give the final measured position resolution. Otherseffdctcontribute, such as the
range of the Compton electrons, the broadening of the distribution @fecbarriers traveling towards
the electrodes due to diffusion, and the uncertainties associdtetheiuse of algorithms designed to
analyze the pulse shapes (see discussion on signal decomposition).

In the following we will briefly describe the methods used tosthe position sensitivity for both one
and two interactions in a segment. It includes the calculation aadumsment of both the net and
transient signals as a function of the location of the primary gammatexgigtion.

3.2.1. Calculation of charge signals in a segmented Ge detector

Electric field and pulse-shape calculations as well as Montie-Genulations have been performed to
understand the measured properties and to parameterize meaguna¢siisiterms of calculated signals.
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These signals are necessary for the signal decompositionspragbich requires knowledge of the
expected pulse shapes as a function of location. It is not feagilnledsure all the necessary pulse
shapes throughout the detector volume and having accurate calculiged will be essential for a
tracking array employing pulse shape analysis.
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Figure 3.2. The upper part shows the calculatatl phelectrons and holes in the 36-segment prp®tyetector. The
geometry as well as the arrangement of segmentdaoi@s is shown. The interaction at x=22 mm, y=#rh and z=58.5
mm is marked with a star in segment B4. Calculaigdals for B4 and the nearest neighbors B3 an@ré4lotted in the
lower part.

Calculated charge signals are obtained by first calcul#tiegathway of the charge carrier for a given
interaction position. The motion of the charge carriers is datedrby the electric field, which itself
depends on the detector geometry, applied voltage, and intrinsiccdizage density and mobility. The
electric field is calculated from the potential, which is dedi by solving the Poisson equation
numerically. Fig. 3.2 shows calculated trajectories for electaodsholes assuming an interaction took
place at x=2.2 cm, y=0.45 cm and z=5.85 cm in a coordinate system indicated in the figure

Finally, to calculate the induced signals in the different sggenwe use Ramo’s theorem [Ra39] for the
so-called weighted potential. The lower part of fig. 3.2 shows calculated signtie fodicated starting
point of the trajectory in segment B4. The left hand side showsetheharge signal of segment B4 and
the different contributions of holes and electrons. The right hand sieles ghamsient charge signals in
the azimuthal neighbor (C4) and the segment in front (B3).
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3.2.2. Signal measurements

An experimental set-up (fig. 3.3) was designed to measure thad&tasient signals that arise from a
single gamma-ray interaction at a known point in the 36-fold segtheletector. A single interaction
was achieved by using a collimated 1 mi&Cs gamma-ray source placed in front of the detector and
requiring a coincidence between this detector and one of thlgmatedd 5"x 6” Nal detectors, which
were located at 90 degrees to the crystal axis (gammairegtion) and at an adjustable depth (z) along
the axis. The 1 mm collimators mapped out a cylindrical volunabotit 1.7 mm in x and y and about
1.9 mm in z The®*'Cs source was specially built to have all the activity in a 1 mm diameter aylinde

__—Nal Detector

___,Lead absorber

‘Collimator hole (1mm)

Collimator gap (1mm)

Source | S Hevimet absorber

Figure 3.3. Experimental setup used for the measents. The upper figure shows a top view on thhecmence setup and
the lower part illustrates a side view of the \eatiarrangement of collimation and detector systems

The alignment of the collimation system relative to the segatient of the detector was done by
scanning the front face with collimated source$*t@s and*'Am.
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Figure 3.4. Comparison of measured and calculaigiolls at two positions in a given segment (B4)thed prototype

detector, as indicated in the inset. Measuremegtthe blue or red curves, calculations are giwethb dark colored curves.
Note the sensitivity of both main and induced signa the position. The locations are indicatedha lower part of the
figure. In total 36 positions were measured, ingidaby the circles. The segments are labeled 1-theénlongitudinal

direction and A-F in azimuthal direction.

Pulse shapes from the Ge-Nal coincidence events of*ffis source were measured at various
locations. Single interactions were selected by setting gatéise energies deposited in the Ge and the
Nal detectors: a 90 degree Compton scatter of a 662keV gaaynuposits 374 keV in the Ge crystal.
Using the 1 mm collimation system and a 1 mCi source we obtaioedrd rate of about 1 event in 10
to 60 minutes (depending on the radial position of the front collimatodapth of 4 cm in the Ge). The
low event rates meant that a limited number of positions in segments B1, B2, and B4 chwalskloe ¢

Signals from 91 locations (36 in B4 and 55 in segments B1 and B2)measured. Locations were
separated by 4 mm in the x-direction and 3 mm in the y- and etidime (open circles in the lower part
of figure 3.4) and they provided a good variety of pulse shapes to detdira sensitivity and compare
with calculations. On average, events were acquired at eaclofoéat a period of 1 day. This gave
between 10 and 200 events per location. At each location the signalsh&aagment collecting the
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charge and its eight nearest neighbors segments (one “net” areh8i€nt”) were recorded using a
waveform digitizer operating with a 500 MHz sampling rate apdlse height resolution of 8 bits. To
improve the signal-to-noise ratio in the measured signals, wagad 6 samples at 500 MHz to give a
32 MHz sampling rate, which is close to the bandwidth of the protafgpector and preamplifier
system.

Examples of measured signals in segment B4 are shown in figufer3wlo locations (blue and red
curves). Theylearly demonstrate the sensitivity of both the net and transigmals to the position of
the individual interactions. For comparison, calculated signals a@fivka positions are plotted as dark
lines; the agreement between calculation and measurement is very good.

Deter mining the position sensitivity

The position sensitivity relates the difference in pulse shases function of the interaction location, to
the observed noise and in this way it measures the minimum distetveeen interactions that produce
distinguishable signals. For a single interaction in a segment the positidivigiss is given by

Arjj is the distance between the locationand |, andxzi,- guantifies the square of the difference of the
signals at positions i arjdn terms of the measured noisg

PR ()" (1) - <k>j.“(t) 2

m=1t=t;,

The d'(t)'s are the signal amplitudedrom a segment as a function of the time sample for the
positions i and j. Since we compare two signals in the same segh@etotal noise contribution is

J2o™, assuming the noise does not depend on the positithe interaction. The limitggtand o are
the times for the net charge signal to reacto EHihd 906 of its full height, respectively. Using this

definition a largevalue of § means a high sensitivity. If the signals in adiéfer only byaj; (=v/20"
for two locations i and j), the sensitivity will restAr?;.

The results of the measurements gave single-irtenaposition sensitivities of ~0.2 mm in the x-
direction, and ~0.5 mm in the y- and z- directiofifie x-direction is similar to the radius and khgher
sensitivity compared with other directions comesrfithe larger variation in the signal shape foivary
change in radial position. Since the origin of transient induced signal along the y and z dioecis
the same, the sensitivity along these directiom®mparable. The single-interaction position desi
was also derived from calculated pulse shapespokiions and energies of the interactions werergiv

2 The finite opening angle of the collimation systemeant that interactions could take place in amelwf about 3 mfand

it is not possible to determine the signal at &diposition on an event-by-event basis. It is fdssinevertheless, to use
signals averaged over many measurements (i.e"@Q)>o generate one set of signals, which corredpao the center
(average) position of the collimation system. Amotbenefit of averaging is that noise is removedying a signal which
reflects purely the position variation. The noisgdl ¢™ was determined by extracting the standard deviatio500 time
samples of one of the individual events, excludhegsignal region. The average noise leve)) fbr the channels considered
was about 5 keV in agreement with the more solaitgtd noise analysis above.
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by Monte-Carlo simulations that included the geasnet the 36-fold segmented prototype detector as
well as the collimation system and using the sanmexgy conditions as in the experiment. A realistic
response and noise was folded into the calculaigdals. Figure 3.5 shows distributions of all
combinations of sensitivities obtained from measwet and simulation. Average values of 0.36 mm
and 0.33 mm with an rms width of 0.13 mm and 0.18 were found for the measured and simulated
distributions, respectively, again showing goodeagrent between the measured and calculated pulse
shapes. These results are for an energy of 3V4Bescaling signals and comparing them with npise
we found that even for gamma-ray energies as lowGf8skeV a sensitivity of about 1 mm can be
achieved.

250 |- F

¥ 250 |-

- Measurement C Simulation
200 - £

- Mean=0.36mm 0 B Mean=0.33mm
150 RMS=0.13mm _— C RMS=0.18mm
100 I~ 100 F
50 50

[ I 1 1 0 [ 1

Sensitivity [mm]

Figure 3.5. (left) Distributions of position semgiies calculated from the measurement of singteractions with an energy
deposition of ~374 keV. (right) Position sensiiedt from calculated pulse shapes at the position.

For segment sizes of the order of 1 cm there igrafieant probability that two interactions willcour

in the same segment. The position sensitivity ¥ay interactions in a segment occurring at locations
andk is complicated by the fact that the observed pslsgpe @(t) is a superposition of two signals
agi(t) + Bak(t) and the sensitivity is now given by the abilibydistinguish two interactions occurringi at

andk from a single interaction at positipmidway betweemn andk.

< - Ar?
ijk — .
ik
Ar is the distance between the locatiorend | (it is squared to ensure that wh)fgﬁk = 1 there is
consistency between the solution fgr 8nd the total separation betweemdk, which is 2\r), and

= ;(<Q>f” (t)+<Q>L“(t))-<Q>T(t)_
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quantifies the square of the difference of the aligim terms of the noisg" in segmenm.

The two-interaction position sensitivity was stutliesing simulated signals derived from locations
separated byi\r = 1 mm inx, y, andz, and noises” = 5 keV. The pulse shape resulting from two
interactions (one atand one ak) of equal energy deposition (331 keV each) waspared with a
single interaction gtof 662 keV. The distribution of two-interactiongition sensitivitiesS, , for all of

the segments is illustrated in Figure 3.6. The medne 1.01 mrhindicates that on average the two
equal energy interactions from a 662 keV gammamagt be separated by about 2 mm in order to be
distinguished from a single interaction betweemth&, increases with increasing segment size and
ranges from 0.26 mfrin segment 2 to 1.23 nfnin segment 5, and in these larger segments there a
regions where the separation needed to distinguishinteractions approaches 4 mm. In line with ¢hes
results, we have tried to minimize the segment, sibere possible. The next prototype detector i@ect
3.7) will have a maximum segment size of 2 cm camgbavith 2.5 cm for the present detector.

Mean = 1.01 mi
RMS = 0.91 mm

4000-

3000~

Events

2000

1000~

Sr (mnd )
Figure 3.6. Simulated position sensitivity for sdigments for two-interactions and a total enerapodition of 662 keV

Crystal Orientation Effects

The charge mobility is not only a function of tlenperature and electric field but depends alsavon t
additional parameters ( or angles); (i) the angievben the crystal axis orientation and the chdrge
direction, and (ii) the angle between the crystamation direction and the electric field directi We
have studied the effects of crystal orientationtba drift velocity in n-type as well as p-type Ge
detectors and found that the change in magnitud¢hefvelocity due to different orientations is
significant; if not taken into account it introdigcan error of up to 3 mm in the position determamat
based on pulse-shape analysis. Figure 3.7 shoftginres measured in a p-type Ge detector as a
function of the angular position of a collimatédAm source. Since the energy deposition of the 60
keV gamma ray froni*’Am is localized to the outside surface of the alsonly one type of charge
carrier travels to the inside contact and contabub the signal, i.e. holes for a p-type deteatut
electrons for an n-type detector.
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Figure 3.7 Measured drift times in a p-type Ge deteas a function of the angular position of dicwted**Am source.
The left figure shows the measured drift time oieBas a function of the angle (in deg.) and tpbtrigure shows the same
dependency in a polar plot (the drift time scaleffset by 200 ns). The arrows indicate the crystantation axes as defined
by the measurement.

As seen from figure 3.7 the maximum differencethmdrift times correspond to ~10% of the totaftdri
time, depending on the crystal axes, which traaslatto the mentioned (3%) error in the radius. A
similar error is introduced if the directional degence of the velocity from the crystal orientati®mot
taken into account. We were able to measure thestalising the segmentation of the 36-fold segntente
prototype detector and can correct it in the sigieglomposition procedure.

