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Developments in large gamma-ray dete
tor arrays 51. Introdu
tionThe energies of ele
tromagneti
 radiations span eighteen orders of magnitude, from�10�6 eV used in radio and tele
ommuni
ations, to �106 MeV produ
ed in 
ata
lysmi
events in gala
ti
 nu
lei. Gamma rays refer to the upper part of the range, above about0.1 MeV. At the highest part this range, the higher energy 
 rays (above 20 MeV)are dete
ted with very di�erent te
hniques from those reviewed in this arti
le, Pb
alorimeters or atmospheri
 air showers asso
iated with Cherenkov light dete
tors. Weshall fo
us here on the dete
tion of 
 rays with energies ranging from 0.1 MeV to�20 MeV whi
h is the natural range for 
 rays emitted by nu
lei. Germanium (Ge) semi-
ondu
tor dete
tors are most 
ommonly used in this energy range when high energy-resolution is needed. Unpre
edented development of arrays of Ge dete
tors has o

urredin the last two de
ades and it has been driven both by physi
s (largely nu
lear physi
s)and by te
hnologi
al advan
es. The purpose of this arti
le is to review the developmentof high-resolution 
-ray dete
tors together with some of the nu
lear physi
s motivation.Gamma rays are emitted in nu
lear pro
esses during radioa
tive de
ay or innu
lear rea
tions. Dete
tion of these 
 rays gives basi
 information on the nu
learenergy levels: their energy and intensity determine the position of the levels; the
-ray emission times measure the lifetime of levels whi
h, in some 
ases, 
an givedeformation parameters; their polarization gives the parity of levels; and their angulardistributions and 
orrelations provide information about spins, magneti
 moments,and stati
 quadrupole moments, among other things. In the last 10-15 years, largeimprovements in eÆ
ien
y and sensitivity of high energy-resolution dete
tors have ledto important dis
overies in nu
lear stru
ture.Generally, nu
lear rea
tions o

ur when an energeti
 beam of nu
lei impinge on�xed target nu
lei. In the beam-energy range used in nu
lear stru
ture studies (a fewMeV per nu
leon), the two nu
lei may fuse to form a `
ompound nu
leus' whi
h 
an havea range of ex
itation energies and angular momenta. Typi
ally these nu
lei deex
ite byemitting a few nu
leons (whi
h remove mu
h of the energy) and then by 
 ray 
as
adeswhi
h remove most of the angular momentum. Be
ause the rea
tions introdu
e up tonearly 90 �h of angular momentum and the dominant multipolarities of this 
 radiationare dipole or quadrupole (removing only 1 or 2�h ea
h), many 
 rays will be emitted ina 
as
ade from a high angular momentum event. It is the study of these 
 rays thatgives the information on the stru
ture of the nu
leus. Based on this pi
ture, almost anykind of nu
lear physi
s study involving 
 rays requires sele
ting parti
ular 
as
ades of
 rays from a high ba
kground of unwanted 
 rays. These unwanted 
 rays are of twokinds: i) the 
 rays with partial-energy deposited in the dete
tor, whi
h do not 
ontainany useful information; ii) the many other 
as
ades produ
ed in rea
tions that are notof interest. This sele
tion is typi
ally made by 
onstru
ting multidimensional spe
traof time-
orrelated (
oin
ident) 
 rays whi
h 
ompose a (partial) de
ay 
as
ade in thenu
lear rea
tion. Multidimensional spe
tra are essential as they provide a larger spa
eto isolate the various 
as
ades.



Developments in large gamma-ray dete
tor arrays 6In order to isolate the interesting 
as
ades, several requirements must be met.(1) Two 
 rays 
lose in energy should be distinguishable. This means that thepeak asso
iated with 
 rays of a given energy in a spe
trum should be as narrow aspossible. We refer to this 
hara
teristi
 as a high energy resolution. This is ful�lled inGe semi
ondu
tors be
ause of the small band gap between the valen
e band and the
ondu
tion band. Typi
ally, the width of a 1 MeV 
-ray peak is around 2 keV (0.2 %).(2) The dete
tion of full-energy peaks should be as eÆ
ient as possible, i.e., we needa high full-energy eÆ
ien
y. This requires large Ge 
rystals. The typi
al large dete
torsare 
ylinders approximately 7 
m in diameter and 8 
m in length (7x8). Still only 20%of in
ident 1 MeV 
 rays deposit their full energy in su
h a dete
tor. The in
ident 
 raytraverses the dete
tor without intera
tion 10% of the time and 70% of the time the 
 rayintera
ts but a Compton-s
attered 
 ray es
apes the dete
tor before it intera
ts again.(Typi
ally a 1 MeV 
 ray that deposits its full energy in one dete
tor has intera
tedfour times in that dete
tor.) This property is referred to as a 22% peak-to-total ratio(0.2/0.9).(3) Sin
e there are often many 
 rays (e.g. 20 to 30) emitted in ea
h event, weneed in prin
iple to dete
t ea
h one separately in ea
h dete
tor, otherwise we lose thesingle 
-ray energy information. Therefore a dete
tor system should 
onsist of an arrayof many dete
tors and it is said to have a high granularity.(4) To eliminate the partial-energy events, the Ge dete
tor is surrounded bya Compton suppressor , a low-resolution dete
tor whi
h dete
ts very eÆ
iently thes
attered 
 rays that es
ape, and gives a signal vetoing the re
ording of the energydeposited in the Ge dete
tor, thus in
reasing the peak-to-total ratio. For the last twentyyears, the best performan
e was obtained by using large arrays of Compton-suppressedGe dete
tors. One of the two largest present arrays, Gammasphere [1℄, 
onsists of 110su
h dete
tor-suppressor elements.(5) Sin
e we a

ummulate 
 rays from many events in a multidimensional array,we need to keep the time 
orrelation of the 
oin
ident 
 rays within a 
as
ade that
onstitutes an event. This is done by extra
ting a time signal from ea
h dete
tor andthen using fast ele
troni
s to 
orrelate them. Typi
ally, a time resolution of 5 to 10 nsis a
hieved.Re
ently, it was realized that more 
ould be gained by adding ba
k the Comptons
attered 
 ray rather than using it to suppress the 
 ray. The �rst step was the use of
omposite Ge dete
tors where one 
ould add the time-
orrelated signal from an adja
entGe dete
tor. But in the last 7 to 8 years, the 
on
ept of tra
king dete
tors has beendeveloped and it has been shown that, in 
ertain appli
ations, a fa
tor of at least 1000 insensitivity over previous arrays 
ould be gained by using an array of tra
king dete
tors.In e�e
t, su
h an array is equivalent to a set of many (� 3600) small dete
tors, ea
hdete
ting one 
-ray intera
tion, all of whi
h are used to re
onstru
t the in
ident 
 rayswith mu
h better eÆ
ien
y than before.In addition to developing new and more eÆ
ient dete
tors or arrays, majordevelopments in ele
troni
s and 
omputer systems have been ne
essary to handle the



Developments in large gamma-ray dete
tor arrays 7vast in
rease in data pro
essing. This means not only fast and reliable `miniaturized'ele
troni
s but also a lot of 
omputer storage spa
e to re
ord and pro
ess the data. Bothhave evolved rapidly in re
ent years and will be reviewed in the 
ontext of the 
-raydete
tor developments.2. Evolution of Gamma-ray Dete
tors: Histori
al Perspe
tiveGamma-ray dete
tion is based on the e�e
t of a 
 ray intera
ting with matter [2, 3℄.For our purposes there are only three important types of intera
tion of a 
 ray withmatter. These are 
alled (I) the photoele
tri
 e�e
t , (II) the Compton e�e
t and (III)the pair-produ
tion e�e
t . The 
hara
teristi
s of these e�e
ts are important in dete
tordesign and we will review them brie
y.2.1. Intera
tion of 
 radiation with matterAt low 
-ray energies (E
 < 0:2 MeV ), the photoele
tri
 e�e
t dominates (see �gure1). In this pro
ess, the 
 ray is absorbed and the energy is used to eje
t a boundele
tron from an atom in the dete
tor material, ionizing the atom. The ele
tron 
annotbe free be
ause a third body must be present to ensure momentum 
onservation.Subsequently, the va
an
y is �lled and the emitted X rays are absorbed (throughsubsequent photoele
tri
 e�e
ts) and the eje
ted ele
tron is stopped through 
ollisionswith other loosely bound ele
trons. The net e�e
t is the produ
tion of primary ion-ele
tron pairs whose number is proportional to the 
-ray energy. The 
ross se
tion forthis pro
ess is roughly proportional to Zn=E3
 , with n between 4 and 5, emphasizing theneed for high-atomi
 number (Z) dete
tor materials.In the medium-energy range (0:2 < E
 < 5 MeV ), the predominant intera
tion isCompton s
attering; i.e., the elasti
 
ollision of a photon on an outer ele
tron (of theabsorbing material) 
onsidered as free. Thus, the in
ident photon of energy E
 s
attersinto another photon of smaller energy E 0
 at an angle � to the in
ident dire
tion andthe rest of the energy is 
arried by the ele
tron. The energy of the s
attered photondepends on the s
attering angle �:E 0
 = E
1 + E
m0
2 (1 � 
os�) (1)wherem0 is the mass of the ele
tron (m0
2 = 0:511MeV ). The angular distributionof the s
attered photon depends on E
 and is given by the Klein-Nishina formula (seereferen
e [4℄): the probability for forward s
attering in
reases with the 
-ray energy. Thes
attered 
 ray 
an either: (i) intera
t again in the same dete
tor through a photoele
tri
e�e
t or another Compton s
attering and the pro
ess may 
ontinue until all the 
-rayenergy is absorbed in the dete
tor; or (ii) it may es
ape the dete
tor and part of thein
ident energy is lost. Thus, an in
ident 
 ray that Compton-s
atters out of the dete
torprodu
es a signal with any energy up to a 
ertain maximum (
alled the Compton edge)dedu
ed from the above formula (at � = 180Æ) and therefore does not give the energy
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tor arrays 8information of the in
ident 
 ray (see �gure 10-1 in [5℄). The 
ross se
tion for Comptons
attering is proportional to Z (i.e. to the number of free ele
trons).At higher energies (E
 > 5 MeV ) the pair-produ
tion pro
ess dominates (itsthreshold is 1.022 MeV, or twi
e the ele
tron rest mass). A photon produ
es an ele
tron-positron pair in the ele
tri
 �eld of a nu
leus in the dete
tor material. The energy inex
ess of 1.022 MeV goes into kineti
 energy of the ele
tron and the positron. Thepositron subsequently annihilates after slowing down in the dete
tor material and this
reates two 0.511 MeV photons that are emitted ba
k to ba
k in angle. One or two ofthese photons may es
ape the dete
tor, leaving in the dete
tor an energy E
�0:511MeV(whi
h gives rise to the single-es
ape peak in a spe
trum) or E
 � 1:022 MeV (double-es
ape peak). The 
ross se
tion for this pro
ess (see [3℄) is approximately proportionalto Z2.2.2. Dete
tor responseFigure 2 shows the response of a typi
al 
-ray dete
tor, (here a large Ge dete
tor, 10 
mdiameter x 9 
m long) to a monoenergeti
 
-ray sour
e in the simplest 
ase where the
-ray energy is below the pair-
reation threshold. This spe
trum is the distribution ofpulse heights obtained at the output of the dete
tor from identi
al 
 rays that intera
tedin the Ge 
rystal. The full-energy peak 
orresponds to events where the in
ident 
 raywas fully absorbed in the dete
tor through a photoele
tri
 e�e
t or through severalCompton intera
tions followed by a photoele
tri
 e�e
t. Below the full-energy peak,the lower-energy 
ontinuum is due to es
aped Compton events. In an event in whi
hthe �rst s
attered photon es
apes the 
rystal, the energy in the dete
tor is less thanthe Compton edge. Multiple Compton events where the last s
attered photon �nallyes
apes give a signal between the Compton edge and the full-energy peak. From thisspe
trum, one 
an de�ne the two most important 
hara
teristi
s of a dete
tor. (1)Energy resolution; the energy resolution ÆE
=E
 of the dete
tor is de�ned as the full-width at half maximum (FWHM) of the full-energy peak divided by the mean pulseheight of the full-energy peak (therefore expressed as a per
entage). (2) Peak-to-totalratio P/T; this ratio expresses the fra
tion of useful 
-ray 
ounts in the spe
trum. It isthe ratio of the area of the full-energy peak to the total spe
trum area.2.3. The semi
ondu
tor Ge dete
torsGermanium semi
ondu
tor dete
tors were �rst introdu
ed in 1962 (see referen
e [6℄) andare now the dete
tors of 
hoi
e for high energy-resolution 
-ray studies. These dete
torsdire
tly 
olle
t the 
harges produ
ed by the ionization of the semi
ondu
tor material.One ele
tron-hole pair is produ
ed on the average for every 3 eV absorbed from theradiation. (This results in approximately a fa
tor of hundred more 
harge than 
an beobtained for a typi
al s
intillator material, e.g. NaI(Tl)). These pairs drift under anexternal ele
tri
 �eld to the ele
trodes where they generate the pulse. The high number
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tor arrays 9of information 
arriers leads to a small per
entage 
u
tuation and this is the reason forthe high energy resolution (of order 0.2% for a 1 MeV 
 ray) of Ge dete
tors.Semi
ondu
tors used in dete
tors are single 
rystals and the periodi
 latti
egenerates ele
tron bands (allowed levels for the ele
trons in the solid) whi
h are separatedby regions of forbidden energy or band gaps. The ele
trons that form the 
ovalent bondsare bound to the 
rystal and 
ompletely �ll one band whi
h is 
alled the valen
e band .The next higher band is 
alled the 
ondu
tion band and when it is partially �lled, asin metals, the material is a 
ondu
tor. When the two ends of a pie
e of 
ondu
tor are
onne
ted to di�erent potentials, a 
urrent 
ows that would mask a 
urrent generated byan ionizing radiation. In an insulator or a semi
ondu
tor, the 
ondu
tion band is emptyand only the thermal ex
itation generates a 
urrent in the absen
e of ionizing radiation.This is 
alled the bulk leakage 
urrent and it is greater in a semi
ondu
tor (where theband gap is smaller, � 1 eV) than in an insulator (where the band gap is � 5 eV). Boththe larger band gap and the 
harge 
arrier transport properties eliminate insulators aspossible dete
tor materials. Insulators tend to trap the 
harges that are 
reated by the
 rays and therefore the in
omplete 
harge 
olle
tion gives a degraded signal that is notproportional to the 
-ray energy. In 
ontrast, 
harge 
arriers in semi
ondu
tors havea high mobility. It turns out that only two single-element semi
ondu
tor materials,namely sili
on (Si) and germanium (Ge), (and a number of 
ompound materials, seeparagraph 3.5.2) give a signal that is high enough above the noise (reasonably largeband gap), is proportional to the energy deposited in the 
rystal (little trapping), andhave a good energy resolution (reasonably small band gap).However, the dete
tor 
annot simply 
onsist of the semi
ondu
tor material andtwo ele
trodes be
ause there are inherent impurities in these materials. Both Si and Gehave a valen
e 4 and when an impurity of valen
e 3 (a