Uncertainties due to the electron range and Compton profile

The range of the Compton electron represents a@rtaiaty which will limit the accuracy to determine
the location of the scattering process. In theemirmeasurements the Compton electron of 374 keV ha
a range of about 0.2 mm, which is of the same caidehe sensitivity obtained for many positionfie T
reason we were able to achieve a sensitivity somestibetter than the range of the Compton electron
was due to the averaging procedure and using i $tiont of the Nal detectors to define the 90rdeg
scattering. For a Compton electron of 1 MeV @@.degree Compton scattering of a 1.4 MeV gamma
ray) the range increases to about 1 mm [Mu76]. ti@nother hand, the maximum diameter of the
distribution of charge carriers can be estimateoetéess than 0.1 mm in the present prototype geggme
and therefore does not represent a serious limitati

The Compton profile reflects the initial momentumstdbution of the electrons involved in Compton
scattering. Generally, a description of Comptorttedag neglects the binding energy as well as the
momentum of the electron. However, the momenturthefelectron has a measurable effect on the
angle-energy relation for gamma-ray energies ugeeral MeV. In contrast to the range of the
Compton electron, this effect becomes more impoftarsmaller gamma-ray energies and also depends
on the scattering angle. Evidence for the imporaotcthis effect is shown in fig. 3.8 which shows
measured and calculated energy spectra obtaind¢deir836-fold segmented detector mounted in the
collimation system with a hole diameter as welkhtssize of 1 mm. The momentum distribution of the
electrons in germanium [Br75] has to be taken adoount to obtain agreement between the measured
and the calculated energy profile in the germandetector. The Compton profile does not effect the
position determination of a single interaction, thutoes affect the tracking based on events withast

two interactions.
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Figure 3.8. Partial energy spectra measured in ergi®4 of the 36-segment detector (solid line).e Treak at 374 keV
reflects the requirement of a coincidence betwlerGe and one of the Nal detectors. The dottedt@ndashed lines show
calculated spectra assuming the same geometry #wiexperiment without and with taking into accothe electron

momentum, respectively

For higher gamma-ray energies the range of the @omgdectrons will be the dominant factor limiting
gamma-ray tracking while the uncertainty in the rggeangle relation in the Compton scattering
formula due to the momentum distribution of thecetens (Compton profile) will dominate for lower

gamma-ray energies.

3.3. Signal Decomposition

The three-dimensional position sensitivity obtairezbve satisfies an essential condition to enable
gamma-tracking and reflects the accuracy for séipgrgamma-ray interactions based on pulse shape
differences. To determine locations and energieme or more interactions in one or more segments
requires algorithms to decompose signals into thedividual components. In this section we will
describe several methods to extract the positionts energies of multiple interactions in multiple
segments from the detector signals. Optimizingetagorithms for both accuracy and speed remains an
active area of R&D.

A great deal of effort is being devoted to signat@mposition. This is a major component of the
gamma-ray tracking related work being carried dsewhere (e.g. Europe). We have extensively
explored three approaches, an adaptive grid methedguential quadratic programming technique, and
a method based on solving systems of equationg geineralized matrix-inversion. Work is also being
pursued using artificial neural networks (ANN), gta algorithms (GA), and wavelet transformations.
All except the ANN approach employ a set of “bassgjnals which are used as to determine the
number, amplitudes, and positions of interaction$he basis signals have to be derived from
calculations and the aim is to find the interactoints by minimizing the difference between the
measured signals and signals taken from the bEsesmeasured signal can be a superposition of basis
signals due to multiple interactions.
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3.3.1. Adaptive grid search method

The grid search method is a known technique useedlibly find global minima that does not depend
on the starting condition. However, the drawbackhieg method is that it is very slow because it snap
out the whole space of parameters, which is laogeahis problem. The parameters to be determined
from the measured signals are the number of irtieres; their amplitude, and their three-dimensional
positions. Each signal is about 300 ns long antbeilsampled every 10 ns (100 MHz), resulting i 27
data points when 9 segments are taken into acccdurit.mm grid spacing gives ~5000 grid points per
segment. Assuming an accuracy o for each amplitude we end up with about*1possible
combinations to be checked for up to 4 interactior@ne segment. This is obviously prohibitive.

A better approach is to use an adaptive grid seakthod. The search for the interaction points regi
on a grid using a relatively large spacing, e.gir8, and then the spacing is reduced iterativelyrdtow

1 or 2 mm. Pre-calculated signals correspondingnteractions at each point of a rectangular (or
hexagonal) grid (as shown in the upper right p® stored in a lookup table and used as “basis”
functions. The upper left portion of figure 3.9 slsoexamples of signals (for an 8 mm grid size) from
the segment containing the interaction and fromtiye nearest neighbors that have a transient charge
signal. The deviation from the measured compasgeal is minimized by varying the number of
interactions, the positions of the interactiong] #re corresponding amplitudes. By an iterativehoet
which improves both the position resolution (frormé to 1 mm) and amplitude resolution (from about
10% to only a few percent) we were able to show the oan resolve the composite signal into its
components and determine the positions and enesgitbee original interactions. This is demonstrated
in the lower part of figure 3.9. The left handesghows the input signals in red and the outpuiassgin
green (input refers to the measured signal, ougfets to the reconstructed signal from a sum stba
signals). The input signals are generated fronetimractions at positions indicated by red sbarghe
upper right plot. The lower right hand side shdlnesamplitude distribution of interactions foundtbe
grid. Interactions found in neighboring grid poirdse assumed to correspond to a single “real”
interaction. The energy-weighted average betweeasethpoints then gives the position of this
interaction. The deviation in all three positiosigess than 1 mm.

This method for the event-by-event decompositiomeftsured signals using purely calculated signals
as a basis gives a position resolution for singieractions of order 1 mm at 374 keV. These resuls
presented in Fig. 3.10, where position resolution8D (x, y and z) are compared for fitted posison
and positions obtained by Monte Carlo calculations.
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Figure 3.9. Demonstration of the decompositiosighals due to multiple interactions into theiriindual components in a
coaxial detector with 6 fold azimuthal segmentatibine upper right indicates grid positions (gregnasesA=4 mm) where
signals - shown on the left f&&=8 mm (blue triangle) are calculated. Assumingetirgeractions (at the locations of the red
stars on the upper right figure and which resuthim red signals in the lower left figure) the mifdation procedure is able
to find the closest grid points to the interactiofbe resulting signals for three segments are shiavgreen and can hardly
be distinguished from the input red signals. Thedoright figure shows the amplitudes (proportiot@lthe area of the
squares) obtained for all grid points found to cibate to the signal.

3.3.2. Sequential quadratic programming method

The sequential quadratic programming (SQP) metkoahi iterative process to minimize an arbitrary
function subject to both linear and nonlinear casts on a set of parameters. The SQP routine was
used in the minimization procedure to fit measuypetse shapes to calculated basis signals and was
implemented via the NAG fortran library. The algm is designed to quickly converge to a minimum
without sampling all possible solutions and is #eraative to the adaptive grid search method. The
SQP method was used in the signal decompositioa faydhe full source measurements described in
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Fig. 3.10. Three dimensional position resolutiorthe prototype for a single (374 keV) interactidihe larger discrepancy
between measurement and simulation for the y-dined$ due to the crystal orientation effect, whieas not included in the
calculations shown here.

section 4.4. On average, simulated single 662 kedhts were located to better than 1mm, neglecting
such effects as the range of the primary electbime important development of this study [Ku02] was
the extension to the case where two interactiomsiron one segment. Considerable improvement in
speed of this algorithm has been made recentlyRitllOby D. Radford. To date, this version of the
decomposition code locates interactions (convergi$) a success rate of 85% and can decompose 2
interactions in about 0.025 second (using a 700 [@REJ)) and is one of the current algorithms that can
be used in Gretina.

3.3.3. Singular value decomposition

We have also investigated a way to decompose ttectde signals by describing the positions and
energies of the interaction points using a systérinear equations. Thus, the determination of the
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energies and positions becomes a matrix-invergp@nation. This approach is potentially very fastsi

the inverse can be calculatagriori and the decomposition is reduced to a multiplcatsf a matrix
with a vector. However, the matrix, which is corapd of basis signals for interaction points onraeh
dimensional grid, is usually singular and its irseeican not be obtained. A mathematical technique
known as singular value decomposition (SVD) is useskparate the matrix into a product of a diagjona
and two orthogonal matrices. By taking the inves$eeach matrix, we arrive at the Moore-Penrose
generalized inverse. When a measured signal isiptedl by the generalized inverse, the optimal
positions and energies of the interaction poingsadtained.

With the total set of basis signals it appears that to the linear dependency of the base sigitass,

only possible to accurately determine the radius e depth (z) of the interactions. The azimuthal
position can be obtained in a second step by lgitihe radius and the depth. These results iredtbat

for interaction points near a grid point, their fiogs can be determined with an accuracy of alie®t

mm. For points away from a grid point, this metlgpges a distribution with a width of about a 4-5 mm
Although this is worse than the 1-2 mm resolutiamf the SQP search method, these values represent a
good first step in any decomposition method. Theaathge of this method is its speed, which is ef th
order of milliseconds for each gamma-ray decomjuosit

Further improvements of this method by constrairtimgy number of basis signals and the number and
amplitude of the interaction points should be sddi In addition, a combination of the singularueal
method with the sequential quadratic programminthogkcan be envisioned, by first defining volumes
of about 50 mrhcontaining interactions by the SVD and then tineethe positions by the SQP method.

3.3.4. Other methods

Other methods, which either are just starting tonvestigated or are being pursued elsewhere ieclud
decomposition based on wavelet transformationsetgealgorithms, and artificial neural networks.eTh
wavelet approach allows the information containedhie basis and measured signals to be stored far
more efficiently leading to a faster minimizatioropedure. Instead of storing the basis signal$ién t
time domain, we store the coefficients of the wavekpansion and compare these coefficients wéh th
coefficients of the wavelet-transformed measurgtas. This approach is also being investigated by
the European AGATA collaboration. Two other aldgamis are currently under development in Europe
which are based on genetic algorithms and artifivgaural networks. Currently, the genetic algorithm
approach appears more favorable and a positioutaso of about 2 mm was achieved for randomly
distributed interactions while a resolution of ab&umm was obtained employing artificial neural
networks. Close connections exists between thedddSEuropean gamma-ray tracking communities,
and the results from the respective R&D in all areag. signal decomposition, tracking algorithers]
detector design, are shared.

3.4. Tracking Algorithms

The goals of a tracking algorithm are to (i) idgnsequences of interactions (obtained from signal
decomposition) that belong to a given gamma rayresolve the tracks of multiple, coincident gamma
rays, (iii) distinguish between gamma rays thatodéptheir full energy from those that deposit a
fraction of their energy, and (iv) determine thestfiand second interactions. The first interaci®on
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required for proper Doppler correction and togethig¢n the second interaction can be used to determi
the linear polarization.

Most of our efforts [Sh99a] have focused on thattreent of Compton scattering since this is the
dominant interaction process for gamma-ray energetsieen 150 keV and 5 MeV in germanium.
Below 150 keV the photo-electric effect and abové1&V the pair production processes dominate
respectively. Recently, we developed a trackingomthm to identify and recover gamma rays
interacting by the pair production process.

The following contains a description of the tackialgorithms developed. The performance of the
tracking code is discussed for & germanium array and for high multiplicity evenidjich represent
the most challenging demand on a tracking algoritArorief overview of the principles behind gamma-
ray tracking is given in Appendix A.

3.4.1. Tracking of Compton events

The current algorithm consists of three steps.firbestep is cluster identification where the natetion
points within a given angular separation (angleapeater), as viewed from the target, are grouped
together. In the second step, each cluster isiated to determine whether it contains all therautton
points belonging to a single gamma ray. The evalngbrocess (tracking algorithm) uses the angle-
energy relation of Compton scattering to deterntiv@emost likely scattering sequence from the pasiti
and energy of the interaction points. If the int&ian points had infinite position and energy resioh,

the tracking would be exact and the properly ideatifull-energy clusters (i.e. groups of interaat
assigned to a single gamma-ray) will show no deiatrom the scattering formulx{ = 0). Wrongly
identified clusters or partial-energy clusters wdéviate from the formula and the separation batwee
good and bad clusters would be easy. However,dlityewith finite position and energy resolution,
good clusters also will have a non-zgfoand they cannot be separated cleanly from badectus This
causes a lower efficiency and reduced P/T ratiohénthird step, we try to recover some of the \ghpn
identified gamma rays. For example, a single gomuirga ray can be separated into two bad clusters.
This gamma ray can be recovered by tracking togeiheairs of two bad clusters and recalculating t

x> Similarly, the case of two gamma rays wronglyniified as one cluster can also be separated by
tracking. The clusters which do not satisfy anyhaf above criteria are rejected.