eptor) or 5 (donor) exists inthe 
rystal, it lowers the energy ne
essary to 
reate ele
tron-hole pairs and this tendsto 
reate too mu
h noise. The Ge 
rystal with a

eptor impurities is 
alled p-type(Ge) material and the same with donor impurities is 
alled n-type (Ge) material . Thesolution (see referen
es [5, 7, 8℄) is to 
reate a p-n jun
tion at one ele
trode and topolarize it so that no 
urrent passes through when there is no ionizing radiation (thisis 
alled reverse biasing or using noninje
ting or blo
king ele
trodes). This 
reates aregion 
alled the depletion layer where few 
harge 
arriers remain, resembling a puresemi
ondu
tor. With a suÆ
ient voltage, the ele
tri
 �eld 
an 
reate a large enoughdepleted volume to make a viable dete
tor (see paragraph 3.1.1).2.3.1. The Ge(Li) dete
tors. The �rst semi
ondu
tor dete
tors were very small be
ausethe depletion layer 
ould only be made very thin (a few mm) before the high ele
tri
�eld applied would break down the dete
tor. In 1960, it was shown [9℄ that mu
hthi
ker depletion layers 
ould be obtained by 
ompensating the ex
ess impurity in thep-type material. This 
ould be a
hieved by drifting at somewhat high temperaturesome donor in that 
onta
t, largely neutralizing the existing impurities. The reason forthis `breakthrough' is that the donor (interstitial) small ions of Li 
an be drifted easily
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tor arrays 10by an ele
tri
 �eld and that the donor impurities 
ompensate `exa
tly' the a

eptorones. With su
h a pro
ess, dete
tors of thi
kness up to 20 mm 
ould be made, greatlyimproving the dete
tion eÆ
ien
y. After the drifting pro
ess, the dete
tor must be kept
old (generally at the liquid nitrogen temperature of 77K) to prevent the lithium fromdi�using in the 
rystal and destroying the 
ompensation.2.3.2. The High-Purity (HPGe) Ge dete
tors. A step forward was a
hieved whenhigher purity Ge material 
ould be fabri
ated [10, 11℄, with impurity 
on
entration of1010 atoms/
m3 instead of 1013 atoms/
m3, eliminating the need for Li 
ompensation.This means that the material has a higher resistivity whi
h is proportional to the squareof the depletion layer's thi
kness. This paved the way for the manufa
ture of larger andmu
hmore eÆ
ient dete
tors. More details on the properties of semi
ondu
tor dete
torswill be given in the next se
tion.2.4. Gamma-ray dete
tor arraysA system with more than one dete
tor allowed 
�
 
oin
iden
e experiments where two
 rays are identi�ed through time 
orrelation as belonging to the same 
as
ade fromone event. Fairly 
ompli
ated level s
hemes 
ould then be 
onstru
ted, leading to mu
hmore re�ned studies of nu
lear stru
ture.The next big step in 
-ray dete
tion o

urred in 1980's when the �rst arrays ofmultiple Ge dete
tors were assembled. There were two fa
tors that greatly in
reased thepower of su
h dete
tion systems. First, the number, N , of Ge dete
tors used in
reasedthe 
oin
iden
e eÆ
ien
y whi
h is proportional to (N�)f , where f is the number of 
 raysdete
ted (f is 
alled the fold number) and � is the eÆ
ien
y of one dete
tor. Se
ond, theuse of Compton-suppressed Ge dete
tors in
reased the peak-to-total ratio signi�
antly(typi
ally from �20% to �50%) and therefore redu
ed the ba
kground of 
 rays thatdo not 
arry energy information. These developments have 
ulminated in large arrayswith nearly 4� solid angle 
overage and involving approximately 100 dete
tors. The twolargest arrays today are Gammasphere [1℄ in the U.S. and Euroball [12, 13℄ in Europe.2.5. Towards the ultimate arrayIdeally, one would like to dete
t every 
 ray emitted in an event and know its energy,emission angle and time, ea
h with good resolution. One 
ould then do an event-by-event analysis, and know all the states a nu
leus is de
aying through as it deex
ites.This would give a mu
h more detailed knowledge of the nu
lear stru
ture. In pra
ti
e,this 
annot be done be
ause the Ge dete
tors are not 100% eÆ
ient; they 
annot bemade long enough, and there are dead layers and lost spa
e between the dete
tors. Alsothe granularity needs to be high to allow 
omplete separation of ea
h individual 
 ray.The newest idea is to use a `shell' of many (� 100) highly segmented Ge dete
torsand to `re
ognize' when partial energies 
ome from a single in
ident 
 ray by tra
kingea
h intera
tion in ea
h dete
tor. This is far more eÆ
ient than using Compton
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tor arrays 11suppressors. However, this latest advan
e is still in the resear
h and development stage.We will end this review by des
ribing su
h a system that we are 
urrently developing
alled GRETA, the Gamma Ray Energy Tra
king Array.3. Properties of Ge semi
ondu
tor dete
tors3.1. Des
ription of a HPGe dete
torIn this se
tion, we will des
ribe high-purity germanium dete
tors (HPGe). A HPGedete
tor is a p-n jun
tion of extremely high purity material (i.e., with an impurity
on
entration as low as � 1010 atoms/
m3).3.1.1. Basi
 prin
iple. Figure 3 shows the 
on�guration of a HPGe planar dete
tor. Inthis example, an n-type material is used. A p-n jun
tion is formed by implanting borononto the (left) surfa
e of the Ge whi
h has been lapped. This surfa
e then 
ontains highlydoped p-type material (noted by p+). On the right surfa
e, a layer of highly doped n-type material (n+) is 
reated by di�using Li over a very thin region of the material.At the p-n jun
tion (left edge), a 
harge 
arrier di�usion o

urs (ele
trons into the p+layer and holes into the bulk n-type material) be
ause of abrupt density gradients. Theoverall e�e
t is a net negative spa
e 
harge of ele
trons in the p+ 
onta
t and a netpositive spa
e 
harge of �lled donor sites in the n-type material, extending over a �niteregion near the jun
tion 
alled the depletion layer . This 
reates a potential di�eren
e
alled a 
onta
t potential whi
h prevents further di�usion of ele
trons and holes. Thesites in the thin depletion layer do not 
ontribute to the 
ondu
tivity, therefore thematerial in the depletion layer has a very high resistivity.A reverse biasing of this stru
ture (p-n jun
tion, bulk n-type material, and n+
onta
t) 
onsists of applying a negative voltage on the p+ side as indi
ated in �gure 3.The p+ 
onta
t (i.e., the 
onta
t on the p-n jun
tion side) is 
alled the re
tifying 
onta
t .Pra
ti
ally all the applied voltage appears at the edges of the depletion region be
auseof its very high resistivity as 
ompared with the adja
ent regions. However, sin
e thereverse biasing in
reases the potential di�eren
e above the 
onta
t potential, appli
ationof the Poisson equation implies that the spa
e 
harge both in
reases and extends further.(The Poisson equation reads 52' = ��=�m, where ' is the potential at any point, � isthe net 
harge density, and �m is the diele
tri
 
onstant of the material). When suÆ
ientvoltage is applied, the depletion layer extends over the full length of the n-type materialand the resulting spa
e 
harge is shown in �gure 3. As mentioned before, the region ofthe depletion layer, whi
h 
onstitutes the a
tive volume of the dete
tor, has a very highresistivity and therefore its leakage 
urrent is very small. When a 
 ray intera
ts inthe a
tive volume, it 
reates ele
trons whi
h are 
olle
ted on the n+ 
onta
t, while theholes are 
olle
ted on the p+ 
onta
t, and the 
urrent that o

urs as the ele
trons andholes move toward the ele
trodes, on
e integrated, 
onstitutes the 
-ray energy signal.In pra
ti
e, one in
reases the applied voltage beyond the value ne
essary for full
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tor arrays 12depletion by a quantity 
alled the overvoltage in order to in
rease the mobility of theele
trons and holes and ensure that the total 
harge 
reated by the 
 ray is 
olle
tedbefore it is trapped in the material or re
ombines. The operating ele
tri
 �eld andele
tri
 potential are shown in �gure 3 for an n-type HPGe planar dete
tor. Note thatthe amount of overvoltage is limited by the purity of the material sin
e a lower resistivitywould lead to a breakdown of the dete
tor at a lower voltage.3.1.2. Shape. Sin
e the depth of the depletion layer is limited by the material itself, itis obvious that a 
oaxial 
on�guration will lead to a larger a
tive volume than a planar
on�guration. Figure 4 shows a s
hemati
 drawing of an n-type 
oaxial HPGe dete
tor.In su
h a 
losed-end dete
tor, a 
ylindri
al hole is drilled along the 
entral axis of thedete
tor for the n+ Li-di�used 
onta
t, whose thi
kness is typi
ally 600 �m. This holedoes not rea
h the other end of the dete
tor. The outer surfa
e (ex
ept the 
at fa
ewith the hole opening) is used as the implanted boron p+ 
onta
t whi
h has a typi
althi
kness of 0.3 �m. When a 
-ray intera
tion o

urs, the ele
trons move toward theinner ele
trode and the holes toward the outer ele
trode. The surfa
e of the 
losed endis usually the entran
e window of the dete
tor whi
h is very thin. In su
h a dete
tor,the ele
tri
 �eld is not uniform over the a
tive volume. The �eld lines are approximatelyradial ex
ept near the 
losed-end region.3.1.3. n-type vs p-type. What determines the 
hoi
e between n-type and p-type 
oaxialdete
tors is their sensitivity to radiation damage. In some of the most importantappli
ations using (many) large-volume HPGe dete
tors, su
h as for in-beam nu
learstru
ture studies or for astrophysi
s, it is essential to maintain good energy resolutionwhen the dete
tor is damaged by other radiation present, mostly fast neutrons or high-energy protons. It turns out that manufa
turers always lo
ate the re
tifying 
onta
t onthe outer surfa
e of a 
oaxial dete
tor be
ause the ele
tri
 �eld is then highest at theouter surfa
e where most of the dete
tion volume is lo
ated. Radiation damage [14, 15℄
onsists of hole traps whi
h are produ
ed when an energeti
 parti
le intera
ts with aGe nu
leus, imparting enough energy to the nu
leus to dislo
ate many other Ge atomsin the latti
e. This 
reates a disordered region whi
h a

ummulates many ele
tronsand ele
trostati
ally attra
ts and traps holes. One thus wants to minimize the distan
etravelled by holes, so they should travel to the outer surfa
e. These two 
onditionsrequire n-type dete
tors, and it has been found [16℄ that they are, indeed, more than anorder of magnitude less sensitive to radiation damage than p-type dete
tors.Studies of temperature e�e
ts and bias e�e
ts on the performan
e of (n-type)radiation-damaged dete
tors [14℄ gives guidan
e on how best to operate them. Theoperating temperature should be as low as possible (below 85 K) sin
e thermal ele
tronsat higher temperature have enough energy to populate a hole trap, making it morenegatively 
harged, and therefore a more eÆ
ient hole trap. The dete
tors should bekept under bias at all times sin
e a dete
tor with no bias has more negatively 
hargedtraps due to the presen
e of more free ele
trons in an undepleted n-type 
rystal.
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tor arrays 13Typi
ally, with a fast-neutron (> 1 MeV) 
ux of � 5�109n=
m2 [16, 17℄, the energyresolution of a large n-type 
oaxial dete
tor will start to show signi�
ant degradation.Hole traps 
an be removed by annealing the dete
tor at approximately 100Æ C for a fewdays (under va
uum (10�6 mbar) to de
rease the risk of surfa
e 
ontamination).3.2. Energy resolution, time resolutionThe energy resolution of a dete
tor is usually de�ned as the full width at half maximum(FWHM) of a monoenergeti
 full-energy peak (in the spe
trum) divided by the value ofthis energy. The width of the peak originates from the random 
u
tuations that o

urin the (statisti
al) 
harge 
reation and 
olle
tion pro
ess and from various noise sour
es.The noise in
ludes 
ontributions from both the dete
tor and its asso
iated ele
troni
s.Typi
ally, the FWHM is divided into two 
omponents, one of statisti
al origin and theother resulting from the noise in the system:(FWHM)2total = (FWHM)2statisti
al + (FWHM)2noise (2)3.2.1. Intrinsi
 energy resolution. The intrinsi
 energy resolution is the 
ontributionto the energy resolution whi
h 
omes from the nature of the material and it is relatedto the 
harge 
reation statisti
s. In a Ge dete
tor, the average ionization energy (i.e.,energy expended on the average to 
reate an ele
tron-hole pair) is measured [18℄ tobe 2.96 eV at 90 K whereas the band gap in Ge is � 0.7 eV. These di�er be
ausethe pair 
reation pro
ess involves 
ompli
ated ex
itations in the 
rystal whi
h are notfully understood. The 
reation of pairs is treated as a statisti
al pro
ess with random
u
tuations 
al
ulated by assuming that the formation of ea
h 
harge 
arrier obeysPoisson statisti
s. If there are N ele
tron-hole pairs 
reated on the average by a photonof energy E that is fully absorbed (i.e., N=E/2.96, where E is in units of eV), theinherent 
u
tuation in the number of pairs is 
hara
terized by a standard deviation� = pN . Then the response should be a Gaussian 
urve (be
ause N is large) witha standard deviation � = pN and the FWHM in energy would be 2:35p2:96E. Inpra
ti
e, there are 
orrelations in the ele
tron-hole formation pro
ess and the FWHM isredu
ed by a fa
tor pF , where F is 
alled the Fano fa
tor. For Ge and Si material, F isapproximately 0.12. Typi
al intrinsi
 Ge energy resolutions are given in [19℄ for variousenergies. For example, at E
 = 1 MeV, the (FWHM)stat is 1.40 keV.3.2.2. Noise 
ontribution. The other important 
ontribution to the width of an energypeak 
omes from the noise generated in the dete
tor and in asso
iated pulse pro
essingele
troni
s. However, energy resolution is not the only 
onsideration in performing ameasurement. Typi
ally, an experiment is performed at high 
ounting rates in orderto a