Simulations were carried out for a number of défdrconditions such as the multiplicity and enexgie
of the gamma rays as well as position resolutionhef detector. Fig. 3.11 shows the efficiency and
peak-to-total ratio achieved for a sphericalshell and simulated events assuming 25 1.33 MeiWhga
rays and detector position resolutions of 1 andn2 ifhis represents one of the most challengingscase
For a position resolution of 2 mm, which appearde¢ofeasible based on the previous results, and an
angle separation parameter of 8 degrees, an eificief 296 and a peak-to-total of 86 can be
achieved for a #t shell with realistic dead-layers (aluminum cang.etCompared with Gammasphere,
which has an efficiency of abou#8and a peak-to-total of about%6under the same conditions, this
implies a gain of ~3 in efficiency for each of & emitted gamma rays.

Besides the identification and separation of mldtigpamma rays, the tracking algorithm is able to
provide the time sequence of the interactions;artiqular the first and second interactions, whghn
important feature of a tracking array.
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Figure 3.12. Capability of the developed trackitgpathm to identify the first and the second irtetions of a gamma-ray
track. Shown is the fraction of correctly identifievents as a function of the position resolution.

Figure 3.12 shows the probability of finding thesfiand second interaction for 0.4 MeV and 1.4 MeV.
For both energies, and a position resolution ofr, rthe success rate is larger thad0While the
efficiency of Gretina will be less than that ofudl #t array, the ability to identify and measure thstfir
interaction will be very similar for both set-upkhis is important for Doppler correcting gamma-rays
emitted from fast moving nuclei (velocities up t0% of c). The high probability of localizing and
identifying the first two interactions is also efted in a high polarization sensitivity. The gain
polarization sensitivity (Q) is between 10 for lovemergies and 4 for higher energies.

The ability to separate gamma rays from neutrongt&nn coincidence from a highly excited nucleus
was studied. The predominant elastic scatteringeatrons can be efficiently separated by time (afts
e.g. 15 ns). In this way, the majority of neutrateraction points are eliminated, and those thatre
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are tightly clustered, and promptly eliminated dgrthe gamma-ray tracking phase of the algorithm
(these small neutron clusters mimic bad gamma-sstars, and thus have a poor figure of merit).

Tracking an event of 25 coincident 1.33 MeV gamiagsrwith a position resolution of 1 mm and an
angle separation parameter of 10 degrees takest dldoms on a current 700 MHz CPU and is
significantly less than the time required to caout the signal decomposition process. The detdils o
computational needs for Gretina will be discusseGhapter 5.

Although our algorithm satisfies the requirement &m efficient gamma-ray tracking array, several
improvements are being considered. Informationhsas the energy dependence of the angular
distribution of the Compton scattering cross sectod the distribution of the distance between two
interaction points can be used in the first staigthe algorithm, in particular in combination withe
technique of “minimum spanning trees” which is kmoww be very efficient and fast.

3.4.2. Tracking of pair-production events

Gretina will have an increased photo-peak efficjefar high energy gamma-rays (e.g, &ove ~10
MeV), compared with Compton suppressed Ge arrags, @ammasphere and Euroball. Above the
threshold of 1.022 MeV, the probability of pair duztion increases as energy increases. At 10 MeV,
this probability is about 88 and therefore pair-production events need to katifled with a high
efficiency.

In most cases pair-production occurs at the fimtraction because the gamma-ray energy decreases
rapidly as the Compton scattering sequence proc@éaselectron and positron pairs produced by a 10-
MeV gamma-ray have short ranges, less than 6 m@einTherefore, the electron and positron paths
could be identified as a single interaction poiithva high energy deposit of, E1.022 ~ 9 MeV, in our
example. The annihilation of the positron produtese 0.511 MeV gamma-rays and each of them
creates a cluster of interaction points. Therefdhe pattern of pair-production events can be
characterized as a single high-energy point sudedrby low energy points.

A pair-production tracking algorithm has been depel that utilizes these characteristics. The firs
step is to select candidates of pair-productiomgsdiased on the high energies deposited. A sestepd
searches for the two 0.511 MeV clusters close @dhtgh-energy point. The search and evaluatiohef t
0.511 MeV clusters are done using Compton kinema#ind placing constraints on the spatial
distribution of interaction points.

The algorithm was tested using simulated datatefaction points generated by GEANT3. The detector
consisted of a shell of Ge with an outer radiulotm and an inner radius of 12 cm. In each eeh@
MeV gamma-ray was launched from the center in ¢dérce with several 1 MeV gamma-rays to
simulate background gamma-rays. Fig. 3.13 showdrdtking efficiency, for pair production events
as functions of energy and position resolutiohE GndAR, respectively) and multiplicity of 1 MeV
gamma rays (N). It can be seen that the efficiency decreasesatip asAR or M, increases. A
preliminary result gives a value f~ 0.4 at 10 MeV foAE = 2 keV andA R = 3 mm.

The efficiency of the current algorithm can be ioy@d by relaxing some of the requirements such as
requiring the complete identification of two 0.5MeV clusters. This change would allow the
acceptance of single-escape events and might exadatecthe recovery of partial escape events.
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3.5. Source Measurements with the 36-segment Prototype

Additional end-to-end tests of the 36-fold segmémisototype have been performed using radioactive
sources of°Co, **'Cs and*>’Eu. These tests demonstrate that by combiningelseparate elements of
Gretina the resulting system performs as expedtethese measurements, most of the segments were
instrumented with digital electronics and the fahalysis procedure of signal decomposition and
tracking was applied to the data. A full accounthed measurements can be found in A. Kuhn, Ph.D.
Thesis, U.C. Berkeley, 2002.

The experimentally measured data were taken wélptbtotype detector. The sources were placed at a
distance of 12 cm from the center of the detectoost face and a 32 channel 40 Mhz 12 bit flashCAD
system manufactured by XIA was used to digitallyorel the signals from 29 segments plus the central
contact. The fact that not all segments were insgnted (5 segments were not working) meant that an
event was considered if and only if the energyhim ¢entral contact matched the summed energy from
the 29 segments. This guaranteed that no inform#siach as the transient signal) was lost.

The pulse shapes were input into the signal decsitipo algorithm (section 3.3.2), which had the
ability to determine a maximum of two interactidos the segment where energy deposition occurred,
and a fit to the basis pulse shapes returned thiéigges and energies of one or more interactionish W
the positions and energies of the interactionsroeted for each event, the tracking process was
implemented to construct a figure of merit for easlent and to discriminate between partial and full
energy events.

Results for thé*'Cs source are presented in Fig. 3.14. The leftIpeoreesponds to a full simulation
and the right panel to the real data. The tracldlggprithm improves the peak-to-total from ~16% to
31%. As expected for a single crystal, the trackimproves the peak-to-total ratio but does notease
the efficiency. The efficiency can however increfmean array of close-packed crystals. The tragkin
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efficiencys;, defined as the fraction of photo-peak eventsinbthwith and without tracking, was 62%.

The measured and simulated efficiency and the pe&btal ratio agree with each other for both the r
spectra and the spectra after the tracking. Thesdts indicate that we have an accurate undeistand

of the entire system.

Without Tracking
PIT =0.16

With Tracking
P/T = 0.38
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Fig. 3.14. Singles spectrum for th€Cs source (662.7 keV) obtained with and withoutkiag. The left panel corresponds
to a full simulation while the right panel is fdret real data. The low enerd/Ba conversion x-rays are also seen (32.5 and

36.5 keV) and were considered as part of the backgt radiation for this measurement.

The results for thé°*Eu source measurement are shown in fig 3.15 and #fe relationship between
tracking efficiency and peak-to-total for variousts of the tracking figure of merit as a functioh o

gamma-ray energy.
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3.6. Electronics

There are two challenges to be addressed in tlotradcs development for Gretina. The first is the
production of high-bandwidth, low-noise preamplifiethat are capable of preserving the position
information in the transient current signal froncleaetector segment. These units must be low power
and highly miniaturized as 111 such preamplifieesta be mounted on each 3-crystal cryostat. Such a
preamplifier was designed and built at LBNL for tl86-fold segmented prototype detector.
Measurements of noise characteristics, positiosigeity, and position resolution were performediwi

an 8-bit 500 MHz digitizers (Tektronix RTD720, omah from LLNL) and 12-bit 50 MHz digitizers
(XIA DGF-4C, on loan from ORNL). It was found thidtese preamplifiers meet the bandwidth, noise,
and power requirements and improve the energy usnlby 0.1 keV when compared to standard
preamplifiers.

The second challenge is to develop fast, inexpengigitizers capable of performing real-time data
reduction, analysis, and triggering. Measuremergdfopmed with the 36-segment prototype and
unsegmented p-type and n-type detectors have bsssh to specify the requirements for the signal
processing electronics. An amplitude resolutiod2bits and a sampling rate of 100 MHz are needed t
obtain good energy and time resolution based osepsthape analysis. Ideally, a 14 bit ADC is de&rab

to guarantee high resolution over a very large dyoaange (100 keV to 20 MeV).

The amplitude resolution for the ADC was derivezhirtests using the 12-bit DSP-board from XIA and
the 36-fold segmented prototype detector. The gneagplution was comparable to that obtained using
an analog processing system. The minimum sampditegwas determined by measurements performed
with unsegmented p-type and n-type detectors ab@DaviHz waveform digitizer with 8 bit amplitude
resolution. The read-out was triggered by a fastRietector which detected a coincident gamma-ray
from a ?’Na source. We developed several algorithms tondeffie start of the signal in order to
optimize the time resolution. Different samplingesawere studied by averaging adjacent samples. A
timing resolution of ~3 ns at 511 keV was obtaingth an extended constant-fraction method and
averaging 4 samples resulting in an effective samgphte of 125 MHz.

3.6.1. The 8 channel pulse shape digitizer board

The measurements described above indicate thait &blitude conversion and sampling rates of 100
MHz are required for good energy resolution angreserve the position and time resolution required
for the ~5000 channels in a 40-module array. To aeimate the feasibility of such a system an 8-
channel, 100 MHz, 12-bit ADC board was designed @mstructed in 2002 (figure 3.16). Unlike some
commercially available ADC boards, which performlyorwaveform digitization, the 8-channel
prototype board is capable of performing real-tigigital signal processing with a functionality
equivalent to standard analog electronic systemsG® detectors. Currently implemented functions
include:

* A leading edge discriminator employing a binomikf to generate internal triggers.

» A constant fraction discriminator to provide enemgglependent timing.

* An energy algorithm, which employs a user adjustabhpezoidal filter to optimize S/N for
energy determination.

» A user adjustable window to extract relevant paftgshe pre-amplifier pulse for subsequent
signal decomposition.
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Also provided on the board are three trigger mddeernal, external, and combined) for each channel
allowing maximum flexibility. Readout of the proype ADC board is carried out over a VME bus to
simplify integration into current data acquisitispstems, and is designed for a sustained courdieg r
of 10 kHz, typical of in-beam experiments. The m#dfor the final system (section 4.2), which will
have a higher channel density, will use a muctefadta transfer system.

The design and construction of the 8-channel b@aduding full simulations of the complex VHDL
code required to implement the above functions) Ibesn successful. The ability to carry out the
required signal processing on a single large FP@Aowt the need for a dedicated on-board CPU or
DSP has considerably reduced the cost and devetapimee for this project. More 8-channel boards
will be fabricated and fifteen of them will be igrated in a 120-channel acquisition system requoed
the three-crystal Gretina module prototype (desctilbelow). This board meets the specifications
outlined at the digital electronics workshop heidAirgonne (2001) for a general-purpose digital aign
processing board for the low-energy nuclear physaamunity and will serve as the prototype for a
more complex 40 channel ADC board required forGhetina array.
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Figure 3.16. The 8 channel prototype digital preoegsboard.
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3.7. The Gretina Triple Crystal Module

A triple-crystal detector module was ordered intBeyer 2002, and delivery is expected at the end of
2003. The design of this prototype integrateshadl technology needed for a complete Gretina detecto
module. Such a module consists of three encapsulaéedetectors, each with 36 segments, placed in a
single cryostat. Each crystal gives 37 signalaifftbe 36 segments and one central electrode) aetplif
with cold FETs mounted in the cryostat. Since sachodule may be regarded as the ‘basic unit’ from
which Gretina will be constructed, by accepting tinder the manufacturer has indicated that thexe ar
no fundamental fabrication issues for the full wrrét is important to note that the Gretina debect
module is also the basic unit for at drray and any future scaling to a full array regsiino additional
detector development.)