ummulate more 
ounts. This entails shorter shaping times of the ele
troni
pulses whi
h tends to in
rease the noise. Thus 
ompromises must be made to optimizethe desired quality of the data. In the next paragraph, we will brie
y review the
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tor arrays 14basi
 features of the main ele
troni
s 
omponents in order to 
hara
terize the noise
omponent. Other details will be given in se
tion 5.The basi
 elements of the ele
troni
 
omponents for a pulse shape analysis systemare shown in �gure 5. The ele
troni
 
omponents transform the small 
urrent signalat the dete
tor ele
trodes (�gure 6, top) into a large voltage signal whose amplitudeis proportional to the energy deposited by the radiation in the dete
tor, and whosewidth is narrow enough to allow a high 
ount rate without overlapping the signals. Themost important 
omponent is the input stage of the preampli�er whi
h is the �eld-e�e
ttransistor (FET) [20℄. It is essential to minimize its noise sin
e the signal is very smallbut, at the same time, the FET gain should be large enough to make noise sour
esin later stages negligible. In Ge dete
tors, the FET is 
ommonly 
ooled to minimizethe noise power whi
h depends on the temperature. It is maintained at an optimumtemperature of approximately 130 K where the noise is minimum [21℄. This is slightlyhigher than the temperature of the dete
tor itself (around 80 K) whi
h would freezeout the main dopant of the FET. The pulse shape at the output of the preampli�er isshown in �gure 6 (middle) with a short risetime 
orresponding to the 
harge 
olle
tiontime in the dete
tor, an amplitude proportional to the 
harge a

ummulated at theele
trodes and a 
omparatively long exponential de
ay time (� 50 �s). This means that
onse
utive pulses might overlap.The linear ampli�er solves that problem by shaping the preampli�er signal so thatit be
omes shorter (�gure 6, bottom) and at the same time, it �lters out some noise.The simplest one is a CR di�erentiator followed by an RC integrator: the di�erentiatoris a high-pass �lter and will eliminate low-frequen
y noise, the integrator is a low-pass�lter and will eliminate the high-frequen
y noise while the signal, whi
h is 
on�ned toan intermediate narrower band, is un
hanged. In pra
ti
e, more 
omplex 
ombinationsof di�erentiation and integration 
ir
uits are used. Baseline restorers [5, 19℄ furtherredu
e baseline 
u
tuations. For example, the energy resolution for a Gammaspherelarge (approximately 7x8) 
oaxial Ge dete
tor is �2 keV for the 1.332 MeV 
 ray froma 60Co radioa
tive sour
e with a shaping time of 16 �s.3.2.3. Time resolution. In a typi
al nu
lear stru
ture experiment, an event is identi�edby the `
oin
ident' arrival time of the 
 rays, typi
ally within a few pi
ose
onds (ps). Arealisti
 time resolution of a few ns allows the separation of one event from another butdoes not give the time sequen
e of the 
 rays within a 
as
ade. The time resolution isde�ned as the FWHM of a distribution 
urve of the time interval between the dete
tion,in two dete
tors, of two 
 rays (whi
h arrived nearly simultaneously).The time asso
iated with the dete
tion of a 
 ray is measured from the preampli�ersignal. A signal with a fast rise time is generated in a timing ampli�er (see �gure 5)and a time signal is then produ
ed using a so-
alled 
onstant fra
tion dis
riminator .It is widely used when there is a large range of signal amplitudes be
ause the outputsignal is produ
ed at a �xed time after the leading edge of the pulse has rea
hed a
onstant fra
tion of the pulse amplitude. Thus this time is independent of the pulse
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tor arrays 15amplitude provided. Un
ertainties in the timemeasurement then 
ome from noise in theele
troni
 units as well as from signals having di�erent shapes. Statisti
al 
u
tuationsin the number of information 
arriers (e.g., distan
e traveled, impurities or �eld non-uniformities) will lead to 
u
tuations in the signal shape. A time resolution of a 4 to5 ns is usually obtained for large HPGe dete
tors 
ompared with a total risetime of 200to 300 ns.3.3. EÆ
ien
y, peak-to-total ratio3.3.1. EÆ
ien
y. The intrinsi
 full-energy peak eÆ
ien
y �p of a dete
tor is de�ned asthe ratio of the area of the full-energy peak divided by the number of (monoenergeti
)
 rays in
ident on the dete
tor. One 
an also de�ne an absolute full-energy eÆ
ien
y�a whi
h depends on the distan
e of the dete
tor to the 
-ray sour
e and on the sizeof the dete
tor, i.e., on the dete
tor solid angle 
. This eÆ
ien
y �a is the ratio of thearea of the full-energy peak divided by the number of 
 rays emitted by the sour
e,i.e., �a = �p:
=4�. This de�nition assumes an isotropi
 emission by the sour
e. Similartotal eÆ
ien
ies 
an be de�ned by using the total number of 
ounts in the spe
truminstead of the 
ounts in the full-energy peak. For histori
al reasons, the full-energypeak eÆ
ien
y is given [22℄ relative to that of a standard 7.5 
m diameter, 7.5 
m long
ylindri
al NaI(Tl) s
intillator for the 1.33 MeV 
 ray emitted by a 60Co sour
e lo
ated25 
m from the dete
tor (the NaI eÆ
ien
y �a is 1:2 x 10�3). Thus, for example, atypi
al Gammasphere HPGe dete
tor has a `relative eÆ
ien
y' of 70%.3.3.2. Dete
tor size. The larger the a
tive volume of a dete
tor the larger the 
han
eof total absorption of the 
 ray. However, larger dete
tors are not always desirable dueto summing e�e
ts. In typi
al high-multipli
ity experiments, where on the average 20 
rays might be emitted per event, the 
han
e that two 
 rays hit the same dete
tor 
anbe high (e.g., for a 7 
m diameter dete
tor at 25 
m from the sour
e, the probabilityof `summing' is 10%). This summing 
an be de
reased by lo
ating the dete
tor fartherfrom the sour
e, but this 
auses a loss of eÆ
ien
y. Given a typi
al 
-ray multipli
ity of20 there is therefore a balan
e between the diameter of a dete
tor and its distan
e fromthe 
-ray sour
e whi
h optimizes the 
ombination of full-energy eÆ
ien
y and peak-to-total ratio. We will see in the next se
tion that Compton suppression e�e
tively sele
tsfully absorbed 
 rays, thereby in
reasing the P/T ratio.3.4. Summary of propertiesHPGe (n-type, 
oaxial) dete
tors are at present the best 
-ray dete
tors (in the energyrange � 0.1 to � 10 MeV) due to: (i) the high energy-resolution of the semi-
ondu
torGe material; (ii) the high full-energy eÆ
ien
y of large dete
tors; (iii) the large in
reasein peak-to-total ratio when augmented by Compton suppressors. For typi
al nu
learstru
ture experiments with high 
-ray multipli
ities, su
h dete
tors are arranged in
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tor arrays 16large arrays. We will see in the next se
tion that these three properties de�ne theresolving power of su
h an array.3.5. Comparison with other dete
torsFor 
ompleteness, we will mention other types of 
-ray dete
tors and brie
y review their
hara
teristi
s.3.5.1. Si(Li) dete
tors. Be
ause of the lower atomi
 number of sili
on (Z=14), theSi(Li) dete
tors are typi
ally 50 times less eÆ
ient than Ge dete
tors for photoele
tri
absorption. Therefore only low-energy 
 rays (up to 200 keV) are dete
ted withreasonable eÆ
ien
y. However, the band gap is larger for sili
on material than for Gematerial (� 1.1 eV for Si versus � 0.7 eV for Ge), resulting in a smaller leakage 
urrentfor Si dete
tors and therefore a better energy resolution, provided they are 
ooled. Formore details on Si(Li) dete
tors, see for example [5℄.3.5.2. Other semi
ondu
tor dete
tors. There are two main types of semi
ondu
tordete
tors that use 
ompound materials: CdZnTe (
admium zin
 telluride) and HgI2(mer
uri
 iodide). Their main properties are: (i) high atomi
-number 
omponents whi
hresult in a high eÆ
ien
y; (ii) and relatively high band gap (1.5-2 eV) whi
h redu
esthe leakage 
urrent and allows operation at room temperature. Unfortunately, thesematerials have low 
arrier mobility (espe
ially hole mobility) and short lifetimes of
arriers, whi
h result in a poor energy resolution and large dete
tors 
annot be made.Nevertheless signi�
ant progress has been made re
ently in designing su
h dete
tors forsome 
-ray appli
ations [23℄.3.5.3. S
intillators. In a s
intillator, the ele
trons from the 
-ray intera
tion ex
itemole
ular levels in the 
rystal whi
h return to their unperturbed state by emittinglight, i.e., s
intillating. A photo
athode whi
h sees the light emits photoele
trons whi
hare then multiplied in a photomultiplier to give an ele
tri
al signal whose amplitude isproportional to the 
-ray energy.There are four main types of s
intillators used in di�erent appli
ations. Sodiumiodide (NaI(T l)) dete
tors have an eÆ
ien
y similar to that of large Ge dete
tors.However, the energy required to emit a photoele
tron is about 250 eV 
ompared with3 eV for Ge dete
tors. This results in a mu
h worse energy resolution (for example6% instead of 0.2% at 662 keV), so they are not used when high resolution is needed.However, very large NaI(T l) dete
tors of various shapes 
an be manufa
tured, whi
hmakes them useful in other appli
ations; for example eÆ
ient 4� dete
tors of total 
-rayenergy emitted. Re
ently, portable s
intillators have been used for se
urity purposes todete
t the presen
e of illegal radiation. Barium 
uoride (BaF2) dete
tors have similareÆ
ien
y and slightly worse energy resolution than NaI(T l) dete
tors but the signalrisetime is mu
h faster (0.5 ns instead of a few ns) and this permits the separation of 
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tor arrays 17rays and nu
lear fragments based on di�eren
es in 
ight time. Experiments involvingthe dete
tion of high-energy (10-15 MeV) 
 rays often require separation of 
 raysfrom fast neutrons and (large) BaF2 dete
tors are generally used in su
h experiments.Bismuth germanate (Bi4Ge3O12 or BGO) dete
tors are interesting be
ause of the highdensity of the material and the very high atomi
 number (83) of bismuth. This makesthem extremely eÆ
ient, approximately thirty times as eÆ
ient as NaI(T l) dete
torsper unit volume. In spite of their low light output, they are 
ommonly used today asthe Compton suppressors where their high eÆ
ien
y is very important. Finally, 
esiumiodide (CsI) s
intillators have a higher 
-ray absorption 
oeÆ
ient than NaI(T l) orBaF2 s
intillators and their de
ay time 
omponent of 630 ns allows for some pulseshape dis
rimination (between 
 rays and 
harged parti
les). An important di�eren
ebetween NaI(T l) and CsI is that CsI s
intillators are not hygros
opi
 and 
an bereadily used in large arrays of small parti
le dete
tors (see for example the Mi
roball inparagraph 4.4.2.).4. Gamma-ray dete
tor arrays4.1. The �rst dete
tor arraysOne of the main goals in nu
lear stru
ture is to identify new properties of the nu
leus.These often emerge in extreme 
onditions of high angular momentum, high ex
itationenergies, or extreme neutron to proton ratios. However, under these 
onditions, thestates of interest are generally very weakly populated in the rea
tion: for examplea superdeformed band (a rotational band in a very deformed nu
leus) may have anintensity of only 1% of the total 
-ray 
ux of the nu
leus. Therefore, the ability toisolate a given sequen
e of 
 rays from a 
omplex spe
trum is an important propertyof modern 
-ray arrays. Before 1980, nu
lear physi
s experiments were performed withonly a few 
-ray dete
tors. Typi
ally, there were a few Ge(Li) dete
tors around thetarget to re
ord high energy-resolution spe
tra, some NaI dete
tors to study low energy-resolution spe
tra, and other dete
tors to sele
t the starting point of a 
-ray 
as
ade (andtherefore redu
e the number of 
as
ades to be separated). Examples of the last type are
-ray multipli
ity �lters and 
-ray sum-energy spe
trometers. The 
-ray multipli
ityis the number of 
 rays that are emitted in an event. The 
-ray multipli
ity �lters
onsisted of a few (of order 6) standard NaI s
intillators lo
ated 
lose to the rea
tionpoint (target) to a
hieve a relatively high eÆ
ien
y. Sin
e the number of dete
tors hitin an event is, on the average, related to the 
-ray multipli
ity, high angular-momentumevents that generate many 
 rays were sele
ted by requiring a minimum number of hitsin the multipli
ity �lter. Similarly, high-angular momentum events typi
ally 
orrespondto a large total 
-ray energy whi
h 
ould be sele
ted by using very large NaI s
intillators(e.g. two 
ylindri
al dete
tors approximately 30 
m diameter and 20 
m thi
k) aboveand below the target. However, neither of these dete
tors was sele
tive enough to de�nea narrow range of multipli
ity or total energy in an event, so that the sele
tion of high
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tor arrays 18angular momentum events was rather poor.What the �rst two arrays, namely the Spin Spe
trometer [24℄ in the U.S.A. andthe Crystal Ball [25, 26℄ in Germany have done is essentially to sharpen that sele
tion.They 
onsisted of a shell of NaI dete
tors (72 and 162, respe
tively) positioned radiallyaround the target and 
overing 
lose to 4� solid angle. With the 4� 
overage the numberof dete
tors largely determined the sele
tivity of these arrays: the more dete
tors, thebetter the de�nition of the 
-ray multipli
ity. However, ea
h dete
tor was thi
k enough(� 15 
m) to absorb the 
 rays eÆ
iently and had a large enough diameter (� 7 
m)to minimize Compton s
attering. Figure 7 shows the distribution of the number of hitsin the dete
tors for various numbers of in
ident 
 rays (or multipli
ity M) for a systemlike the Crystal Ball. One sees that requiring a number of hits p sele
ts a fairly narrowrange of multipli
ities.One important limitation of these two arrays was that individual 
-ray energies
annot be obtained on an event-by-event basis ex
ept for the few dete
tors in whi
h a
 ray is dete
ted with no hit in the surrounding dete
tors (of order 5 
 rays in a high-multipli
ity (M � 20) event). However, the main problem with these NaI dete
tor arrayswas that the energy resolution was poor (�5% at 1.332 MeV). A big advan
e 
ame withthe HPGe arrays whi
h allowed a mu
h higher energy resolution for the dete
ted 
 rays.This in
rease in sensitivity has been quanti�ed in the 
on
ept of resolving power .4.2. Resolving power of 
-ray dete
tor arraysThe ability of an array to resolve many weakly populated sequen
es embedded in largeand 
omplex ba
kgrounds depends on the detailed nature of both the sequen
e and theba
kground, so that there is no unique de�nition of the resolving power. Our de�nitionof the resolving power [27, 28℄ of su
h arrays is related to a 
ertain type of spe
tra. Theseare 
-ray spe
tra typi
ally produ
ed in nu
lear fusion-evaporation rea
tions, and 
onsistof a number (M � 20) of 
 rays per 
as
ade separated on the average by an energy,SE. We further assume that the ba
kground is essentially un
orrelated with the peaks(whi
h means that the 
as
ade of interest has a small intensity and is not in 
oin
iden
ewith the bulk of the ba
kground). To be `resolved', a peak must stand out above theba
kground and also be statisti
ally signi�
ant. We take as a 
riteria for a peak to beresolved from the ba
kground that the peak-to-ba
kground ratio is unity and that theremust be N 
ounts in the peak. The in
rease in sensitivity of the arrays 
omes from theability to in
rease this ratio by setting several gates in a multidimensional matrix andstill retain enough 
ounts in the peak.The expression [28℄ of the resolving power RP is:RP = exp[ln(N0=N)=(1 � ln�a=lnR)℄: (3)where N0 is the total number of events in the experiment; �a is the total full-energy peak eÆ
ien
y for a typi
al 
-ray energy of 1 MeV; R = 0:76(SE=ÆE)P=T is thein
rease in peak-to-ba
kground ratio obtained for ea
h gate set in a multidimensional
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tor arrays 19matrix. We take SE = 60 keV for all resolving power estimates. This formula showsthat the important parameters whi
h determine the performan
e of this type of 
-rayarray are the energy resolution ÆE of the dete
tors, their 
hara
teristi
 peak-to-totalratio P/T, and the full-energy peak eÆ
ien
y �a. If we take N = 100 and a typi
al valueof N0 = 2:88 x 1010, 
orresponding to a rea
tion rate of 105/s for a duration of 80 hours,then ln(N0=N) = 19.5. Note that this formula requires that R be greater than 1, andtherefore it does not apply to arrays with low energy-resolution dete
tors like the NaIarrays. An important property of the resolving power as de�ned here is that it is theinverse of the intensity of the weakest 
as
ade that 
an be resolved in a rea
tion. Forexample, a resolving power of 10000 means that one 
an resolve a 
as
ade that is 10�4of the total intensity.4.3. The �rst-generation high energy-resolution arraysTo understand the stru
ture of the nu
leus with some pre
ision, one must rea
h a highsensitivity, i.e., a high full-energy-peak eÆ
ien
y as well as a high energy resolution, sothat as many states as possible 
an be resolved. This is what the high energy-resolutionarrays were designed to do. Impressive developments were a
hieved over the last 20years and will be reviewed in the remainder of this se
tion.4.3.1. TESSA0. The �rst `high energy-resolution array', 
alled TESSA0 (The Es
apeSuppressed Spe
trometer Array) was built in 1980 in Ris�, Denmark as a joint NielsBohr Institute (Denmark)/ Liverpool University (U.K.) proje
t. The array [29, 30, 31℄
onsisted of 5 Ge(Li) dete
tors, of relative eÆ
ien
y � 25% ea
h surrounded by a NaICompton suppressor (see �gure 8). Ea
h NaI suppressor (shield) was a 25 
m diameter,20 
m long 
ylinder positioned around the target as shown in the �gure. There wereseveral generi
 features. (1) The main feature of this array was that the Ge(Li) dete
torswere Compton suppressed. The peak-to-total ratio in
reased from � 20% for the bareGe(Li) dete
tor to � 60% with Compton-suppression. (2) Most of the Ge(Li) dete
torswere lo
ated at angles whi
h minimize the Doppler e�e
ts, i.e. four dete
tors were pla
edat � of � 52.5Æ and � 142.5Æ to the beam velo
ity dire
tion. In many experiments, thenu
leus under study is re
oiling in the target 
hamber roughly in the in
ident beamdire
tion at a velo
ity, v , of a few per
ent of the speed of light, 
. Therefore the 
 rayswould be Doppler-shifted a