Figure 3.17. Drawings of the 3 crystal Gretina ptgbe module showing the closed packed geomettheofapered regular
hexagonal crystals. Each crystal has 36 segmefits. dimensions of one of the crystals is shown twgetvith the
segmentation

Each crystal, before it is shaped, has a diamé&@icm and a length of 9 cm. To simplify the protimc
of this first module, a regular tapered hexagomape was chosen. As shown in the figure 3.17 the
crystal has a taper angle of 10 degrees betweeaxteeand the center of a flat surface, and the ape
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the extrapolated tapered surface is 15 cm fromfritng@ surface of the crystal. The first 5 cm of the
crystal is fully tapered, the next 3 cm are pdjtisdpered, and the last 1 cm of the crystal retaime
original cylindrical shape of the crystal (not teg#). This shape maximizes the distance from thiecgo

to the detector, allows more space for an auxil@detector in the target chamber, and optimizes the
germanium coverage of the shell space between d2@&rm. Six longitudinal segmentation lines are
placed at the centers of the flat faces. The tensgvsegmentation separates the crystal into 6uaheq
“layers” with thickness of 1.0, 1.2, 1.6, 1.8, 2a&hd 1.4 cm. The crystals are packed closely in one
cryostat with minimal gamma-ray absorbing matefldle distance between the crystals is 3.5 mm and
the distance between the crystal and the cryosthtiswvi.5 mm.

3.8. Other Developments

Significant effort has gone on worldwide towarde ttevelopment of highly segmented large volume
germanium detectors and the realization of a gamaypatracking array. A summary of arrays of
segmented detectors (more than 2-fold segmentaiamown below.

Name # of crystals Size Shape # of segméhts Crystals/cryostat Status
SeGA 18 %8  cylinder 48 1 operational
EXOGAM¢ 64 %7 square . 4 operational
MINIBALL ° 40 %7.8 reg. hexagon x@ 3,4 operational
TIGRESS 64 &9 square ) 4 prototype
AGATA® 180 & irr. hexagon 33 3 prototype

ddiameterx length in cm before shaping
Pazimuthx length

“‘Michigan State University, USA
YGANIL, France

*REX-ISOLDE, CERN

'TRIUMF, Canada

%Europe

In the following we will briefly describe the AGATANd SeGA arrays, which are most relevant to
Gretina

3.8.1. AGATA: The Advanced GAmma-Tracking Array

The European efforts ig-ray tracking are focused on the AGATA project [B)0AGATA, the
Advanced Gamma-Tracking Array, is & 4rray of segmented coaxial detectors. The origieslign
consists of a geodesic tiling of a sphere with @gufar pentagons and 180 hexagons. To minimize
inter-detector space losses while still preservimgdularity, 3 hexagonal crystals are arranged i@ on
cryostat (fig 3.18). The pentagonal detectors agévidually canned. The inner radius of the army7

cm. The total solid angle covered by germanium mates close to 80% and the photo peak efficiency
is 50% for an individual 1 MeW-ray. The AGATA collaboration includes 38 instituts from
Bulgaria, Denmark, Finland, France, Germany, It&®lgland, Sweden and UK, and the estimated cost
for the project is 40MEuros and the manpower 1584 Tt could be completed in 8 years.
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Fig. 3.19 The 2transition in>*Fe before and after Dpfer
reconstruction using a genetic algorithm. The etqubenerg
resolution is 3.5 keV for perfect traolg and 4.2 keV for
position resolution of 5 mm.

A significant amount of R&D has been supported iy TMR Network project and included work on
simulations and tracking, calculations of pulsep&sa signal decomposition, and development of
segmented detectors. These efforts resulted iAGRTA proposal. It is important to note that most
AGATA results are consistent with those obtainedHhsy Gretina collaboration. A segmented prototype
detector with 6 azimuthal and 4 longitudinal segtagilus an extra segment in the front was built by
Eurisys for the Legnaro-Padova group. Using thieaer the collaboration demonstrated that tracking
can be used to locate the position of the firgranttion point and correct for Doppler broadeninghis
measurement a beam BFe at 240 MeV was Coulomb excited b§°#Pb target. The recoils, with v/c
~8%, were detected in an array of 15 tightly cadiied particle counters positioned at approxima6Ry
from the prototype. Figure 3.19 shows the Dopptarected spectrum generated by the reconstructed
points obtained by a tracking using a genetic dlgor. The FWHM of 4.7 keV for the™2ransition in
*Fe (846 keV) is very close to the 4.2 keV expefteth simulations including a position resolution of
5 mm. This result is an important milestone indbgelopment of a gamma-ray tracking array.

The AGATA and Gretina designs share a great deatoofimon technology and therefore the two
projects have benefited and will continue to berfedim common developments in all areas of R&D.
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3.8.2. The SeGA array

The National Superconducting Cyclotron LaboratoNSCL) at Michigan State University has
developed the SeGA [Mu01] 32-fold segmented geromardetector array optimized for in-beannay
spectroscopy experiments with fast (v/c = 0.3-Ge&dtic beams. The SeGA array consists of 18
individual detectors. Each cylindrical crystal iscéh long and 7 cm in diameter and made of n-type
high-purity germanium. The outer p-type ion-impkahtcontact of the crystal is vertically segmented
into four longitudinal segments and horizontallygreented into eight transverse segments. The
detectors are placed “side-on” to the gamma-raycso(iarget) and the transverse segments provele th
angular resolution for Doppler correction.

The array is in operation and the design goals baea achieved. The central contact energy resaluti
varies between 2.5 keV and 2.8 keV. The averagdutisn of the 32 side channels is 2.5 keV for all
but the four segments at the front where the aeeragplution is 3.3 keV (all resolutions were measu
at 1332 keV). Each crystal is about 75% efficiextative to a 3"x 3” Nal detector. Peak-to-total wed
range from 0.210 to 0.216. The time resolution esnffom 7.0 ns to 9.0 ns (FWHM) for energies
greater than 100 keV from®4Co source. The flexible design of the array wasntiped for fast beam
experiments. The detectors can be arranged inaes@rfigurations with distances to the target wagy
from 10 cm to 100 cm.

SeGA demonstrates that it is possible to manufactutarge number of reliable highly segmented
coaxial germanium detectors. It also provides apodpnity to develop signal decomposition and
tracking algorithms and this future effort will m®ordinated with the development of digital signal
processing for Gretina.

3.9. Summary and Conclusions of the Technical Development

We have shown that it is possible to manufactuisegmented Ge crystal that can be used as an element
of a gamma-ray tracking array and to carry outdigeal processing needed to reconstruct gamma-ray
energies. This was done by demonstrating “progs+afeiple” in the following key areas; intrinsic
detector performance, signal/position sensitivtyéiution, signal decomposition, and gamma-ray
interaction tracking.

The results are summarized as follows:

» A 36-fold segmented Ge detector (single-crystal} watensively tested. Energy resolution as
well as noise characteristics have been measuetband to exceed expectations. For example,
the segments had an average energy resolutio®®k&V for a gamma-ray energy of 1.33 MeV
and a noise value of ~ 5 keV for a bandwidth ofM83z. This low noise level implies a very
low energy threshold for the identification of areegy deposition in a segment.

* The position sensitivity for both one and two iafErons in a segment was determined by
analyzing measured and simulated pulse-shape dfiffes relative to the noise for different
locations.

» Algorithms to extract the location of gamma-rayernaictions from the pulse shape were
explored. In general these algorithms attemptttthé observed signal(s) to a pre-calculated set
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of “basis” signals. The process is complicated g tact that the measured pulse can be a
superposition of multiple basis signals. An aldaritbased on a fast minimization procedure,
called the sequential quadratic programming metgade position resolution of order 1-2 mm,
and reached convergence in about 0.025 secondrab@tber approaches, e.g. singular value
decomposition and wavelet analysis, have also lmeestigated. The results show that it is
possible to decompose a signal and extract theattten locations. The signal decomposition
process is a challenging problem and optimizing dfgnal processing algorithms for both
accuracy and speed remains an active area of R&D.

Tracking algorithms were developed that reconsttiaetindividual gamma-rays energies from
sum of the interaction locations. They take intccamt Compton scattering, pair-production,
and the photo-electric effect, which are the domiinateraction processes for gamma rays with
energies between 0.1 MeV and 15 MeV and can reswoiuitiple gamma rays of different
energies. They also accurately identify the firgeiaction point, which is crucial for proper
Doppler correction of gamma-rays emitted from faswing nuclei (velocities up to 50% Of.

Comprehensive end-to-end tests of the 36-fold satgdeprototype have been performed using
radioactive sources 6fCo, **'Cs and"®*Eu. These tests demonstrate that by combinindhall t
separate elements of Gretina the resulting systafonns as expected.

A triple-crystal detector module was ordered in t8eyber 2002, and delivery is expected
towards the end of 2003. The design of this pr@tyntegrates all the technology needed for a
complete Gretina detector module and may be redaadehe ‘basic unit’ from which an array
will be constructed. By accepting the order the ufiacturer has indicated that there are no
fundamental fabrication issues for the full array.

An 8-channel, 100 MHz, 12-bit ADC board was destymed constructed. It is capable of
performing real-time digital signal processing (pding time and energy) and implements a
user-defined window to extract relevant parts oé thulse shape for subsequent signal
decomposition. The board has three trigger modwgsr(ial, external, and combined) for each
channel allowing maximum testing flexibility. Thebibty to carry out the required signal
processing on a single large FPGA without the rfee@ dedicated on-board CPU or DSP has
considerably reduced the cost and developmentfomehis project. More 8-channel boards will
be fabricated and fifteen of them will be integdate a 120-channel acquisition system required
for the three-crystal Gretina module prototype

Significant worldwide effort has gone towards thevelopment of highly segmented large
volume germanium detectors and the realization @amma-ray tracking array. This is an
ongoing effort and it important to realize thatrthés opportunity for the major projects such as
AGATA in Europe and Gretina in the U.S. to shareDR& o date, the various collaborations
have enjoyed frequent and open dialogue and theisaitm maintain these connections in the
future.
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4. THE GRETINA DETECTOR ARRAY

In this section we describe the design and perfocm®f the Gretina detector system. We begin with a
review of the detector packing schemes for thi@day. This defines the geometry for Gretina, Wwhg

Y, of 4rtarray. The design of the germanium modules, dagaisition hardware and software, as well as

the mechanical support and liquid nitrogen fillisgstem is then discussed. At the end we briefly
describe a few examples of the auxiliary detectolemned for use with Gretina. The expected

performance of Gretina is listed in Appendix B.

4.1. Gretina Geometry

A spherical shell of germanium is the most symmeamnd compact configuration for atrray. It
provides the best solution in terms of solid angkeerage, spectral response, modularity, free inner
space, and germanium usage, as well as beingyideaiéd to the measurement of angular distribstion
angular correlations, and lifetimes from Doppleiftsd energies. Two design parameters for such a
shell include its inner radius and the thicknesthefshell. The inner radius is determined by thece

for the target (ranging from 1 cm for re-acceladdteams to several cm for fragmentation beams), and
for placing auxiliary detector inside the chambeeg section 4.4). In addition, time-of-flight
measurement, for neutron-gamma separation in teageum detector and mass identification of heavy
ions in detectors such as CHICO, requires a taogaetector distance of the order of 10 — 20 cm.

The thickness of the shell determines the effigreoicthe array and becomes crucial for high-energy
gamma rays. The detection efficiency increases ribgaically with the detector thickness. For
example, a shell 10 cm thick will give an efficigraf 0.8 for a 1 MeV gamma ray, while a shell afré
thick will give a slightly lower efficiency of 0.765retina will have a target to crystal distancd Bfcm
and a thickness of 9 cm.