ording to the following formula:Es
 = E
 q1� (v=
)21 � (v=
)
os� ' E
(1 + (v=
)
os�); (v=
)� 1 (4)Sin
e these angles were known, the measured Es
 
ould be 
orre
ted to dedu
e E
 .However, the Ge(Li) dete
tors had a �nite size and, even at a distan
e of 25 
m fromthe target, subtended a non-negligible angle �� (in this 
ase �� = 11Æ). This meantthat within a dete
tor, Es
 
ould vary by �Es
 = E
(v=
)sin��� for a given in
ident
-ray energy, resulting in a broadening of the 
-ray full-energy peak. This is 
alled the
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tor arrays 20Doppler broadening. For a 1 MeV re
orded in a dete
tor lo
ated at 90Æ to the beam anda v=
 of �3%, �Es
 is maximum and equal to 6 keV 
ompared with a typi
al energyresolution of 2 keV in the absen
e of Doppler e�e
ts. This Doppler broadening 
annotbe 
orre
ted and this is why four out of �ve Ge(Li) dete
tors were lo
ated at angles as
lose as possible to the beam axis (small values of sin�). (3) Generally, some dete
torshave to be lo
ated at 90Æ to the beam be
ause the 
-ray angular distribution, givesinformation on the multipolarity of the 
 rays, hen
e on the spins of the nu
lear levels.(4) Collimators were pla
ed in front of the Ge(Li) dete
tors to restri
t the dire
tion fromwhi
h the 
 rays 
an enter the dete
tor, thus redu
ing the number of 
 rays that s
atterfrom surrounding material into the dete
tor. This further improved the peak-to-totalratio. The 
ollimators also shielded the NaI suppressor from the dire
t view of the targetwhi
h would 
ause false vetos. (5) There was anti-Compton NaI material extending infront of the Ge(Li). This lip suppressed the 
 rays that were ba
ks
attered out of theGe(Li) dete
tor and would otherwise have left in the spe
trum a peak at � E
 - 0.2 MeVfor in
ident E
 � 1 MeV (see equation (1)). The size of the NaI suppressors limited thenumber of Ge(Li) dete
tors to �ve. The next arrays that were developed removed thislimitation.4.3.2. HERA. HERA, the High Energy-Resolution Array, was proposed in 1981 [32, 33℄at the Lawren
e Berkeley National Laboratory (LBNL), U.S.A. and built over the nextfew years. This array pioneered the use of Compton suppressors made of BGO. The arrayin
luded 21 Compton-suppressed 25% high-purity Ge (CSG) n-type 
oaxial dete
tors(� 5x5) arranged in three rings of 7 around the target as shown in the perspe
tive viewof �gure 9. The 21 dete
tors 
ould be used sin
e the volume of ea
h BGO Comptonsuppressor was approximately eight times smaller than that of a NaI suppressor fora similar suppression fa
tor. The BGO suppressors were 
ylinders 12.5 
m long by13 
m diameter, beveled at a 20Æ angle in front so that they 
ould �t 
loser, with a
entral axial hole 6.5 
m in diameter. Later, a NaI lip was atta
hed in front of ea
hBGO dete
tor to suppress the ba
ks
attered 
 rays. The dete
tors were mostly pla
ed atforward and ba
kward angles to optimize the dete
tion of ele
tri
 quadrupole 
 rays andto minimize the Doppler broadening. In HERA, a BGO `
entral ball' of 44 elements,arranged in three 
on
entri
 
ylinders (see �gure 9) was pla
ed around the target tore
ord 
-ray multipli
ity and total energy in the same way as the Crystal Ball and theSpin Spe
trometer mentioned above. There were holes in the 
entral ball at appropriatepla
es so that the Ge dete
tors viewed dire
tly the target but the BGO suppressors didnot. Thus the 
entral ball a
ted as an a
tive shield.The peak-to-total ratio in the Compton-suppressed Ge dete
tors was 0.5 (with a0.3 MeV threshold) for the 1.332 MeV 60Co line. This large peak-to-total ratio togetherwith the large number of dete
tors meant that for the �rst time it was possible tore
ord 
oin
iden
es with fold > 2. The rates gave enough statisti
s in a standard 80-hour experiment to analyze 3-
 
orrelations. This was a new kind of analysis whi
hallowed one to separate 
as
ades 
ontaining three parti
ular 
 rays from the larger
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tor arrays 21number of those whi
h 
ontain only two parti
ular 
 rays, thereby making use of thehigher resolving power of the instrument. In addition, with a peak-to-total ratio of 0.5(instead of 0.2 for unsuppressed Ge), the full-energy peak 
orrelations represented 25%of the data (instead of 4%) in 
-
 
oin
iden
es and 13% (instead of 0.8%) for 
-
-

oin
iden
es { an enormous improvement. From equation 3 we �nd a resolving powerof 50, whi
h means that we 
an isolate, or `resolve', a 
as
ade of 2% intensity in therea
tion.4.3.3. Other �rst-generation arrays. With the advent of BGO suppressors, anexplosion of a
tivity led to the 
onstru
tion of many arrays around the world havingphotopeak eÆ
ien
ies N�a around 0.5-1%. Following TESSA0, a series of TESSA arrayswere developed between 1983 and 1988 using BGO Compton suppressors, starting withthe TESSA3 array of 12 CSG dete
tors, up to ESSA30 whi
h 
omprised 30 CSGdete
tors [30, 31℄. Arrays of up to 12 CSG dete
tors using some asymmetri
 BGOCompton suppressors were built, for example the OSIRIS array in Germany [34℄. Inthe U.S.A., a 12 CSG array was built at Argonne National Laboratory (ANL) and a20 CSG array was built at Oak Ridge National Laboratory (ORNL). The two mostre
ent arrays of this generation were also the most sophisti
ated. The Canadian 8�Spe
trometer [35℄ had a more spheri
al geometry and 
onsisted of 20 CSG dete
tors\looking through" a spheri
al BGO 
entral ball of 72 elements (of geometry similar tothat of the spin spe
trometer), resulting in the best multipli
ity resolution at that time.However, it had a lower total photopeak eÆ
ien
y (0.9%) than HERA (1.5%) be
ausethe Ge dete
tors were farther from the target (27 
m instead of 15 
m). A S
andinavian
ollaboration built the NORDBALL [36℄ whi
h also 
onsisted of 20 CSG dete
tors andhad several innovations: (1) the Ge dete
tors were 
omposed of two parts: a front partwhi
h is a 1 
m thi
k 
rystal and suppresses the 
 rays ba
ks
attered from the ba
k partwhi
h is a 
oaxial dete
tor, while having little e�e
t on the transmission into the ba
kpart for 
 rays with energies greater than 400 keV. In turn, dete
ting a 
 ray in thefront part, while requiring no signal in the ba
k part, improves the response fun
tionfor low-energy 
 rays; (2) a 
entral ball 
onsisting of a spheri
al `shell' of 60 identi
alBaF2 elements with holes for viewing the target by the Ge dete
tors. Be
ause the timeresolution of the BaF2 elements is lower than 300 ps, neutrons 
an be reje
ted due totheir time-of-
ight (whi
h is longer than that of 
 rays), providing 
leaner sum-energyand 
-ray multipli
ity measurements. Finally, there is the `Chateau de 
ristal' [37℄ builtby a Fren
h 
ollaboration. It uses BaF2 for 12 
omposite Compton suppressors as wellas for the 
entral ball whi
h 
omprises 38 elements. Alternatively, the total of 72 BaF2elements 
an be used as a `
rystal ball' similar to the early NaI balls. The BaF2 materialhas absorption and resolution properties intermediate between those of NaI and BGO,but it is the timing properties that made this array parti
ularly useful in experimentsrequiring good timing.
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tor arrays 224.3.4. Impa
t of the �rst-generation arrays. Be
ause of their relatively high resolvingpower, these arrays revealed properties of weakly populated nu
lear levels (typi
allydown to � 1% of the rea
tion yield). This often meant levels of high angular momentumor of exoti
 nu
lei far from stability. The most spe
ta
ular example was the observationof a rotational band in a so-
alled \superdeformed" nu
leus, 152Dy [38℄, using TESSA3.Superdeformed nu
lei 
an be loosely de�ned as possessing prolate axially deformedshapes with major-to-minor axis ratios approa
hing 2:1 (
ompared with �1.3:1 fornormally deformed nu
lei). They are the best nu
lear rotors known, giving deex
itationspe
tra (down the rotational bands) 
onsisting of nearly equally spa
ed 
 rays startingfrom very high spin levels, (� 60 �h in 152Dy). Although these 
 rays were buried ina huge ba
kground, the key to �nding them was to make use of the regularity of thespe
tra and of the in
reased eÆ
ien
y of the multidete
tor arrays with higher resolvingpower.4.4. The se
ond-generation high energy-resolution arraysThe next generation of high energy-resolution arrays represented the state-of-the-artoptimization of a Compton-suppressed Ge array, using all the available spa
e (4� solidangle), and the biggest Ge dete
tors available. A little later new 
on
epts emergedwhi
h led to an in
rease in the granularity of the Ge dete
tors while maintaining, oreven in
reasing, the Ge solid angle: these are the ideas of 
omposite and segmenteddete
tors. The resolving power of the se
ond generation arrays is 100 times higher thanthat of the �rst generation arrays. We will review them in this se
tion.4.4.1. The early se
ond-generation arrays. The �rst step toward se
ond-generationarrays was to in
orporate the largest Ge dete
tors available and to move toward 4�
overage with these dete
tors. The �rst of these arrays to operate were the GASParray [39℄ at the LNL laboratory in Legnaro, Italy and the Eurogam I array [40℄ at theDaresbury Laboratory in England, both in 1992. The new feature of these arrays wasthe use of the large (� 7x8) � 70% Ge dete
tors with 
ompa
t BGO shields. With40-45 dete
tors, the resolving power was 
lose to 450.4.4.2. Gammasphere. Gammasphere [1℄ represents the optimum design for the se
ond-generation arrays. It was �rst proposed in 1987 and built as a U.S.A. National Fa
ilityat LBNL with the parti
ipation of Universities and National Laboratories. In 
ontrastwith the relatively large number of �rst generation arrays whi
h were used by rathersmall groups, Gammasphere was the single large array built in the U.S.A. at the 
ost of$20 M. A new feature is that Gammasphere is a movable array, and has been operatingat two National Laboratories (ANL and LBNL), making use of the spe
i�
 opportunitiesavailable at ea
h site.Gammasphere is a `4�' shell of BGO-Compton-suppressed HPGe n-type dete
tors.The Ge dete
tors 
over 46% of the 4� solid angle distributed over 110 dete
tors.
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tor arrays 23Ea
h 
ylindri
al Ge dete
tor is surrounded by a tapered hexagonal BGO shield. Thegeometri
al design of Gammasphere aimed to maximize the dete
tor area while retaininggranularity and keeping all dete
tors very similar in size and shape. In addition,symmetry in the orientation of the dete
tors was maximized for angular distributionmeasurements. This design represents the optimum way of tiling a sphere with polygonsunder the 
onstraints just mentioned [1, 25, 41℄, and at a reasonable 
ost. The resultis a 
on�guration of 122 polygons having the symmetry of an i
osahedron, with 110very similar (but irregular) hexagons 
overing 95% of 4�, and 12 pentagons, as shownin �gure 10. The pentagons are not used for CSG dete
tors, but 
ould be used for otherkinds of dete
tors (e.g. planar Ge dete
tors for low-energy 
-ray dete
tion) as well asfor beam input and exit, an
horing for the support stru
ture, and for the target system.One Gammasphere module, a HPGe-BGO-suppressor assembly, is shown in �gure11. The Ge dete
tor is as large as 
ould be manufa
tured at the time, with the front2 
m tapered with an angle of 7.45Æ to optimize the BGO thi
kness in that region. A newfeature is the o�-
entre Ge 
ooling rod so that a BGO `ba
k plug' 
ould be pla
ed overmost of the ba
k of the Ge dete
tor to suppress the forward-s
attered 
 rays that es
apethe Ge material. Ea
h BGO element is a tapered hexagon 
onsisting of six opti
allyseparated se
tors, 18 
m long, with a lip that extends 3 
m in front of the Ge dete
tor.The distan
e between the target and the front of the Ge 
rystal is 25.25 
m. When puttogether, the array has a BGO honey
omb-like stru
ture with the 
ir
ular holes �lledby the Ge dete
tors. This makes the thi
kness of BGO material rather small (0.56 
m)at the thinnest point of ea
h BGO (see �gure 11). However, this thi
kness 
ould bedoubled if two adja
ent Ge dete
tors `share' the BGO material between them: this is
alled the ele
troni
 honey
omb design. In this design, ea
h se
tor has its own output;however, two adja
ent BGO se
tors 
an be 
ombined in software to suppress ea
h of thetwo adja
ents Ge dete
tors, ex
ept when the neighboring Ge dete
tor is triggered, inwhi
h 
ase only the se
tor 
loser to the Ge is used. This design minimizes false vetoeswhi
h 
an o

ur when two neighboring Ge 
rystals share a single BGO, but providesessentially the same performan
e as having twi
e the thi
kness of BGO. The BGO ba
kplug provides a signi�
ant 10% improvement [42, 43℄ in the P/T ratio whi
h be
omes� 0.68.In Gammasphere, the 
ount rates are very high in a typi
al fusion-evaporation rea
-tion and events are usually re
orded only when at least 5 `
lean' (no 
ount in the BGOsuppressor) Ge dete
tors are triggered (5-fold data). For high-multipli
ity rea
tions(average 
-ray multipli
ity of 20 to 30) this still gives a 
ount rate of � 5000 events/s.Gammasphere be
ame fully operational in early 1996 although it started operating inan Early Implementation stage with 32 modules in Mar
h 1993.Ge dete
tors segmentation. During Gammasphere 
onstru
tion, it was found thatthe granularity of the array 
ould be in
reased without having to redesign the array byele
tri
ally segmenting [44℄ the outer ele
trode of the Ge dete
tors, using a lithographi
te
hnique. One 
ould then de
ide whi
h segment re
eived the in
ident 
 ray by measur-
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tor arrays 24ing the proportion of energy deposited in ea
h half. This results in a position resolutionthat 
orresponds approximately to a third of the angle subtended by the dete
tor. Thee�e
tive energy resolution ÆE of the Ge dete
tors was improved from ÆE= 5.5 keV to3.9 keV (for v/
 of 0.02). Seventy of the 110 Ge dete
tors were segmented, in
reasingthe resolving power from 1000 (without segmentation) to approximately 3000. Segmen-tation has an enormous potential for in
reasing granularity as will be
ome evident.Gammasphere auxiliary dete
tors. The power of Gammasphere is in
reased by usingauxiliary dete
tors to 
hara
terize events. One 
lass of these dete
tors further de
reasesthe 
-ray ba
kground by allowing the identi�
ation of the nu
lei produ
ed in the event.Other auxiliary dete
tors improve the 
-ray energy resolution by measuring the velo
ityof the emitting nu
leus on an event-by-event basis, thereby greatly redu
ing the Dopplerbroadening. Still others are used to perform spe
ial measurements, for examplemagneti
�eld devi
es to measure g-fa
tors of nu
lear levels, or so-
alled re
oil-distan
e plungersto measure some nu
lear level lifetimes. We will mention here the four most heavilyused devi
es, the Mi
roball , the Neutron Shell , CHICO , and a re
oil dete
tor 
alled theFragment Mass Analyzer .The Mi
roball [45℄ is a 4� multidete
tor light 
harged parti
le and/or fragmentdete
tor built at Washington University, U.S.A. (see �gure 12). It 
onsists of 95 CsI(Tl)s
intillators 
losely pa
ked to 
over a large solid angle (� 97% of 4�). It has goodparti
le identi�
ation (based on pulse shape dis
rimination), an adequate granularity,good energy resolution, ex
ellent stability, and a small total mass. This last propertyis parti
ularly important sin
e the 
 rays traverse this dete
tor before rea
hing the Gedete
tors. Both the 
-ray dete
tion eÆ
ien
y and P/T are redu
ed by � 10% withMi
roball in pla
e but this array greatly helps in identifying rea
tion produ
ts whi
hemit 
harged parti
les.Re
ently, a Neutron Shell [46℄ was also built at Washington University, U.S.A.It was designed espe
ially for use in 
onjun
tion with Gammasphere and often withthe Mi
roball for sele
ting very weak one- and two-neutron evaporation 
hannelsin very neutron de�
ient systems, again 
onsiderably in
reasing the sensitivity ofGammasphere. The array 
onsists of up to 30 tapered regular hexagonal neutrondete
tors whose sensitive 
omponent is the liquid s
intillator BC501A 
oupled to a5-in
h photomultiplier tube. These dete
tors 
an repla
e the 30 most forward Ge-BGOmodules of Gammasphere.The heavy-ion dete
tor CHICO [47℄ was built at the University of Ro
hester, U.S.A.It is a powerful array of 20 Parallel Plate Avalan
he Counters (PPACs) whi
h �ts withinthe Gammasphere target 
hamber. In some nu
lear studies, su
h as Coulomb ex
itation,the two intera
ting nu
lei do not fuse but s
atter through a broad range of angles. Thisresults in very broad 
-ray lines due to the wide range of Doppler shifts. The CHICOdete
tor determines, with good a

ura
y, the dire
tion of ea
h emerging nu
leus. ThePPACs arrangement has the same �ve-fold symmetry as the Gammasphere Ge dete
tors(whi
h greatly simpli�es the analysis) and the solid angle 
overage is 2:8�. The PPACs
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tor arrays 25are 
on�gured into two 
oaxial 
ones (with 10 fa
es ea
h) ba
kward and forward aroundthe beam dire
tion with bases that join in the verti
al plane of the target. Ea
h PPACanode and 
athode is segmented su
h that it provides an angular a

ura
y of 1Æ for thepolar s
attering angle and of 9Æ in the azimuthal angle. This, together with an ex
ellenttime resolution of 500ps, 
ompletely determines the kinemati
s of ea
h nu
leus in the
ollision.The Fragment Mass Analyzer [48℄ is a re
oil mass separator that has been 
oupledto Gammasphere at ANL. It allows sele
tion of low-yield fusion re
oils through ameasurement of the mass/
harge ratio and 
an be augmented by the dete
tion of the
hara
teristi
 alpha de
ay of this produ
t in a fo
al plane Double-Sided Si Strip dete
tor(the Re
oil De
ay Tagging te
hnique).4.4.3. Euroball. Large gains in performan
e 
an 
ome from three fa
tors: (i) using100% of the 4� solid angle for Ge dete
tors (eliminating the Compton suppressors);(ii) in
reasing the granularity suÆ
iently to re
over the intrinsi
 resolution of the Gedete
tor (by eliminating the Doppler broadening); and (iii) in
reasing the absolute in-trinsi
 eÆ
ien
y �p by re
overing the photons that have Compton-s
attered out of a Gedete
tor. This is the 
on
ept behind the tra
king arrays. In the early 90's, steps in thisdire
tion were a

omplished with the fabri
ation of 
omposite and segmented dete
tors.Gammasphere exploited segmentation. Con
urrently, another approa
h emphasizing
omposite dete
tors was used in Euroball.Clover Dete
tors [49℄ 
onsist (see �gure 13) of four dete
tors (initially � 5x7) ea
htapered in front into a square shape 42 mm on a side and 
losely pa
ked in the same
ryostat into a `four-leaf 
lover' 
on�guration. Su
h a dete
tor `simulates' a very largeGe dete
tor with, in this 
ase, a relative photopeak eÆ
ien
y of 140%. The photopeakeÆ
ien
y is 1.5 times the sum of the individual dete
tors' photopeak eÆ
ien
y due to theadding ba
k of signals that s
atter between 
rystals. The separation into four dete
torsredu
es the Doppler broadening of a 
lover dete
tor to approximately two thirds of thatof a single dete
tor of the same size as the full 
lover assembly [50℄. The sensitivity toneutron damage is also redu
ed (again as 
ompared with a single dete
tor of the samesize). Su
h 
lover dete
tors are most e�e
tively used at 90Æ to the beam dire
tion wherethe Doppler broadening is maximum. They were used for the �rst time in the EurogamII [12, 49℄ array in Strasbourg, Fran
e. Ea
h 
lover dete
tor was surrounded by a BGOCompton suppressor, bringing its P/T ratio to 0.55. The resolving power (� 950) wastwi
e that of Eurogam I.Cluster Dete
tors [51, 52, 53, 54℄ represented the next step in 
omposite dete
tors.By grouping seven (60%) Ge dete
tors in a single 
ryostat (see �gure 14) in add-ba
kmode (see se
tion 1) and surrounding them by a Compton suppressor, an impressiveintrinsi
 photopeak eÆ
ien
y �p of 0.3 
an be a
hieved (
ompared with 0.22 for a Gam-masphere dete
tor) with a P/T ratio of 0.63. The BGO shield 
onsisted of 18 opti
ally
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tor arrays 26separated elements, 12 surrounding the sides of the Ge 
luster and 6 ba
k plugs behindthe Ge dete
tors. The diÆ
ulty of building and operating seven Ge dete
tors withina single 
ryostat triggered the development of so-
alled en
apsulated HPGe dete
tors[51, 53℄ by a 
ollaboration of the University of K�oln, the KFA of J�uli
h and the 
ompanyEurisys Measures. In the 
urrent design [51℄ (�gure 15), the Ge dete
tor, hexagonal atthe front and 
ir
ular at the rear, is en
ased in an aluminum 
an 0.7 mm thi
k andthe internal distan
e between the Ge surfa
e and the 
an is 0.5 mm, mu
h smaller thanthe 5 mm distan
e in 
onventional Ge dete
tors. The 
apsule is hermeti
ally sealed byele
tron welding of all feedthroughs and the lid. Thus the dete
tor va
uum is separatedfrom the 
ryostat va
uum, and the seven "
apsules" are 
losely pa
ked in a 
ommon
ryostat. This has several advantages: the 
rystal remains sealed at all times, whi
havoids 
ontamination of the Ge surfa
es whi
h 
an happen for example when annealingdete
tors; annealing is greatly simpli�ed sin
e one just needs to set the 
apsule in anordinary oven, the va
uum within the 
apsule remaining below 10�6 mbar; the 
old FETis outside the 
apsule and 
an be easily repaired and also removed before annealing; adefe
tive Ge dete
tor in a 
luster 
an be repla
ed with minimal e�ort. It is worth notingthat the 
luster dete
tors have an ex
ellent eÆ
ien
y for high-energy 
 rays [54℄: thequality of a 10 MeV 
-ray spe
trum is as good as that of a 1 MeV 
 ray dete
ted with a
onventional (e.g. Gammasphere) Ge dete
tor. Fifteen su
h 
lusters were built as partof the Euroball.Euroball [13℄ is a 4� array built by a 
ollaboration from Fran
e, UK, Germany, Italy,Denmark and Sweden. It 
ombines the three dete
tor types that have been developed inthe 1990's and started taking data in Legnaro, Italy, in early 1997. In the forward (beam)dire
tion (see �gure 16) 30 of the large CSG dete
tors used in GASP and Eurogam Iare 
losely pa
ked at a distan
e of 37.5 
m from the target. Around the 90Æ dire
tion tothe beam a solid angle of 2� is 
overed by two rings of 13 
lover dete
tors ea
h, mostat 26.5 
m from the target. In the ba
kward dire
tion, the 15 
luster dete
tors, ea
hwith their Compton suppressor, are lo
ated at a distan
e of 44.5 
m from the target.Although more diÆ
ult to use than Gammasphere be
ause of the very di�erent typesof dete
tors involved, Euroball has a similar resolving power. Euroball has a suite ofauxiliary dete
tors whi
h further in
reases its resolving power. The most unique ofthese is a 
entral ball of 210 BGO dete
tors [55℄. The 
entral ball elements, the Geelements and the BGO Compton-suppressor elements are regrouped into 164 subunitsof equal eÆ
ien
y and solid angle used to determine the total 
-ray energy and 
-raymultipli
ity in an experiment. Euroball has been used at LNL in Legnaro (Italy) andat IReS (Institut de Re
her
hes Subatomiques) in Strasbourg (Fran
e).4.4.4. Impa
t of se
ond-generation high-resolution arrays. The 100-fold in
rease inresolving power of these arrays (as 
ompared to the �rst-generation arrays) means thatone 
an study features that are 100 times weaker than before. In nu
lei, it means, forexample, understanding stru
tures at higher angular momentum, higher temperature
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 nu
lei. An example of the in
reased power of these new arrays isthe dis
overy of the `linking transitions' between superdeformed states and normallydeformed states in some nu
lei around mass 190 [56, 57, 58℄ and mass 150 [59℄. Thesetransitions are indeed very weak, around 1% of the intensity of the superdeformed (SD)bands (whi
h themselves have an intensity around 1% of the total 
ross se
tion) andtheir observation 
orresponds to the gain made possible by the in
rease in resolvingpower. Observing these `superdeformed de
ay' transitions aids in the understandingof how the nu
leus makes su
h a dramati
 transition between two states in whi
h theshapes are very di�erent. The de
ay spe
trum from the SD state is similar to thestatisti
al de
ay spe
trum of a highly ex
ited normally deformed (ND) state, suggestingthat the de
ay arises from a small admixture (� 0.5%) of the (high density) ND statesinto the SD state. These links have been observed in very few 
ases (3 out of about 350bands known) and the full de
ay me
hanism is still not 
lear. Many failed sear
hes inother nu
lei indi
ate that higher resolving power is needed to elu
idate 
ompletely thede
ay me
hanism of superdeformed bands.4.5. Re
ent developments in in
reasing granularity.Some arrays now under 
onstru
tion are geared toward a very high full-energy peakeÆ
ien
y. This is a 
riti
al property be
ause these arrays are meant to be used withradioa
tive beam a