4.1.1. Geodesic design

A spherical shell of detectors can be designedhenbasis of the geodesic dome proposed by the
architect Buckminster Fuller. The basic idea isdwer the spherical surface with the 20 triangtdaes

of the icosahedrons. Each triangle can then beredweith a specific number of hexagons depending on
the symmetry requirements, which then tile the gphk surface leaving a given number (12) of
pentagon holes. Possible solutions for the totahber of hexagons and the number of different
hexagonal shapes required to tile a spherical seiriae listed in table £10nce the number of
elements is fixed, the size and the shape of thectde have to be decided. The goal is to minintiee
inter-detector spaces and the inactive materialciested with each detector. Currently, the largast
detector that can be made with reasonable yieldcastihas a diameter of 8 cm and a length of 9 cm.
Using this size of crystal and a distance of appnakely 15 cm, about 100 detectors are needed @ fi
shell. The detectors are cut from cylindrical cajstand the pentagons and hexagons provide the more
efficient use of material usage compared with ostepes, such as rectangular detectors. The taper
meets at the center of the sphere, so one crystafjmup of crystals can be removed radially.

% The Gretina geometry will be classified by the lemof hexagons. For all geometries there are ditianial 12 pentagons,
many of which can also contain germanium detedtments.
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The Gretina design is based on the 120-hexagonefepnas shown in figure 4.1, with 120 irregular
hexagons and 12 pentagons. In this geometry thersva types of hexagons, 60 of each type, and the
angles for these two types are shown in table®h2.120-hexagon design has advantages over the
neighboring 110 and 150-hexagon designs. The 148gom geometry uses 3 hexagon types making it
difficult to pack them into a few styles of idergtianodules with 3-4 detectors per module. The 150-
hexagon design gives a larger inner radius, botalsrger cost due to the larger number of detecto

Figure 4.1: The 120 hexagonal detector geometrieders are grouped into 40 triple clusters of kivals (AAB and BBA).
In the picture the red hexagons represent hex-Actlats, the green represent hex-B detectors. Hastatis encapsulated.

Number of | Number of different
hexagons | of hexagonal shapes
80 2 (20, 60)

110 3 (20, 30, 60)

120 2 (60, 60)

150 3 (30, 60, 60)

180 3 (60, 60, 60)

200 4 (20, 60, 60, 60)

Table 4.1. Possible solutions for the total nhumbtienumber of hexagons and the number of differemtalyonal shapes
required to tile a spherical surface. Each solulias 12 pentagons in addition to the stated nuibsexagons.
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Hexagon A

¢ [Degree] |8 [Degree] |n [Degree]

57.96 61.83 60.20

61.50 59.41 59.07

67.30 55.79 56.91

61.23 59.83 58.92

57.96 60.21 61.83

54.02 62.99 62.99

Hexagon B 5 3

¢ [Degree] |8 [Degree] |n [Degree] 4
52.63 63.68 63.68

61.50 59.08 59.42

61.24 58.93 59.84

58.66 61.83 59.50

58.66 59.50 61.84

67.30 56.91 55.79

Table 4.2: Angles of the hexagonal crystals usetien120 hexagon geometry. Two types of slightiggular hexagons are
required

It is worthwhile noting that the 180 hexagonal dgte solution, with slightly larger inner radius6(®
cm) and solid angle coverage (77.2%), offers higlyenmetry as well as a more natural way of packing
three crystals in one cryostat. This design is dp@onsidered as a solution for the AGATA array (see
section 4.7.1). Due to the higher number of detscand the larger amount of Ge this solution is fa
more expensive than the solution described here.

The detectors are placed in cryostats, which miaintae germanium crystals at liquid nitrogen
temperature and provide a clean environment todasointamination of the detector surface. Typically,
there is a 4-5 mm space between the crystal andoivide cryostat for thermal insulation. This make
the gap between crystals about 1 cm, which redilnegesolid angle coverage. Currently, it is possible
pack multiple crystals in a single cryostat witlyap of 3.5 mm between the crystals. Packing 3 to 4
crystals per cryostat increases the solid anglerege by 4-5% of @ compared with 1 crystal per
cryostat. The 120-hexagon configuration with twgstal shapes (A and B) can accommodate either 3
crystals per cryostat or 4 crystals per crystak fhree-crystal design requires six types of mqdulee

of type AAB and three of type ABB. The four-crystlsign has the advantage of using only one type of
module AABB. Currently, we are pursuing the 3-caystesign (see figure 4.2). This decision is based
on detector cost estimates and after consideratidhe complexity and risk of fabrication. However,
having only one type of module (AABB) is advantageand reduces the total amount of space between
crystals and cryostat, and we will continue to gtiee benefits and feasibility of the 4-crystalides
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Figure 4.2. Drawing of the 3-crystal module. Dimiens are in mm.

4.1.2. Detector arrangements

Gretina consists of 10 3-crystal modules descrilmethe previous section. The 10 modules can be
arranged in a number of ways depending on the phiysguirements. Two proposed configurations for
Gretina are shown in figure 4.3.

1. A symmetric arrangement clustered tightly aroOnal 180 degrees with respect to the beam, with
an angular coverage of 17 degrees to 55 degrees.
2. An asymmetric arrangement, which extends thelangoverage from 17 to 101 degrees.

The first configuration offers a more compact solutwith the minimum edge effect, while the second
provides the capability to perform angular disttibn measurements

4.1.3. Cryostat design

Three crystals are packed closely in one cryostdt minimal gamma-ray absorbing material. The
distance between the crystals is 3.5 mm and thargie between the crystal and the cryostat wdll5s
mm. The cryostat walls on the side of the deteftlbow closely the tapered shape of the crystald an
the taper continues until they intercept the cyiical part of the cryostat. This ensures that theneo
interference from the neighboring modules when aute is removed from the array. The detector
modules are mounted on the support structure gsgms 4.3.1) using a precision flange.

Each crystal provides 37 signals (36 segments ardcentral electrode). These signals pass through a
feed-through on the encapsulation canister andaamglified by cold FET's (a total of 111 signals)
mounted in the cryostat and go through anotheofskted throughs to exit the cryostat. Additioreéd
throughs are provided for high voltage and pulsgui. The Dewar design will provide means for
annealing the crystal. These include internal meatbermometers, and pumping port.
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The Dewar will have a liquid nitrogen holding tinoé at least 16 hours, and it is connected to an
automated liquid nitrogen filling system (see sati.3.2)

o,
20522008
7 28" 3

Figure 4.3: Two geometric configurations of Gretifhe first configuration (top) is a closed packgdhmetric section of
the sphere. The second configuration (bottomhiasymmetric section of the sphere, consistinp@flid neighboring
clusters which better cover the angle between #7184 degrees. On the right side of the picture pthnar projection of the
sphere is shown.

4.1.4. Simulation results

Detailed Monte Carlo simulations have been perfarnosing the code Geant 3.21. As well as
presenting the results for Gretina, which has 3@dlers, we include results for the 120 detectstesy
for comparison. The 120 detector system is refewes GRETA.

Due to the complex geometry of the real array d@lgeometrical limitations imposed by the Geant
3.21 code, some simplifications have been used.

* The array is built from single detectors and notrfrtriple cluster modules.
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An average inter-crystal gap and an average Altbarkness was used to take into account the
different gap sizes between Ge crystals in the sarpestat (small gap = 4.5 mm) or between
different cryostats (large gap = 10 mm), and tHfences in the thickness of the Al can (0.8 mm)
and that of the Al cryostat (1.1 mm). The followidgnension$ were used: an average Ge-Ge gap
of 7.8 mm, an average Ge-Al gap of 1.9 mm, an @eeral-Al gap of 1.5 mm, and a total Al

thickness of 3 mm.

Using the above approximations the total solid amgiverage was calculated to be ~80%rofat 120
detectors (GRETA) and ~19% for Gretina.

80 —4— Gretina _ 100 —&— Gretina
— —&—1/2 Greta o\° ——1/2 Greta
2. 60 —4—3/4Cretal| | g OO —a—3/4Greta
9 —8—GRETA || | £ —e—GRETA
S o

Energy [MeV] Energy [MeV]

Figure4.4: Photo peak efficiency (left) and peak-to-totalio (right) as a function of the gamma-ray enefgyGretina
compared with that of the 60, 90, and 120 detesystems. The results have been obtained by sumatlitige interaction
points produced by the Monte Carlo simulation fadtiplicity My=1, i.e. they do not involve any tracking procedure
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Figure4.5: Photo peak efficiency (left) and peak-to-totaladright) as a function of the gamma-ray energyGretina in the
two possible configurations and Gammasphere. Tkelteehave been obtained by summing all the intiemagoints
produced by the Monte Carlo simulation for multgly My=1.

* To simplify the Geant code, both the Ge crystal$ the gaps are tapered to the center of the sphieiemeans that the
gaps are not constant along the Ge crystal, bugragdler at the front face and larger at the b&ok.this reason, the average
gap and average Al thickness have been estimatbeé imiddle of the Ge length.
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The photo peak efficiency and peak-to-total ratitcglated as a function of the gamma-ray is given i
figure 4.4 for Gretina (30 detectors). Also shown ¢omparison are the values for a 60, 90, and 120
detector system. In figure 4.5 the efficiency aedipto-total for Gretina is compared to Gammasphere
These results have been used in the calculatitmeafesolving power reported in the following seuwcti
They were obtained by summing all the interactiom{s produced by the Monte Carlo simulation for
multiplicity M,=1 and therefore they represent a maximum. Fopltlysics case outlined in chapter 2, it
is important to note that Gretina will have a higresolving power compared with any existing array.

4.1.5. Performance

The performance of a gamma-ray detection systatateyrmined by a number of parameters. Large full-
energy efficiency €), good energy resolutiordi,), high peak-to-total ratio (P/T) and high position
resolution are the most important. Therefore, aimary design goals are to maximize the efficiency
and peak-to-total of the array and to preserveetiexgy resolution close to the intrinsic valuegrein
experiments involving fast-moving sources. In adkdfy-ray coincidence experiment, the sensitivity for
detecting the weakest reaction channel or decdyipateases as‘Rwhere R=QE/SE,)(P/T) is the gain
per fold, while the counting statistics improvess

To compare the performance of different detectstesyis we use the resolving power (RP), which takes
into account the parameters mentioned above aridedethe weakest branch=1/RP that can be
resolved by the array with a given sensitivity iraR-to-background. In typical high-multiplicity
experiments this prescription determines an optinfold and the RP = R™™ 4 However, in
applications involving low-multiplicity reactiong.g. at a fragmentation facility, the event muidipy
could be less than the optimum fold and we defifiguae of merit§ = N/o, where N is the number of
counts in a given multi-dimensional peak amds the statistical fluctuations. Assuming a taifiN,
events, the weakest branch that can be resalvetttained by the solution of the equation:

EXX2-E2X - 282NJR* = 0

where X=N,. It can be shown that this approach agrees with timelatd formulation of the resolving
power, and corresponds to a 6-sigma peak {i®.6) at the optimum fold. For consistency, weeav
used that same figure of merit in the followingresttes.

To evaluate the expected performance of Gretinhave considered several examples of experimental
conditions that span a broad range of applications:

Sow-Beam Reactions. Coulomb excitation, transfer and fusion, as weltlasp inelastic collisions are
the most common reactions used to study singleepmend collective properties of nuclei. With d&ab
beams and targets one generally has the choicerfarming these reactions in either normal or iseer
kinematics. Normal kinematics use lighter beamd #Hre both easier to accelerate to the desired
energies, and result in smaller Doppler corrections

High y-Ray Multiplicity Reactions: Many reactions between heavy ions and heavy taejets above
the Coulomb barrier produce residues at very highgukar-momentum. Gamma-ray decays of these
products may result in gamma-ray multiplicitieste range of M=15-25, which increases the chance
of multiple hits in a single crystal, or multipletéractions in a segment.
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Fast-Beam Experiments. Nuclei from fragmentation reactions have very higlocities (v/c up to 50%)
and low intensities. A tracking array provides deal detector for these experiments because lairge
efficiency and, most importantly, its high angulesolution for Doppler correction.

Table 4.3 shows the resolving power expected udidiierent experimental conditions covering most of
the physics needs. The results are also presantegire 4.6 where Gretina is compared to the 120
detector GRETA array together with the performant&ammasphere and SeGA. The numbers show
that even for slow-beam reactions Gretina is coalgarto Gammasphere, but it is for fast-beam
applications that the impact of Gretina is more om@nt due to the excellent position resolution
combined with the large efficiency. The calculai@assume that there is no contribution to the gnerg
resolution from the uncertainty in the directiontloé emitting fragment.

Table 4.3. The calculated resolving power of Getaimd GRETA for a variety of different reaction égpranging frong-
decay (low multiplicity and v/c = 0) to fragmentaiiof fast beams, to very high-spin fusion evaponateactions.