elerators whi
h inherently provide beams of low intensity. In ad-dition, in many of these `exoti
' nu
lei studies, the angular momentum of the produ
tnu
lei, and therefore the 
-ray multipli
ity, is low and this allows the use of larger de-te
tors 
loser to the target. However, it is ne
essary to a
hieve a good energy resolutionif the full-energy peaks are to stand out above the ba
kground. This requires a highgranularity, in order to redu
e the large Doppler broadening asso
iated with the (of-ten) large velo
ities of the re
oiling nu
lei. In the arrays being built for this purpose,the design of the dete
tor units uses a 
ombination of 
omposite and segmented dete
tors.One array, 
alled EXOGAM [60, 61℄ (see table 1), is developed by a European
ollaboration and 
onsists of up to 16 dete
tor units whi
h 
an be arranged in various
on�gurations depending on the study to be made. Ea
h unit is a 4-
rystal segmented
lover dete
tor with ea
h of the Ge 
rystals ele
tri
ally segmented in the azimuthal di-re
tion into four equal segments (4x1). The 
lover is Compton suppressed by a modularBGO shield 
onsisting of independent side shields, rear-side shields, and ba
k 
at
hers.The side shields 
an be removed to obtain a more 
ompa
t geometry where the sidesof the 
lover dete
tors tou
h. For a Coulomb ex
itation experiment (assuming that there
oil angle has been measured with an a

ura
y of 3Æ) with a 
-ray multipli
ity of 2 anda re
oil velo
ity v/
 of 7.5% of the speed of light, and for a 
-ray energy of 1.33 MeV, thephotopeak eÆ
ien
y �a is 0.18 (almost twi
e that of Gammasphere and Euroball), theP/T ratio is 0.45 and the energy resolution is 14.9 keV for a target-to-
rystal distan
eof 11.4 
m. In Canada, its 
ounterpart TIGRESS [62℄ is 
urrently under 
onsideration.
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tors (more than two-fold segmented).Name Nb of Sizea Shape Nb of Crystals Status
rystals segmentsb /
ryostatEXOGAM
 64 6x7 square 4x1 4 operationalTIGRESSd 64 6x9 square 4x2 4 prototypeMINIBALLe 40 7x7.8 reg. hexagon 6x1 3,4 operationalSeGAf 18 7x8 
ylinder 4x8 1 operationalGRETAg 120 8x9 irr. hexagons 6x6 3 prototypeAGATAh 180 8x9 irr. hexagons 6x6 3 prototypeadiameter x length in 
m before shapingbazimuth x length
GANIL, Fran
e [60, 61℄dTRIUMF, Canada [62℄eREX-ISOLDE, Germany [54, 63, 64℄fMi
higan State University, USA [65℄gUSA [28, 78℄hEurope [76℄It has an additional 2-fold longitudinal segmentation (4x2).Another array, 
alled MINIBALL [54, 63, 64℄, developed by a European 
ollabora-tion, is also operational. It 
onsists of eight 
ryostats with three Ge dete
tors in ea
hplus four 
ryostats with four Ge dete
tors in ea
h. The Ge dete
tors are en
apsulatedand ele
tri
ally segmented into (6x1) segments. The 
luster granularity is thus multi-plied by a fa
tor six. The dete
tor-target distan
e is � 11 
m and for a re
oil velo
ityv/
 of 4.5% the energy resolution is � 7 keV for a 1.3 MeV 
 ray emitted at 90Æ to thebeam. The full-energy peak eÆ
ien
y �a is expe
ted to be 0.17 and the P/T ratio 0.5.Also in this 
ase various geometries 
an be a

ommodated. Both arrays 
an be usedwith auxiliary dete
tors in order to enhan
e their power.In the US, a position sensitive Ge dete
tor array 
alled SeGA [65℄ is in operationat Mi
higan State University. It 
onsists of 18 highly segmented HPGe 
ylindri
al de-te
tors, with 4x8 segments. The segments in the longitudinal dire
tion are ea
h approx-imately 10 mm wide. The axis of ea
h dete
tor is perpendi
ular to the target-dete
tordire
tion and tangent to the meridian that de�nes the dete
tor position so that theopening angle for ea
h segment that views the re
oils (and therefore the Doppler broad-ening) is small, determined by the 10 mm segments. For a re
oil velo
ity v/
 of 35% anda 1.3 MeV 
 ray, the 
al
ulated photopeak eÆ
ien
y is 2.3% and the energy resolutionis 20 keV (at the typi
al distan
e of 20 
m from the target). The overriding 
on
ern isthe determination of the �rst intera
tion point of the 
 rays in the dete
tor in order to
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orre
t for the very large Doppler broadening. Sin
e there are many small segments, anin
ident 
 ray will trigger several of them, and a s
heme needs to be developed to deter-mine the segment where the �rst intera
tion o

urred. At present, the �rst intera
tionis assumed to o

ur in the segment where the highest energy is deposited. We have seenthat the arrangement of 
omposite segmented dete
tors in various arrays 
onsiderablyimproves the photopeak eÆ
ien
y and the energy resolution when observing 
 rays oflow multipli
ity and at reasonably low rates from fast-moving re
oils. The 
hallenge ofmaking a high-rate, high-multipli
ity, general purpose dete
tor array that fully exploitsthese new properties leads to the tra
king dete
tors. The 
on
ept of tra
king [28℄ willbe dis
ussed in se
tion 6.5. Advan
es in ele
troni
s and data a
quisitionIn this se
tion, we will brie
y review the ele
troni
 and data a
quisition systems usedin modern nu
lear physi
s experiments to re
ord data from large 
-ray dete
tor arrays.5.1. Basi
 s
heme of ele
troni
s and data a
quisitions systemThe fun
tion of the ele
troni
 signal pro
essing system is to determine the energy, timeand position of the 
 ray from the dete
tor pulse. In an `analog' system, as shownin �gure 5, separated pulse shaping (�lter) 
ir
uits optimized for energy and timemeasurements are used to produ
e pulses for an ADC (analog to digital 
onverter)and a TDC (time to digital 
onverter). In a `digital' signal pro
essing system, theentire pulse shape is digitized, and the �ltering and the energy and time determinationare 
arried out using digital pro
essing. The basi
 design prin
iple of the �lters isthe same whether they are implemented in an analog 
ir
uit or in digital pro
essingalgorithms. However, digital pro
essing provides more 
exibility and the possibility ofmore 
ompli
ated pro
essing.The data a
quisition system 
olle
ts the digitized information from the individualdete
tors and forms the `event'. Various levels of event sele
tion, formatting, andmonitoring are performed by the system. Some are realized more eÆ
iently in theele
troni
s hardware, e.g. 
oin
iden
e requirements and multipli
ity sele
tions. Others,su
h as energy and time 
alibration and the sele
tion (gating) of energy and time,are usually 
arried out in 
omputers. The a

epted events are stored on mass storagedevi
es, usually magneti
 tape or magneti
 disks. During the experiment spe
tra aregenerated for on-line monitoring. In the following, we will dis
uss the 
omponents of atypi
al `analog' signal pro
essing (see �gure 5) and data a
quisition system, and mentionthe re
ent advan
es. Later, in se
tion 7, we dis
uss brie
y new `digital' systems beingimplemented.
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tor arrays 305.2. Modern ele
troni
 systems5.2.1. Preampli�er. The �rst stage of the signal pro
essing system is the preampli�er.It provides suÆ
ient gain and appropriate impedan
e mat
hing su
h that the outputsignal 
an be transmitted through a reasonable length of 
able to the main datapro
essing system. The noise introdu
ed by the subsequent stages will be negligible
ompared with that of the preampli�er. The input of the preampli�er (the gate of theFET [20℄) is usually 
onne
ted (DC 
oupling) [19℄ dire
tly to the ele
trode whi
h is atthe ground of the bias voltage. However, when signals from both ele
trodes are needed,e.g. in a segmented dete
tor, the preampli�er for the ele
trode with the bias voltage (the
entral ele
trode) has to be 
onne
ted through a 
apa
itor (AC 
oupling) to blo
k thehigh voltage. The 
oupling 
apa
itor will introdu
e additional noise and 
ould degradethe resolution at high 
ounting rates.To make the output signal independent of the variation of the dete
tor 
apa
itan
e(whi
h may 
u
tuate, e.g., due to 
hanges in surfa
e states), the preampli�er is operatedin the 
harge-sensitive mode: the amplitude of the output voltage signal is proportionalto Q=Cf where Q is the 
harge a

ummulated at the dete
tor ele
trodes and Cf is theso-
alled feedba
k 
apa
itan
e of the preampli�er whi
h is �xed. To prevent 
hargebuild-up of the feedba
k 
apa
itor, a pulse-reset 
ir
uit [19℄ produ
es a short (fewmi
rose
ond) pulse to neutralize the a

umulated 
harge when the preampli�er outputrea
hes a preset level. This method is used in Gammasphere.5.2.2. Pulse shaping ampli�ers for energy determination. The main ampli�er takes thesignal from the preampli�er and produ
es an output signal with the shape and amplituderequired by the ADC for the energy determination. The most important requirementis to shape the pulse to a
hieve the best signal-to-noise ratio, whi
h will produ
e thebest energy resolution. The so-
alled peak-sensing ADC , whi
h is used most 
ommonly,requires the pulse height to be proportional to the 
harge 
olle
ted by the dete
tor. Inaddition, high 
ounting rate 
apability and insensitivity to the rise time of the pulse arealso important in the sele
tion of the pulse shape.There are two important time s
ales in the design of the ampli�er. One is the 
harge
olle
tion time of the dete
tor. Sin
e the 
harge drift velo
ity is about 10 
m/�s, the
harge 
olle
tion time for a large 
oaxial Ge dete
tor is of order several hundred ns. Inorder to have the pulse height independent of the variation of the 
olle
tion time, thepulse should have a 
at top duration longer than this time. The other time s
ale isthe optimal pulse width in order to minimize the noise [19℄. For a typi
al large 
oaxialdete
tor and 
old FET the pulse width whi
h minimizes the noise is in the range of5-20 �s.A variety of ampli�er shaping 
ir
uits [66℄ have been used to a
hieve thisgoal. A quasi-trapezoidal shaper was implemented for Gammmasphere using a singledi�erentiator and by mixing the output of four a
tive integrators to approximate thetrapezoidal shape [19℄. It has a peaking time of 4 �s and a 
at top time of 1 �s.
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tor arrays 31This shape provides low noise and good performan
e at high 
ounting rates. It alsoeliminates the so-
alled ballisti
 de�
it whi
h refers to small losses in the ampli�eroutput signal amplitude due to a long 
harge 
olle
tion time in the dete
tor. Ballisti
de�
it o

urs be
ause the various time 
onstants used 
annot be arbitrarily large. Thisis important in larger 
oaxial Ge dete
tors whi
h have more rise-time variation withthe 
-ray intera
tion position. One 
an 
orre
t this de�
it by 
al
ulating it for ea
hpulse based on the known rise time and ampli�er 
hara
teristi
s. Finally, when usinghigh 
ount rates, linear pulses out of the ampli�er may overlap too often and degradethe energy resolution. Pile-up reje
tor 
ir
uits simply reje
t both signals when the timeinterval between the two pulses is less than their width.5.2.3. Analog to digital 
onverter. The analog to digital 
onverter (ADC) 
onvertsthe pulse height of the ampli�er output to a digital number (
hannel). The modernADCs are based on the su

essive approximation method [67℄, whi
h 
an produ
e a16-bit number (for a spe
trum with 216 = 65536 
hannels) in several �s. This time is
omparable to the pulse shaping time, and thus it does not 
ontribute signi�
antly tothe dead time of the data a
quisition system. The linearity of the ADC is importantto the high resolution needed in 
-ray spe
tros
opy. In parti
ular, the di�erential non-linearity (DNL), the variation of the width of a 
hannel, is large (about 50%). This willprodu
e a large variation in a spe
trum having a 
at distribution of pulse amplitudes.This variation 
an be redu
ed [68℄ by averaging 
hannel widths over many 
hannels.This is a

omplished by adding a random pulse height and then subtra
ting the digitalequivalent. This method redu
es the DNL to an a

eptable level. For example, theGammasphere high-resolution energy signal uses a 16-bit ADC (with a 4 �s 
onversiontime) and a DNL of 1% is a
hieved. Also, spe
tra 
onstru
ted from a large number ofdete
tors (ADCs), will have a further redu
tion of DNL, proportional to the square rootof the number of dete
tors.5.2.4. Time. The timing 
ir
uit takes the signal from the preampli�er, shapes it,and sends it to a timing dis
riminator, whi
h provides a fast timing signal. The timedi�eren
e of this signal and a referen
e time signal is digitized by a TDC and re
orded.The pulse shape required for timing is di�erent from that for energy. The shaping
ir
uit redu
es the noise and maintains the fast rise time of the signal. Thus, the times
ale of the shaping 
ir
uit should be in the range of the 
harge 
olle
tion time of thedete
tor, whi
h for a large Ge dete
tor is 300-500 ns. The most 
ommonly used 
ir
uitis a 
onstant fra
tion dis
riminator (see se
tion 3.2.3). For a large 
oaxial dete
tor,the time resolution is typi
ally in the range of 5-10 ns due to the rather long 
harge
olle
tion time and the variation of the pulse shapes in the more 
omplex ele
tri
 �eld
on�guration (espe
ially at the 
losed end of the dete
tor).5.2.5. Trigger and read out. The trigger system uses the 
hara
teristi
s of an event tode
ide whether to a

ept the event or not. In a large array, triggering is generally 
arried
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tor arrays 32out at several levels. The �rst level is usually implemented in ele
troni
s hardwareusing logi
 
ir
uits. In a Compton shielded Ge dete
tor array, logi
al signals produ
edby the dis
riminators on the Ge and BGO signals are used to perform the Comptonreje
tion, and to determine the 
oin
iden
e folds (see se
tion 2.4) of the `
lean' Ge (nosignal dete
ted in its shield) and `dirty' Ge (signal dete
ted in shield) dete
tors usingmultipli
ity logi
 
ir
uits. An approximate sele
tion of the angular momentum of theevent 
an be a
hieved qui
kly by sele
ting these "fold" numbers. More 
omplex triggersbased on the energy and time of 
 rays, the total energy of the event, and the 
-rayangular distribution are generated in the next level of trigger, usually implemented in
omputer software.The readout system works 
losely with the trigger system, espe
ially in a dataa
quisition system with multi-level triggers. After a su

essful �rst-level trigger, thereadout system reads out all the data from the dete
tors whi
h have produ
ed a signal,and 
ombines them in a predetermined format. On
e the event has been `formed', it 
anbe sent to di�erent data paths (in
luding data storage, analysis for on-line monitoring,and/or further triggering) before it is stored.5.2.6. Data a
quisition rate. As new generations of arrays be
ame available, the datarate has be
ome a more important 
onsideration in a data a
quisition system. Asdis
ussed earlier, the requirement to redu
e the noise for energy measurement meansthat the energy signal has to be integrated for a time period of about 10 �s. Thisdetermines the time during whi
h a se
ond pulse will pile up with the �rst pulse, andappre
iable pulse pile up will o

ur at a dete
tor 
ounting rate above 10000 Hz. Whentwo pulses pile up, the amplitude of both pulses will be destroyed, and the 
ombinedsignal will produ
e a ba
kground event. A pileup reje
tion 
ir
uit whi
h examines thetime separation between two 
onse
utive pulses is used to reje
t these pulses.The time for the ADC and TDC to 
onvert the analog signals to digital numbersis a few �s using 
urrently available 
ir
uits. This time is 
omparable to the fall timeof the energy pulses, and thus it does not add mu
h to the dead time of the individualdete
tor 
hannel. Overall, the readout would take about 10 �s per event, leading toa total dead time of 20 �s. For a system with pipelining, the ADCs 
an be a
tiveduring the readout time and the dead time is thus redu
ed. In a typi
al Gammasphereexperiment, about 1 Mb/s of data is stored on 8 mm magneti
 tapes.5.2.7. Implementation of ele
troni
s for large arrays. Most of the ele
troni
s dis
ussedabove are available 
ommer
ially. They are implemented as NIM, CAMAC and VMEmodules, and require inter
onne
tion between them. If we use these modules fora large array with about 100 elements, the number of modules 
ould rea
h severalhundred and the number of 
onne
tions 
ould rea
h several thousand. That wouldpresent problems in spa
e requirement, power requirement, and reliability. Instead,all se
ond generation arrays are using 
ustom-built ele
troni
s with a higher level ofintegration. This is a
hieved by pla
ing all ele
troni
s for one dete
tor module (Ge
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tor arrays 33and BGO shield) on one 
ir
uit board, and pla
ing multiple 
ir
uit boards in oneele
troni
s module, or by grouping 
ir
uit boards for several Ge (or BGO) dete
torsin one ele
troni
 module. There are several te
hnologies for 
onstru
ting 
ir
uit boardsto a
hieve high 
omponent density: Surfa
e Mount Devi
es (SMD), hybrid 
ir
uit andAppli
ation Spe
i�
 Integrated Cir
uits (ASIC). For example, Gammasphere with 110
hannels 
hose the SMD, while Euroball with 239 Ge 
hannels uses the more 
ompa
tASIC te
hnology [12, 69, 70℄. The design of high-density ele
troni
s has to take intoa

ount possible 
ross talk between 
hannels, heat dissipation and ease of repair.6. Towards the future: gamma-ray tra
king arraysIn a pure Ge array, the removal of the Compton suppressors would in
rease the Gesolid angle 
overage by roughly a fa
tor of two, and in addition, would re
over the fullenergy of a 
 ray that es
apes from one dete
tor to another, in
reasing the eÆ
ien
yfor the dete
tion of a 1.3 MeV 
 ray by another fa
tor of two. Thus, the eÆ
ien
yfor dete
ting the full energy of a 1.3 MeV 
 ray for a 4� shell of Ge dete
tors 
an beestimated to be about 60%, limited only by the �nite thi
kness of the Ge 
rystals, thegaps and the absorption in the support stru
tures. However, the inability to distinguishbetween two 
 rays dete
ted simultaneously in two dete
tors and one 
 ray intera
tingin the two dete
tors has prevented the introdu
tion of pure Ge shells for nu
lear physi
sexperiments. To isolate multiple (e.g., 20) simultaneous 
 rays suÆ
iently, more than1000 dete
tors would be required whose 
ost would be prohibitive.The solution (see �gure 17) is to tra
k the intera
tions of all 
 rays in order toidentify and separate the emitted 
 rays even if several intera
t in one dete
tor. Takingadvantage of the te
hnologi
al advan
es in segmenting Ge 
rystals ele
tri
ally in twodimensions, it is now feasible to build an array of approximately 100 highly segmentedGe dete
tors. Su
h an array retains high eÆ
ien
y by allowing the pulse-shape analysisof signals from ea
h segment to be used to re
onstru
t the energy and three-dimensionalpositions of all 
-ray intera
tions and then tra
k the 
 rays. The ability to tra
kthe intera
tions of 
 rays in the dete
tor 
ould in
rease the sensitivity for dete
ting
 radiation dramati
ally and might be a step 
omparable with the �rst introdu
tion ofGe dete
tors about 40 years ago.In the following, we will introdu
e the tra
king 
on
ept. We will then brie
ymention the various planned tra
king arrays before presenting one of them (GRETA)in more detail.6.1. Tra
king prin
ipleTra
king of 
 radiation [71℄ requires the determination of individual 
-ray intera
tionsand their s
attering sequen
e, i.e. the time order. Due to the small distan
e betweenintera
tions (a few 
m to a few mm) and a time resolution of typi
ally 5 ns in Gedete
tors, it is not possible to determine the time sequen
e by measuring the time of the
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tions. We have to use tra
king algorithms, whi
h rely on the 
hara
teristi
s of theunderlying physi
al pro
esses (Compton s
attering, pair produ
tion and photoele
tri
e�e
t) to order the individual intera
tions into a 
-ray path.6.1.1. Compton s
attering. For most 
-spe
tros
opy experiments (e.g. for 
-rayenergies between 150 keV and 8 MeV) Compton s
attering is the dominant intera
tionpro
ess. For example, a 1.3 MeV 
 ray undergoes on average three Compton s
atteringpro
esses before it is fully absorbed by a photoele
tri
 e�e
t. Figure 18 illustrates as
attering s
enario of an in
ident 
 ray undergoing two Compton s
atterings and then aphotoele
tri
 absorption. The 
-ray s
attering angle is �, E
 is the initial 
-ray energyand Ei (i=1,3) is the energy deposited at the intera
tion point. Sin
e the range ofele
trons for 
-ray energies of interest is mostly below 1 mm, the energy deposition isassumed to be at the position of the s
attering for the following dis
ussions. Assumingthe full energy E
 is deposited in the dete
tor (E
=E1+E2+E3), and the 
 ray is emittedfrom the sour
e position, it is possible to 
al
ulate the s
attering angle �
 for ea
hintera
tion a

ording to equation 1. In addition, the measured s
attering angle �m 
anbe dedu
ed from the three-dimensional positions of the intera
tions. One 
an de�ne a�gure-of-merit su
h as,�2j = N�1Xn=1  �m � �
�� !2n (5)where �� is the estimated angle un
ertainty and the index j indi
ates one of the possiblesequen
es (all of whi
h are sket
hed in �gure 18 as well as the sour
e shown as a solidpoint). It is possible to �nd the sequen
e with minimum �2. If the intera
tion pointshad perfe
t position and energy resolution, the tra
king would be exa
t and the properlyidenti�ed s
attering path would show no deviation from the s
attering formula (�2 =0). Any deviation would indi
ate a Compton es
ape event in whi
h a 
 ray left only afra
tion of its energy before it s
attered out of the dete
tor, or in whi
h the 
 ray doesnot originate from the sour
e. In this way, the 
-ray tra
king pro
edure would work asan anti-Compton dete
tor without the shield. In the ideal 
ase of perfe
t position andenergy resolution, the peak-to-total ratio would be unity sin
e all es
ape events wouldbe identi�ed and disregarded and only full energy events would be a

epted.Unfortunately, due to the �nite energy and position resolution in the 
-ray dete
tionsystem, �2 will always be larger than zero and the peak-to-total ratio will always besmaller than unity. Figure 19 shows 
al
ulated �2 values for full-energy and es
ape(ba
kground) events. Here, 
 rays with an energy of 1 MeV were simulated in anideal Ge shell. Depending on the �2 value whi
h is used to separate full-energy (peak)from es
ape (ba
kground) events, it is possible to improve the P/T ratio at the 
ost ofeÆ
ien
y or vi
e versa.6.1.2. Position resolution requirement for tra
king. The realization of an eÆ
ienttra
king array requires a position resolution of 1-2 mm [71℄ and an energy resolution of
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tor arrays 35a 2-3 keV per intera
tion. The required position resolution 
orresponds to an e�e
tivegranularity of approximately 30000 voxels per Ge dete
tor with a volume of 300 
m3,whi
h is impossible to a
hieve by a physi
al segmentation of the 
rystal. However, pulse-shape analysis methods [72, 73℄ have been developed, whi
h 
an provide this positiona

ura
y together with high-resolution energy information. These methods require asegmentation of the outer dete
tor 
onta
t into 20-40 segments.6.2. Planned dete
tor systemsThe idea of three-dimensional 
-ray tra
king in a solid state dete
tor was 
on
eived atLBNL in 1994. The implementation of these new 
on
epts was 
alled GRETA (Gamma-Ray Energy Tra
king Array). European e�orts to realize a 
-ray tra
king array were �rstinitiated in Italy shortly after with a system 
alled MARS (Mini Array of Segmenteddete
tors). Broader support in Europe was re
e
ted in the establishment of a Europeanwide network, 
alled TMR (Training and Mobility of Resear
hers) [74℄, to 
oordinatethe wide variety of e�orts. In 2000, these e�orts 
ulminated in establishing the AGATA(Advan
ed GAmma-ray Tra
king Array) proje
t whi
h is 
urrently the European fo
us.Table 1 also gives a summary of the 
hara
teristi
s of AGATA and GRETA.In the following we dis
uss brie
y these re
ent e�orts to build 4� arrangementsof segmented and large volume 
oaxial dete
tors and we also dis
uss possible planararrays. GRETA will be reviewed in more detail in se
tion 7.6.2.1. MARS. MARS (for Mini ARay of Segmented dete
tors) [75℄, aimed at buildinga smaller s
ale array 
onsisting of 50-60 
oaxial HPGe dete
tors with a two-dimensional4x6 segmentation in a barrel-like arrangement. A geodesi
 geometry would be lesseÆ
ient be
ause of relatively bigger gaps and the loss of material due to the largetaper required. The barrel-like stru
ture is more eÆ
ient but requires long 
rystals inorder to 
over better the equatorial area around 90Æ. However, 
ount rates are thendistributed unevenly among dete
tors and segments, and signi�
ant 
ross-s
atteringo

urs throughout the whole array. Resea
h and Development for MARS has now beenin
orporated into the bigger proje
t AGATA.6.2.2. AGATA. A number of European e�orts were initiated after MARS, all
ulminating re
ently in the AGATA proje
t [76℄. The original design 
onsists of 180hexagonal and 12 pentagonal Ge dete
tors in a geodesi
 
on�guration. The largernumber of dete
tors permits a larger inner spa
e (34 
m diameter) to a

ommodateauxiliary devi
es. Using pulse-shape analysis tools and tra
king algorithms whi
h havebeen developed in Europe one expe
ts an eÆ
ien
y of 25% for a 
as
ade of 30 
 rays of1 MeV and v/
 < 0.5.6.2.3. Planar arrays. A possibility for a
hieving the required position resolution of afew millimeters without pulse shape analysis is to use dete
tor systems having suÆ
ient
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tor arrays 36pixalation. Su
h systems might be built [77℄ of sta
ks of thin planar dete
tors, ea
hwith with one ele
trode highly pixilated or in double-sided strip (DSSD) 
on�gurationwhere the opposite ele
trodes are divided in orthogonal strips. To ensure that a singleintera
tion o

urs in one pixel, small pixels or strips are used as well as thin dete
torlayers. The intera
tion position is determined by the pixel and layer number. In athi
ker dete
tor, the measured drift time 
an determine the intera
tion depth. Onlythe energy has to be pro
essed, whi
h 
an be a

omplished by 
onventional analogpro
essing ele
troni
s with very many 
hannels. However, dead layers, e.g. in guardrings, at the edge of ea
h planar 
rystal, as well as the me
hani
al stru
ture requiredto provide suÆ
ient 
ooling to the HPGe dete
tors, signi�
antly limit the possibility ofassembling these dete
tors into eÆ
ient 4� arrays. Thus 
losed-end 
oaxial dete
torsare the only feasible 
hoi
e for 
onstru
ting 4� arrays at the present time.7. GRETA, the Gamma-Ray Energy Tra
king ArrayIn this se
tion, we will dis
uss in more detail the design of GRETA, its expe
tedperforman
e, the proje
t status and the new physi
s opportunities.7.1. The GRETA designAs indi
ated in �gure 17, the GRETA design 
onsists of a spheri
al shell, in a geodesi