Type of Reaction <E,> v/c My Resolving Power
(MeV) GRETA Gretina

1 Stopped 5.0 00 4 5x 10° 1x 10°
2 Stopped 1.5 0.0 4 2 x 10’ 6x 10°
3 High-spin 1.0 0.04 20 8 x 10° 6x10*
Normal Kinematics

4 High-spin 1.0 0.07 20 8x 10° 6x10*
Inverse Kinematics

5 Coulex/transfer 1.5 0.1 15 9x 10° 9x10*
6 Fragmentation 1.5 0.5 6 2x 10° 8x10*
7 In beam Coulex 5.0 05 2 1.5X10° 7x 10*
8 In beam Coulex 1.5 05 2 2x10° 1.5x 10°
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Fig 4.6. Resolving power (relative to a full 120tettor 4t tracking array) for Gretina, Gammasphere, and SégAhe
different reaction types given in Table 4.3. Weéaonsidered two cases per reaction: a high batmsity limit (hi) of
~1pnA and a low intensity limit (lo) of ~f@ps.

4.2. Electronics and Data Acquisition
4.2.1. Pre-amplifiers

The Gretina germanium pre-amplifier consists ofharge sensitive first stage and a differentiating
second stage. The input transistor, feed back dapaand resistor are mounted inside the sealed
detector and are supplied by the detector manufactine input field effect transistor, InterFET 831,

has approximately 2nVHZ noise. Therefore the noise contributed by thempdidier is negligible.

The rise time of the pre-amplifier will be determthby the wiring inside the detector. For the GRETA
prototype detector the rise time is about 15 nstheitfeed throughs required with the Gretina detect
and the increase in wire length may result in sltouge time. The differentiating second stage poadu

a pulse with a decay time of 50 microseconds, whiithallow a counting rate of 20 kHz per segments
without appreciable pile up. The output signalséhawain of ~50 mV/MeV that matches the range of
the input stage of the signal digitizer.

The pre-amplifiers and mounting structure showrthi@ photo in figure 4.7 correspond to a present
design for a segmented detector. The Gretina praHaen is similar, but the size is reduced and the
board spacing is closer. Also, for ease of indfalta the wiring for the input connects through the
motherboard.
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Figure 4.7. Pre-amplifiers and mounting structuseclin an existing segmented detector.

4.2.2. Signal Digitization Board

The digital electronics module for Gretina is rasgible for digitizing the induced current pulsenfro
each segment, implementing a prompt first-levejger, and carrying out simple algorithms on thedat
stream to reduce the data rate to the farm of bideeomposition processors. The need to perform
detailed signal decomposition, combined with thaetg of experiments Gretina will support places a
number of requirements on the digital electronicgdate. First, the minimum sampling frequency of
the digitizer is required to be 100 MHz to giveudfisient number of samples over the charge cabect
time (300 ns) to decompose multiple charge depwsitites within a segment and to provide the
required time resolution. Second, the dynamic eapigthe digitizer must be 14 bits to give an egerg
resolution of 18 bits for reasonable integrationes (< 6us). This large dynamic range is required in a
tracking detector for experiments involving the sitaneous detection of low- and high-energy gamma-
rays because having separate low- and high-gaimet&is impractical. A third requirement is tktze
module is capable of processing a gamma-ray ra&® dHz per crystal and a readout rate (following
the module level first level trigger) of at lea€d kHz. This implies a readout rate for each digita
electronics module of 10 Mb/s (100 bytes/segmefiD*segments/gamma * 4@ammas/s). Finally,
each signal within a Ge crystal is required to $moaiated with a global timestamp to allow gamma-ra
from a given event within the detector to be retmased by a tracking procedure. Such a timestamp
also allows an interface between Gretina and auyilietector systems.
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The first level trigger for the module requiredesdst one segment to have a net charge depositen o
10 keV, which is indicated by a net induced chargéhe segment. This activates the readout of the
segments where net charge is collected and alsce#umut of neighboring segments that may contain
the image charge signals required by the decompostgorithm. These prompt triggers are collected
by an external, programmable trigger box whichgombination with triggers from auxiliary detectors,
generates a validate signal to each digitizer mothdicating the event should be read out. A raado
latency of at least 2(1s is required by the digital electronics modulesitow for interface with slow
auxiliary detectors.

A further reduction in data rate can be achievegdryorming simple signal processing on the boand.
order to extract energy at Ge resolution, integratif the signal over sevenas is required. As only the
signal trace during charge collection time (300 issjequired by the decomposition algorithm, it is
efficient to perform the energy integration on tward rather then on a downstream processor. fnerg
deposition is determined by applying a trapezofiltdr to the ADC signal that can be efficiently
implemented in an FPGA. For rates greater thekH) an adaptive filter is required to maintairogo
energy resolution while avoiding pileup. Otheraaithms are required to filter the signal, deterenam
event time from leading edge and constant fradfiisoriminators, and provide a windowing algorithm
to capture the relevant part of the signal to bevéoded to the farm of processors performing signal
decomposition.

A digitizer module is required for each Ge crysaad has 37 (36 segments + central contact) ADC
channels. Given the heat load and component dourstuch a large number of digitizers, the module
would likely be broken into 2-3 digitizer boardstivia single trigger/readout board. As stated legfor
we expect to perform the trigger and other algorghwith FPGA’s as was done on the 8 channel
prototype board. These FPGA’s will also format da¢a and possibly compress it before it is output

a FIFO for readout. The FPGA'’s should be prograbiethrough the control system to allow changes
to the algorithm. To simplify the design and redtlee cost of the digitizer module, data readouuho
be done using a high-speed commodity bus such &s R@CI is chosen, it would be sensible to
implement the card in a standard compact PCI faetof for which commercial crates, power supplies,
and high-performance embedded processors are camatheavailable.

4.2.3. Sighal Processing

A large amount of signal processing must be camigidto convert the raw signal traces output by the
digitizer modules into gamma-ray energies and tim&ke three primary signal processing steps are
signal decomposition, event building, and trackiolljpwing which the processed data is written to a

storage system. A block diagram of the processiagssis shown in figure 4.8. The computational

requirements of each step and hardware requirerfarttse system are given below.

Signal Decomposition

Signal decomposition is the process of extractiagitppns and energies of the gamma-ray scattering
points within the Ge crystal from the signal traceiected by the digital electronics module. slithe
most computational intensive part of Gretina datalysis and a description of algorithm developments
for decomposition is presented in section 3.3.adlmeve a 1-2 mm position resolution for a gamnya-ra
with multiple interaction points within a segmetitge current algorithm requires 0.025s of CPU time
with a 700 MHz PIIl processor. Advances in micram@ssor technology and improvements in the
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current algorithms should provide at least an omfemagnitude improvement. Given a minimum
requirement that Gretina be able to decompose 2&knga-rays/s at maximal position resolution (1-2
mm), roughly 120 CPU’s are required. For experit®amhere maximum position resolution is not
required (stopped, low multiplicity experimentd)etdata rates are limited by the Ge singles radetfam
throughput of the acquisition system.

As the time required to perform signal decompositarrently limits the detector counting rate, @éa
R&D effort will be carried out during detector cdongtion to develop new algorithms for
decomposition. Currently we see several avenueslforithm improvement. First, some segment
signals may be amenable to analysis without regprto the full decomposition algorithm. For
example, in cases where a segment only has a simigtaction point, signal decomposition reducea to
simple lookup table. Second, one may use techniguels as wavelet analysis that represent relevant
signal information in a more compact form allowithg comparison stage of the fitting algorithm to be
faster. Third, alternative algorithms may be pudsudich make better use of the information at hand.
For example, the decomposition fit routines cowddcbnstrained by the physics of Compton scattering
to dramatically reduce the size of the search space

Event Building

The decomposition algorithm provides the positiol @nergy of one or more gamma-ray scattering
points from a given crystal at a given time. Aremvin the detector, which produces several gamma-
rays, will have its signals decomposed indepengdmnyl several processors. The role of the event
builder is to collect all interaction points frongaven event in the detector with a unique timegtamd
forward it to the processors running the trackihgoathm. At this point, time stamped data from
auxiliary detectors may also be merged into theneve

Tracking

Tracking is the operation of taking all the inté¢rag points assembled by the event builder fronneve
decomposition, and grouping them into gamma-raybk assigning a scattering order. The algorithms
used to carry this out are described in section e CPU time for running this algorithm was +t§

per event and therefore the tracking algorithm wetjuire 10% of the computational resources reduire
by the decomposition algorithm. This fraction niagrease with higher efficiency tracking algorithms

Event Storage and Experimental Monitoring

Following tracking, reconstructed events are readye stored for later analysis. Prompt storadebsi

to a network attached disk array or large serveh archival tape backup. The maximum rate of
processed data to disk occurs in experiments wiheremposition is minimal or not required and rates
are high. For example, an experiment which geesra rate of 5 x f(fold-6 events will produce a
data rate of 5 Mb/s. Doubling this to safely acommdate data from auxiliary detectors gives a datia r
of 10 Mb/s and this means that 4 Tb of data wikd¢o be stored following ~5 days of continuous
running at this rate. Facilities will be providexicopy experimental data to a wide variety of raddi
suit the needs of different experiment groups.

4.2.4. Hardware Implementation

Given the need for minimally 120 processors to ycamut the decomposition algorithm as well as
processors needed to carry out the tasks of ewsldirig and tracking, the only cost effective me&ms
provide this processing power is with a farm of ooodity processors using standard networking
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hardware and protocols for communication. Commeénegadors are now introducing cost effective,
high-density servers (blades) tailored to the neddarge computational farms. Each server node in
such a computational farm is a card that includes ar two processors and are usually equipped with
two network interfaces.

A possible implementation of such a system is gineiigure 4.8. The 30 digitizer modules requifed
Gretina are placed in 10 compact PCI crates, vath erate equipped with a single embedded processor
board. This embedded processor is responsiblesaling out the 3 digitizer modules belonging to a
given cluster, placing the data into IP packets sedding these packets to processors running the
decomposition algorithm in the processing farm. sehembedded processors dispatch events to each
processor in the computational farm using a simplend-robin algorithm based on the events
timestamp. This provides a simple form of load beiag for the processors performing the
decomposition algorithm. As each crate is respd@ddy forwarding its own packets, there is no &ng
node bottleneck that restricts data flow out of thgitizer modules. Additionally, these embedded
processors will run the control software for configg and monitoring the digitizer modules.

The embedded processors forward their data toatme 6f processors for decomposition through two
levels of IP switches. Data is first transferreah the embedded processors to a high capacitglswit
via gigabit Ethernet. The design requirement &adout is 10 Mb/s/card and the embedded processor
must be capable of “packetizing” and dispatchintadat a rate of 30 Mb/s. This also requires the
primary switch to have a bandwidth of 300 Mb/s.Baquirements can be met with currently available
commercial embedded processors and switches. Timamgr switch then fans out this data through
gigabit Ethernet to a number of level 1 switchegjclv are directly connected to one port of each
processor in the farm. For the 120 processor®peiig decomposition the data rate is only 2.5 Mb/s
which can be handled with standard 100Base/T n&ingr

While the bulk of the processors in the farm wid bxecuting the decomposition algorithm, some
processors will be allocated to event building tradking. Communication between the decomposition
processors and the processors executing the eudding and tracking algorithm will be done on the
second networking port on each processor card ghrau separate set of L1 switches. Following
tracking, data is forwarded to a second L2 swittlens it is forwarded to a one of more servers aagry
performing data storage and online analysis.

Control Systems

Gretina will require two major control systems. Tist is a standard slow control system for Gr&sn
electronic subsystems including the digitizationdules, high-voltage power supplies and the LNngli
system. It is required that the control systerscialable to 1Dchannels (IDADC channels each with
several parameters), operates across several rpiatftembedded systems, Unix workstations) and
provides a good operator interface. A unified oorgystem that provides a consistent user interfac

all detector subsystems is preferred. An exampseich a system would be EPICs developed jointly by
ANL and LANL. This system has been used succdgsiuith Gammasphere and has been shown to
scale to the required number of channels as denavedtin several accelerator control systems.
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Figure 4.8. Schematic diagram of the computatibaaflware for Gretina

A second major control system is required for aaliirg the cluster of 150 CPU farm required forlrea
time signal analysis. Control software for largenputational farms for functions such as partitgni
failover, and monitoring is rapidly evolving and werpect to use a commercial package for the control
of the farm to increase reliability and reduce ntawngr requirements.
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4.3. Gretina Mechanical System
4.3.1. Support structure for 3-Cluster detectors

The Gretina detector support system consists obaolithic hemisphere that will have provision to
mount 25 Gretina detector modules. The 48" diamb&mnisphere will be custom machined from
aluminum and will be approximately 2” thick and kaprecision features to accurately locate each
detector module, thereby maintaining the absoluteimum clearances between the clusters. The
detectors are electrically isolated from the hefmsp and from each other. The hemisphere is mounted
to a custom, rigid, welded steel support structlitee support structure will allow the hemispheré¢o
installed orthogonal to the beam with the majorsaxii the hemisphere in the horizontal plane. The
center of the hemisphere is coincident with thetereof the target chamber. The support structute wi
be able to translate approximately 30” in the hamtal plane in a direction orthogonal to the betims
retracting the hemisphere to allow access to tihgetachamber. In addition, the support structure
incorporates a mechanism that allows the hemispgbaxate +/- 90 degrees to facilitate the inatah

or removal of detector modules. Depending upon rdguirements of the specific application the
primary support structure can also be used to mthenhemisphere with its major axis in the direttio

of the beam. The hemisphere with its complemerdedéctor modules would then translate along the
beam to allow access to the target chamber. Lilewise hemisphere can be rotated +/- 90 degrees to
install or remove detector modules. The requiresianising from different applications may warrant
the fabrication of additional support structuresomporating unique features or capabilities to
accommodate a specific application. Moreover, itynb@ advantageous to machine two different
hemispheres for the two aforementioned applicatibhe hemisphere for fast beam experiments would
mount detectors at forward angles and accommodafe-a8 inch diameter beam pipe. Finally,
consideration should be given to splitting the hsphere into two segments or quarters. These quarter
segments could be individually supported and malrgech that the major axis of the resultant
hemisphere would be coincident with the beam. Teces® the target chamber, one or both of the
segments could be retracted orthogonal to the beam.

4.3.2. Liquid nitrogen distribution

The Ge detectors will generally be maintained @titi nitrogen temperature, except during shipment
and repair. Gretina will comprise ten liquid nitesgdewars, significantly fewer than Gammasphere.
Each detector dewar will be periodically filled tiiquid nitrogen using an automated system sintdar
that presently used for the ORNL CLARION arrayislessential that this system be highly reliabhel a
carefully interlocked with the temperature monigriand high-voltage control system. Should a ciuste
of detectors warm significantly above liquid nitesgtemperatures while the detectors are biased the
Field-Effect Transistors (FETSs) of the preampliiare likely to be damaged necessitating a verycos
repair.

The computer-controlled system will automaticatiitiate fill cycles at preset time intervals. Rstisie
temperature devices (RTDs) will be used to deteetftows of liquid nitrogen and thus determine that
detectors have been successfully filled. The RiF@srporated into the detector modules themselves
will also be continually monitored; should a deteanodule begin to warm up, the bias voltages for
those detectors will immediately shut off and aarral generated. Alarms will also be generated as a
result of unsuccessful fill cycles, and by non-noeahivalues of other monitored parameters (suclilas f
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line pressure, environmental temperatures, etcwatkh-dog timer will be incorporated into the goht
system to generate an alarm, and could shut otbge$ and disable fills should the monitor/control
processor fail for any reason.

4.3.3. Target chamber

The target chamber consists of a 12” diameter alumisphere with a 0.065” thick wall. It will haveet
capability to mount internal auxiliary detector t®yas such as a smaller version of the Microba8j a
strip 4t detector system, etc. Easy access to such dessstiems and suitable signal output paths will
be included in the design. It should consist ofyéindrical vertical section enclosed by two near
hemispheres. This provides large access pathdow &r the installation and maintenance of various
targeting apparatus and auxiliary detector systéinshall incorporate o-ring seals and will havé/2*
diameter opening at the upstream and downstreats foaccommodate the beam-tubes interface. A
rigid arm, contained within a vertical plane coahemt with the beam and occupying one of the pemntago
vacancies, shall provide support for the hemisplaer@ targeting apparatus. The support arm could
include a thru-vacuum linear actuator that woullbvalfor target positioning or indexing without
breaking vacuum.

4.4. Auxiliary Detector Systems in Gretina

Auxiliary detectors greatly increase the sensiivif a gamma-ray detector array and will be an
important addition to a gamma-ray tracking arraythis section we briefly describe several exampfes
auxiliary detectors that will be used with Gretittaaddress the physics discussed in Chapter 2. It i
important that the mechanical design and data aitaun for Gretina do not preclude the efficiene ws
these auxiliary detectors.

4.4.1. Neutron detector shell

The existing shell of neutron detectors construaedVashington University for Gammasphere is
sufficient and should be used. It consists of utdapered hexagonal detectors that were designed
pack in a shell with an inner radius of 30 cm. Bammasphere only 30 of these were used because it
was not desirable to remove more than 30 Ge deteldments. For Gretina, one can place the detector
modules at the backward angles and take advantagéager neutron-detection efficiency by using 48
neutron detectors (9 additional detectors are abviglat Washington University).

4.4.2 Charged-particle detector arrays

A high efficiency (4m) charged-particle array: For studies of the most neutron deficient nudles i
essential that charged particle detectors haventagimum possible packing inté Although the
existing Microball detector could be reconfiguredfit in the Gretina scattering chamber, a sigatfic
improvement in energy resolution can be achievednibyeasing the segmentation (number of Csl
detectors per unit solid angle). This will defile trecoil direction more accurately, and to a poinére
it does not compromise the excellent position rgsmh of Gretina (1-2 mm). It is suggested that a
4mtdevice with 320 Csl detectors (named Nanoball) satisfy this need and for some reactions it will

69



greatly improve the gamma-ray energy resolutiorbld&.4 gives the calculated resolving power for
Gretina and Gretina+Nanoball in the reacidvg(**Mg,2a)*°Ca. The uncertainty in the recoil direction
due the emission of the two alpha particles resalfsoor gamma-ray energy resolution, which can be
corrected using the charged-particle array. Theluésn improves from ~55 keV to ~7 keV FWHM for
a 3 MeV gamma-ray giving a large increase in rasglypower. This new detector will also take
advantage of digital processing to provide higlmemt rate capability.

Reaction <E,> v/c My Relative Resolving Power
(i) Gretina Gretina + Charged
Particle Detector
AEy ~ 55 keV AEy ~ 7 keV
24Mg(**Mg,20)*°Ca 2.8 0.04 10 100 8x10*

Table 4.4. Resolving power for Gretina and GretMaroball in the reactioA'Mg(**Mg,2a)*®Ca. The gain in resolving
power is due to the improvement in the gamma-raygnresolution from ~55 keV to ~7 keV for a 3 Mg&mma-ray. For
comparison, Gammasphere’s resolving power imprénees 100 to 2.6x1bwhen coupled with Microball, for this reaction.

A high energy-resolution charged-particle array. Silicon-strip detectors are the appropriate devic
for discrete line charged-particle spectroscopye@ithat the charged-particle energy resolutiorery
sensitive to the reaction kinematics, the targekttess, and the size of the beam spot on thettaagh
particular class of experiments will likely needdamted and perhaps perishable Silicon-strip detsct
Probably, this number will not exceed 1024. Theloe# of these devices will be done with the ASIC
technology microchips, currently under developnesrd production at Washington University.

4.4.3 Heavy ion detectors

A high-efficiency recoil detector: HERCULES (a High Efficiency Recoil Counter undets of Elastic
Scattering) is ready for operation in conjunctioithvan array like Gretina. It has very high effiooy

for (HI, axn) reaction channels that are important for they \eeavy systems. It is also conceivable to
integrate HERCULES into a more complex and powesktlp, e.g. a combination coupling Gretina
with a recoil separator and HERCULES.

A 4w position-sensitive parallel-plate heavy-ion detector: A new 4t position-sensitive parallel-plate
heavy-ion detector like CHICO will be developedRaichester for use with Gretina. It will hawel®
angular resolution i, ¢, and 500ps time resolution providing 5% mass teswl for binary reactions.
Like CHICO, this parallel-plate detector will hawainimum mass to minimize degrading the
performance of Gretina and it will handle high couates plus intense heavy-ion fluxes with little
radiation damage. It will detect products from Ibyjneeactions such as quasi-elastic scatteringiofiss
etc, allowing complete kinematic reconstruction feach event, and enabling the simultaneous
determination of the Q-value, masses, scatteringeart, ¢, and recoil velocities of the reaction
products. When combined with Gretina, such a detegtovides the capability for precise Doppler
correction and simultaneous identification of tlwéncident de-excitation gamma-ray originating from
each of the reaction products, as well as process#sas pre-fission gamma-ray decay.
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5. MANAGEMENT ORGANIZATIONS

5.1. General

Gretina will be the premier national high-resolatigamma-ray detector array in the USA. Thus it is
essential that the management plan encouragesaaitithfes involvement of all interested laboragsri
university groups, and individuals in the desigongtruction and use of Gretina. This document
provides the management organization for the Gaepmoject as defined for the research and
development, plus construction phases. Specifictlly document defines the roles of the major ptoje
components: the Host Laboratory Management, thealglament Advisory Committee, the Contract
Project Manager, the Project Engineer, the Gretithdsory Committee and the construction teams. The
proposed plan closely follows the successful Garpima® Management Plan. Figure 1 outlines the
management structure proposed for the researcHesredopment, plus construction phases.

Figure 1. Management Organization Chart for Qoiesibn of Gretina
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5.2. Host Laboratory and Responsible Laboratory Management Official

Host Laboratory

The Host Laboratory is defined as the lead laboydtwat is fully responsible for the constructidn o
Gretina and assumes fiscal responsibility for ttogget. Lawrence Berkeley National Laboratory vl
the Host Laboratory during the construction and mssioning phase of Gretina, and will be
responsible for ensuring that the manpower andssacg infrastructure are provided for the R&D,
construction, and commissioning of Gretina. The Dd¥fice of NP is responsible for providing the
funds to allow the host laboratory to fulfill itegponsibilities. We expect semi-annual DOE reviéw o
the project

Responsible L aboratory M anagement Official
The Responsible Laboratory Management Officialldhathe Director of the Nuclear Science Division
of LBNL or a designate.

Responsibilities
» The Host Laboratory shall be administratively arsgdlly responsible for the entire project. In
particular it must provide the following:

* Provide overall management oversight for all asgp@étthe construction and commissioning
phase of the project.

* Appoint the Contract Project Manager with the carence of the Gretina Advisory Committee.
* Approve personnel appointments made by the Corfnagéct Manager.
» Approve subcontracts recommended by the Contrage@rManager.

» Ensure that adequate staff and resources are laleaitacomplete the Gretina project in a timely
and cost effective manner (within constraints efblndget provided by DOE).

» Set up external technical and project review cornaait

* Ensure that Gretina is fully tested to demonstthtt it meets specifications, and that it is a
reliable, and flexible system ready for installatet the first site.

* Provide documentation and access to informatioressary for operation of Gretina at other
sites.

5.3. Management Advisory Committee

Composition

The Management Advisory Committee shall be compo$dide (Nuclear) Physics Division Directors
of the DOE National Laboratories directly involvieadthe construction of Gretina (ANL, LBNL, and
ORNL) or their designates, the Director of NatioSaperconducting Cyclotron Laboratory at MSU or
his designate, plus DOE representatives, and additmembers if the existing members of
Management Advisory Committee so choose. The LBMIDNDivision Director or his designate shall
be the chairman.
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Responsibilities

The Management Advisory Committee will serve agwagrsight committee to the project. It will ensure
that the different tasks of the project at the host sites are proceeding on schedule and on hualget
well as providing general oversight at the host.sit will arrange such reviews of the project,itas
deems necessary to fulfill these responsibilitlesvill be responsible for the appointment of the
Gretina Advisory Committee.

5.4. Contract Project Manager

Appointment

The Contract Project Manager is to be appointedhbyResponsible Laboratory Management Official
with the concurrence of the Gretina Management #alyi Committee and the Gretina Advisory

Committee.

Responsibilities

The Contract Project Manager shall report direttlyhe Responsible Laboratory Management Official
and will be responsible for the overall directiontiee Gretina Project. The Contract Project Manager
shall appoint the staff needed for the project wile approval of the Responsible Laboratory
Management Official and after discussion with theti&a Advisory Committee. The Contract Project

Manager also will have the following responsibégi

» Shall be the spokesperson for the project to th&Dide Host Laboratory, other participating
institutions, and the scientific community.

* Appoint the Project Engineer in consultation witle Laboratory Management.

* Collaborate with the Gretina Advisory Committee ahe@ Project Engineer to develop the
performance requirements.

* Collaborate with the Responsible Laboratory Manag@nOfficial and Project Engineer to
develop the work plan, and assemble the staff asolurces needed to complete the project.

* Oversee the design and verify that the designfestithe performance requirements.

* Work with the Project Engineer to prepare a writd#sign document for review by the
Responsible Laboratory Management Official and @retina Advisory Committee. Written
responses will be made to their recommendationgoMehanges that affect the scientific
capabilities of Gretina are to be made in concueesith the Gretina Advisory Committee.

 Work with the Project Engineer to prepare for rewiby the external technical review
committee, as well as DOE project review

» Recommend to the Responsible Laboratory Manager@éintial, in consultation with the
Project Engineer and the Gretina Advisory Commjttegbcontractors for the construction
teams.

» Organize workshops and arrange for a newslett&eeép the scientific (future user) community
informed on the progress of the project.

» Consult regularly with the Gretina Advisory Comraéton development of the project.

* Oversee the tests and commissioning to ensure ttletsystem meets the performance
requirements.

» Organize and coordinate the effort from other tnstins participating in the project. Procedure
for this will be discuss in the Management Plan.
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5.5. Gretina Advisory Committee

The Gretina Advisory Committee represents the astisr of the future Gretina community.
Specifications for Gretina will be developed in comence between the Gretina Advisory Committee
and the Contract Project Manager. The Gretina AnlyisCommittee will meet regularly with the
Contract Project Manager, usually by phone confexeto discuss the scientific and technical issues.
The Committee may meet by itself, or with consukaif the occasion warrants. It may be consultgd b
the Management Advisory Committee on problems akre.

Composition
The Committee shall be composed of representatiees the three DOE national laboratories, ANL,
LBNL, and ORNL, the NSCL at MSU (contingent uporegh institutions continuing to play a major
role in the Gretina project) and four universitgtitutions engaged in Gretina. For reasons of naittj,
the initial Committee will be the current Steeridgmmittee. If necessary, replacement members will b
appointed by the Host Laboratory Management sultjgcapproval by the Management Advisory
Committee. Efforts must be made to ensure thatdeposition of the Committee reflects the interests
of the Gretina scientific community and no morentltme member shall be from any one institution.
The Contract Project Manager formally is not a memiof the Advisory Committee but
normally he will participate in Advisory Committeactivities. The Committee shall elect its
own chairman annually.
Responsibilities
» Discuss scientific and technical issues with thet@at Project Manager.
* Provide a mechanism for representation of the @patnts in the project.
» Concur with or voice concerns about the selectioth® Contract Project Manager made by the
Laboratory Management.
» Advise the Contract Project Manager on selectiopes$onnel for the construction teams.
» Advise the Contract Project Manager on the seleaifonon-host-site construction teams, and of
possible sub-contractors for approval by the LatooyadVlanagement.
» Apprise Laboratory Management if there are majoesolved areas of concern.
 Maintain the Gretina Users Group and facilitate oamication between the Project
Management and the Users Group.

5.6. Project Engineer

The Project Engineer will have the responsibility fdelivering the Gretina detector system in
accordance with the performance requirements, stdednd budget. The Project Engineer will report
to and work closely with the Contract Project Magrad ogether they will develop the work plan of the
project.

Responsibility
» Collaborate with the Contract Project Manager amblsgstem managers to prepare the work
plan, and assemble the staff and resources needednplete the project.
» Communicate the project requirements to the subsystanagers.
» Supervise the staff of the project.
» Ensure all subsystems function in a coherent sysdechmeet performance requirements.
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» Execute the work plan in accordance with the scegleedule and budget of the project.

» Set up guidelines for changes in scope, schedudiebadget, including the rules for releasing the
contingency funds.

» Coordinate preparation of regular reports and ptajeviews as required by DOE, LBNL and
other organizations.

* Ensure the work is performed safely and in compkanith LBNL and DOE regulations.

5.7. Subsystem Managers

Five subsystem managers are responsible for edtie difve subsystems of Gretina, which are detector
electronics, computation, mechanical, and integnatiThey report to the Project Engineer and will be
responsible for the design, construction, installgtand commissioning of the subsystem, in accarela
with the performance requirements, schedule, adgdiu

Responsibility

» Collaborate with the Project Engineer to developintiea work plan, and assemble the staff and
resources needed to complete the subsystem.

* Communicate the subsystem requirements to the teastaff.

* Ensure the subsystem meets the performance regntem

* Execute the subsystem work plan in a manner cemsistith the project scope, schedule and
budget.

» Provide regular report of the status of the sulesygb the Project Engineer.

* Ensure the work is performed safely and in compkanith LBNL and DOE regulations.

5.8. Gretina User Group

The Gretina User’s Group has been establishedéthtina Steering Committee. Membership is open
to any interested scientist.

5.9. Operation Phase

GRETINA will be a national instrument, moveablewwetn several major accelerators in the US and
available to the entire nuclear science commumtgprder to capitalize on the broad variety of stiec
opportunities this significant detector system bang. Upon delivery of Gretina (initially from LBL

to a new location then the site laboratory willuaee the responsibility of being the Host Laboratéyy

has proved successful with Gammasphere, the specder of rotation and duration at any particular
laboratory will be based on scientific merit andllwie decided at the appropriate time by the
community of users and funding agencies. Detailthefoperational management should be developed
during the construction phase by the Laboratory &g@ment, the Management Advisory Committee,
Contract Project Manager, and the Gretina Advistoynmittee.
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APPENDIX A: Principles of Gamma-ray Tracking.

Localizing the Interaction Point(s)

Tracking relies on the ability to accurately locatee individual gamma-ray interactions and to

disentangle “tracks” belonging to different gammgs. This requires a three-dimensional position
resolution of 1-2 mm. Currently, it is not possilib produce detectors with a pixelation of 1 mm x
1mm x 1mm to achieve this resolution. Instead, g induced signals and charge drift time, it is

possible to achieve this position resolution witliva-dimensional segmented detector having a segmen
size of 1-2 cm.

In a Ge detector, charge signals are produced wleetrons and holes (charge carriers), formed by th
slowing down of the primary electrons (from e.dpfm- or Compton-event) and positrons (from pair-
production), induce an image charge on the eleegro®nly the segment that is reached by the charge
carriers has a net charge. All other segments eéxindmsient image signals, which vanish when the
charge carriers are collected. These transieneputan be either positive of negative. The size and
shape of the induced transient pulses are sensititiee distance between the charge carriers amd th
segments. Since the two-dimensional segmentatigretipendicular to the radial electric field lines
(approximately the direction of drift velocity), giion in these two transverse dimensions (e.g. the
length, z, and azimuthal anglg) can be obtained. The radial component (r) of ghsition will be
derived from the drift time of charges.

The Tracking Principle

The combination of segmentation and pulse-shapysaasgrovides the energies and positions of the
multiple gamma-ray interaction points. Tracking aalthms are then used to identify and separate
individual gamma rays, to reconstruct their fulleegy, and to determine the time sequence of the
interactions. The principle of tracking is basedtloe physics of gamma-ray interactions (i.e.,pheto
absorption, the Compton scattering, and the paidyetion). The absorption ofyaray in matter is a
statistical process, which usually consists of ssvadividual interaction steps, often severaltoaater
apart, depending on the initiglray energy. At each interaction point, part of anma-ray energy is
transferred to the detector. For a fully absorbathma ray, the last interaction is a photo absamptio
event. The goal of tracking is to identify the natetion points that belong to the sagevent and to
reconstruct their scattering sequence.

Compton scattering

Compton scattering is the scattering of photonsnfrelectrons. It is the predominant interaction
mechanism between ~200 keV and 5-6 MeV. As sketbleéalv, the incoming ray transfers a fraction
of its initial energy to a electron, which is egdty the atom (recoil electron), and the scattgmay is
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deflected through an anglethat ranges betweer? 8nd 186. Assuming that at the instant of scattering
the electron is unbound and at rest, the energlyeo$cattered photon, Fis derivable from energy and
momentum conservation,

E
E, = . (1)

14 Ey
R (1- cosd)

where mc? is the rest-mass energy of the electron (511 k&k@. energy ranges from, & @ minimum

value of approximately g%2. If the energies Jfand E are measured, the scattering angle can be
calculated from eq. (1).

If, the positions of the gamma-ray interaction peiare known, the scattering an§fecan be obtained
from the coordinates of the three points involvasli{lustrated below):

cosg® = P Py
PP/

(2)

Equations (1) and (2) are the foundations of theking concept, since they provide two independent
determinations of the angle involved in the sanatedng process. For a correct Compton scattering
event, they should have the same value.

By comparing the two values of the angle at eaclthef interaction points the correct scattering
sequence can be determined. For a gamma ray witteMction points, there are N! possible scattgrin
sequences. The most likely scattering sequencetésrdined by means of a least-squares minimization
of the angle differences. To check the validityagjiven interaction sequence, we calculate thetguan

X=y (‘9“9 j ©

n=1 Ug
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whereos is the uncertainty of the angle measurement wtakbs into account the uncertainty of the
position determination and the distance traveledhey ray between the two points. The calculation
starts at the first interaction point, assuming ¢glaenma ray is emitted at the target position, dred t
gamma ray energy is the sum of energy depositedl Hie interaction points (a peak event). The sum
includes all the vertices, up to the last Comptoattering point. Ideally, among the N! possible
permutations of the points, the correct sequenbese energies add to a peak event, should have a ze
value of X2 In practice, due to the finite energy and positiesolution of the detector, té is finite
even for the correct sequence. This representsmiavoidable limitation to the reconstruction effioby

of the tracking algorithm. Since the absolute vaifiet’> does not carry any physical meaning, an
acceptance threshold on its distribution is seeddmg on the quality of the reconstructed spedtne.
reconstruction efficiency of a tracking algorithinaagiveny-ray energy is measured as a percentage of
correctly identified events, i.e. those in the ppeak. Typically, a highex® threshold would give
higher efficiency to the detriment of the peak#tat. The reconstruction efficiency of tracking
algorithm strongly depends on the position resotytior efficienty-ray tracking algorithms a position
resolution of ~1-2 mm is required

Pair production

For gamma-ray energies above a few MeV (threshadilgy equal to 2pe) pair production can occur.
This process is characterized by the disappea@tbe photon in the Coulomb field of the nuclend a
by the creation of an electron-positron pair. Rawduction events are easily recognized from their
characteristic signature: a point with energy 22 MeV and two 0.511 MeYrays emitted back-to-
back. The tracking of the 0.511 MeV gamma raybéssdame as the Compton event discussed above.
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APPENDIX B. Expected Gretina Performance

Detector module

Number of Ge crystal

30

Size of Ge crystal

8 cm Dia x 9 cm L (before shgpin

Number of segments

6 X6

Energy resolutioh

2.1 keV average, 2.3 keV max. at 1.33 Me\
1.15 keV average, 1.4 keV max. at 0.122 M

Time resolution

~ 7 nsec at 1.33 MeV

Array peak efficiency

~8.3% at 1.33 MeV

Array peak-to-total ratio

~ 46% at 1.33 MeV

Support structure

Distance from target to Ge crystal 15 cm
Translation range 30 inches
Rotation range +90°
Target Chamber

Target positioning Remote
Accommodate auxiliary detectors

Signal Digitizer

Sampling rate 80-100 MHz
Resolution 14 bits
Integral nonlinearity in energy 0.1%
Differential nonlinearity in energy 1%

Output

ID, Energy, LE time, CFD time, signal trace

Trigger and Readout

Readout speed

10 MB/s/crystal

Accommodate auxiliary detector

Computation

Data processing rate

25,000 gamma/s

Data storage rate 10 MB/s
Performance®

Position resolution 1-2 mm
Efficiency’ 6.2% at 1.33 MeV

Peak-to-total

60% at 1.33 MeV

[1] Based on manufacturer agreedqbype specification
[2] For other energies see Figuke 4

[3] Based on existing algorithms

[4] With signal decomposition eféincy of 85%, and tracking efficiency of 88%
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