on�guration, of 120 to 130 highly segmented HPGe dete
tors. To maximize thesolid angle 
overage, the dete
tors are tapered hexagons and pentagons. An isotropi
spheri
al geometry provides nearly equal 
ount rates per solid angle, whi
h simpli�espro
essing requirements as well data analysis and minimizes s
attering pro
esses withinthe array. However, the spa
e between dete
tors limits the solid angle 
overage andtherefore has to be minimized.While most of the te
hnology to build Gammasphere was available whenGammasphere was 
on
eived, the segmentation te
hnology, the pulse-shape analysis,and the tra
king algorithms were not suÆ
iently developed prior to GRETA in orderto ensure the feasibility of a 
-ray tra
king array. Therefore, we will dis
uss these threeaspe
ts in more detail.7.1.1. Segmentation. The 36-fold segmented GRETA prototype [72℄ and itssegmentation s
heme are shown in �gure 20. The prototype 
onsists of a 
losed-endedHP-Ge n-type 
rystal with a tapered hexagonal shape. The bias is applied to the 
entral
onta
t, whi
h allows the segments to be DC-
oupled to the preampli�er (see se
tion 5).The inner hole has a length of 7.5 
m and a diameter of 1.0 
m. The angle of the taperis 10 degrees. The outer ele
trode is divided into 36 parts (6x6). The 6 longitudinalboundaries are lo
ated in the middle of the 
at surfa
es of the hexagonal shape. Thewidths of the segments along the symmetry axis, starting at the front (the narrow end),are 7.5 mm, 7.5 mm, 15 mm, 20 mm, 25 mm and 15 mm, respe
tively. The thi
kness of
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tor arrays 37the layers was 
hosen to distribute the number of the intera
tions more equally amongthe segments for 
 rays 
oming from the front and to allow the study of the e�e
ts ofdi�erent thi
knesses on the transient-signal (see next paragraph) sensitivity. The Ge
rystal resides in a 1 mm thi
k aluminum 
an of the same shape as the 
rystal. This
an is separated from the 
rystal by 1 mm to simulate the 
lose pa
ked geometry ofindividually en
apsulated dete
tors. It is possible to mount these two-dimensionallysegmented HPGe dete
tors in 0.7 mm thi
k 
ans with 0.7 mm gap between 
rystal and
apsule. Su
h a 
apsule has been shown to be feasible by the MINIBALL 
ollaboration[64℄ (see paragraphs 4.4.3 and 4.5). The minimization of 
apsule thi
kness and gap sizeis important in order to maximize solid-angle 
overage as well as add-ba
k eÆ
ien
y. Tomaximize the signal-to-noise ratio of the signals, the 37 FET's (36 segments + 1 
entral
onta
t) of the GRETA prototype dete
tor are lo
ated and 
ooled in the same va
uumas the 
rystal.7.1.2. Pulse-shape analysis. Pulse-shape analysis [73℄ in a two-dimensionally seg-mented dete
tor determines the position in three dimensions with an a

ura
y far betterthan the segmentation size. This is a
hieved not only by measuring the net 
harge signalof the 
harge 
olle
ting ele
trode but also the transient signals of neighboring segmentswhi
h display temporary image 
harges.Signal measurement and 
al
ulation. In the dete
tor, a signal (integrated 
urrentas a fun
tion of time) is produ
ed when ele
trons and holes, formed by the slowingdown of the photo, Compton, or pair-produ
tion ele
trons, indu
e image 
harges ofopposite sign on the ele
trodes. As the 
harges drift toward the ele
trodes, the amountof the image 
harge 
hanges and 
urrents 
ow into or out of the ele
trodes. When the
harge is at a large distan
e from the ele
trodes, the indu
ed 
harge is distributed overseveral ele
trodes. As the 
harge moves 
loser to the destination ele
trode, the indu
ed
harge on this ele
trode in
reases and 
harges on the other ele
trodes de
rease until the
harge �nally rea
hes the destination ele
trode and neutralizes the image 
harge. Theobservation of a net 
harge on the destination or 
harge-
olle
ting ele
trode (segmentB4 in �gure 21) 
an be used to identify the segment whi
h 
ontains the intera
tion. In
ontrast, the predominant 
hara
teristi
 of the transient signals is that they vanish whenthe 
harge 
arriers are 
olle
ted. In addition, either polarity is possible, depending on thepositions of holes and ele
trons (whi
h depend on the intera
tion position). For example,for an intera
tion suÆ
iently 
lose (the exa
t distan
e depends on the geometry) to theouter ele
trode (e.g., x=22 in �gure 21), the transient signal is always negative.Charge 
arrier traje
tories as well as segment signals 
an be 
al
ulated from theele
tri
 �eld in the dete
tor and the known parameterization of the 
harge 
arrier ve-lo
ities as a fun
tion of ele
tri
 �eld and 
rystal orientation. The �eld is obtained bysolving the Poisson equation for the given dete
tor geometry and boundary 
onditions.Transient 
harge signals are 
al
ulated via the so-
alled weighted �eld method.
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tor arrays 38Position sensitivity. In �gure 21, measured as well as 
al
ulated segment signalsare shown. The top part indi
ates the two lo
ations of single intera
tions in segment B4,
lose to the lower and front neighbors C4 and B3, respe
tively. The measurements wereperformed with the 
oin
iden
e setup shown on top of �gure 22. Be
ause of the �nite sizeof the 
ollimators, the signals for a given pair of 
ollimator positions are averaged overmany events in order to de�ne a set of signals 
orresponding to a `pre
ise' intera
tionposition, i.e., the 
enter of the 
ollimated region of the dete
tor. However, the signalnoise prevents an event-by-event pre
ise determination of the intera
tion position. Theposition sensitivity expresses the 
hange of net and transient 
harge signals for di�erentlo
ations (determined as explained above) relative to the noise level. It measures theminimum distan
e between intera
tions that produ
e distinguishable signals. The ob-tained sensitivity of about 0.5 mm in ea
h dimension at an energy of 374 keV (depositedin a single intera
tion), is remarkable 
onsidering the fa
t that the size of the segmentis very roughly 2 
m on ea
h side, implying an improvement of about a fa
tor of 40 inea
h dimension.Determination of the interation position. In order to tra
k, an event-by-event inter-a
tion position determination is needed. It is in prin
iple obtained by de
omposing ea
hmeasured signal into sets of basis of measured signals whi
h 
orrespond to a pre
isesingle-intera
tion position (obtained by averaging as explained in the previous para-graph). However, due to time 
onstraints of data 
olle
tion, it was only possible tomeasure basis sets of signals for a few regions of the 
rystal. Cal
ulated signals 
orre-sponding to the same positions �t the data ex
eptionally well as shown in �gures 21and 22 and only 
al
ulations are then used to obtain sets of basis signals over the entire
rystal.Position resolution. The position resolution is the FWHM of a position spe
-trum obtained from a spe
i�
 lo
ation in the 
rystal. The true position resolution hasto be measured event-by-event by de
omposing the measured signals with the single-intera
tion sets of basis signals. This gives the position distributions measured for agiven 
ollimated sour
e position (bottom solid 
urves of �gure 22). The width of theseposition distributions results from a 
onvolution of the 
ollimator sizes and the positionresolution. The measured widths give a position resolution of 0.6 mm to 1 mm (�gure 22,bottom), again at an energy of 374 keV. These distributions are well reprodu
ed by a
al
ulation under the same 
onditions (bottom dashed 
urves of �gure 22, see 
aption),where a known noise has been added to the 
al
ulated signals. The displa
ement ofthe 
al
ulated 
urves relative to the experimental ones in the y dimension 
orrespondsto a position deviation (
entroid of the peak) of about 2 mm whi
h is due to 
rystalorientation e�e
ts not taken into a

ount in these 
al
ulations.Multiple intera
tions. The real situation is more 
ompli
ated and involves multipleintera
tions in multiple segments. For example, a 1.3 MeV 
 ray, fully stopped in
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tor arrays 39one 
rystal, intera
ts on average 4 times (two intera
tions in two segments). Several�tting pro
edures have been explored: 
onventional least-square �tting, singular valuede
omposition, arti�
ial neural networks and geneti
 algorithms. The goal of most ofthe �tting pro
edures is to de
ompose the measured signals into the a priori 
al
ulatedbasis signals. To perform this de
omposition 
al
ulations in real time with a sustainedevent rate of up to 50 kHz represents one of the remaining 
hallenges. Current resultsvary in a
hievable position, energy resolution and, espe
ially, in pro
essing times.7.1.3. Tra
king algorithms. The re
onstru
tion of 
 rays is the third major task re-quired to realize a 
-ray tra
king array. The intera
tion information is used by tra
kingalgorithms [71℄ to separate and identify the 
 rays.Compton s
attering. Figure 23 shows a world map of intera
tions obtained byMonte-Carlo simulations (GEANT3) for 25 
 rays with an energy of 1.33 MeV laun
hedfrom the 
enter into an ideal Ge shell with an inner radius of 15 
m and a thi
kness of9 
m. The Compton s
attering pro
ess is dominant for these 
 rays as well as in theregion of main interest, e.g. between 150 keV and 8 MeV. One of the 
urrent Compton-tra
king algorithms 
onsists of three steps. Cluster identi�
ation is the �rst step. Theintera
tion points within a given angular separation (
alled angle parameter) as viewedfrom the 
-ray sour
e are grouped into a 
luster. In the se
ond step, ea
h 
luster is eval-uated by tra
king to determine whether it 
ontains all the intera
tion points belongingto a single 
 ray. The tra
king algorithm uses the angle-energy relation of Compton s
at-tering to determine the most likely s
attering sequen
e from the position and energy ofthe intera
tion points. As dis
ussed in paragraph 6.1.1, we identify good 
lusters basedon a small deviation �2 from a Compton-s
attering sequen
e. In the third step, we tryto re
over some of the wrongly identi�ed 
lusters. For example, one type of in
orre
tlyidenti�ed 
luster 
omes from a single 
 ray being separated into two 
lusters. This 
 ray
an be 
orre
tly identi�ed by tra
king together all pairs of bad 
lusters. When the resultgives a small �2, the 
 ray is re
overed by adding the two 
lusters. The 
lusters whi
hdo not satisfy any of the above 
riteria are reje
ted. Assuming a position resolution of1 mm whi
h appears to be feasible, an angle parameter of 8 degrees, and 25 emitted 1.33MeV 
 rays, a peak eÆ
ien
y of 33% and a peak-to-total of 72% 
an be a
hieved. In
omparison, Gammasphere has an eÆ
ien
y of about 8% and a peak-to-total of about50% under the same 
onditions, whi
h implies a gain of four in eÆ
ien
y and 1.5 in peak-to-total for ea
h 
 ray. Note that a typi
al high-spin event where 5 full-energy 
 raysare re
orded is then approximately 45 � 1000 times more likely and (1:5)5 times 
leaner.Pair produ
tion. At 10 MeV, the probability of pair produ
tion is about 60%.In most 
ases, pair produ
tion o

urs at the �rst intera
tion be
ause the energy of 
rays de
reases rapidly as a Compton s
attering sequen
e pro
eeds. The ele
tron andpositron pair produ
ed by a 10-MeV 
 ray have short ranges, less than 6 mm in Ge. Theannihilation of the positron produ
es two 0.511-MeV 
 rays and ea
h of them 
reates
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tor arrays 40a 
luster of intera
tion points. Therefore, the pattern of pair-produ
tion events 
an be
hara
terized as a single high-energy point surrounded by low energy points. Su
h analgorithm was tested and a preliminary result gives a value of tra
king eÆ
ien
y "t � 0:5at 10 MeV for an energy resolution of 2 keV and a position resolution of 3 mm. Thefull-energy-peak eÆ
ien
y for pair events is the produ
t of "t and the full absorptioneÆ
ien
y "a (� 0:7 at 10 MeV) for the Ge shell.E�e
t of neutrons. Neutrons, produ
ed most often in nu
lear rea
tions at energiesaround 1 MeV, intera
t primarily by elasti
 s
attering [71℄. These neutrons intera
t 4-5times with the array, depositing about 5% of their energy per intera
tion before leavingthe Ge shell. However, prompt 
oin
iden
e timing eliminates the majority of neutronintera
tions. The remaining intera
tions are eliminated during the 
-ray tra
king phaseof the algorithm sin
e these neutron 
lusters do not resemble good 
-ray 
lusters.7.2. Expe
ted performan
eFrom the measurements on the prototype dete
tor and from the simulations, we 
aninfer the expe
ted 
hara
teristi
 properties of GRETA.7.2.1. EÆ
ien
y, peak-to-total ratio, position resolution, and rate. Figure 24 showsphotopeak eÆ
ien
ies and P/T ratios as a fun
tion of energy for GRETA andGammasphere, based on simulations of single 
 rays without tra
king. In parti
ularfor high 
-ray energies the gain of a 
losed shell is very large. EÆ
ien
ies of up to 10%are expe
ted at 
-ray energies of 10 MeV while Gammasphere provides only about 0.5%at this energy. The gain in the P/T ratio at higher 
-ray energies is also quite large and isdue to the full 
overage of Ge dete
tors whi
h 
an 
ontain the larger spatial distributionof higher-energy 
 rays. In Gammasphere this larger distribution is unlikely to be
ontained in a single Ge dete
tor. For higher 
-ray multipli
ities, the performan
e forGRETA with tra
king depends on the a
hievable position resolution and the minimalresolvable distan
e between two intera
tions. With a position resolution of 1-2 mm,�gure 25 shows 
al
ulated [71℄ eÆ
ien
ies and P/T ratios for GRETA when tra
king25 
 rays of 1.33 MeV as a fun
tion of the angle parameter. The 
al
ulated numbersfor Gammasphere at this multipli
ity and this energy are shown for 
omparison. At anangle parameter of 8Æ one 
an 
onservatively expe
t an eÆ
ien
y of about 30% and aP/T ratio of 70%. In addition, we estimate that be
ause of the shorter pro
essing timeand the in
reased number of segments, the event rate 
an be in
reased by a fa
tor ofabout 20.7.2.2. Resolving power. Based on the eÆ
ien
ies and the P/T ratios in �gure 25the expe
ted resolving power of GRETA will be approximately 7x106, an in
rease insensitivity by three orders of magnitude from Gammasphere and Euroball.
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tor arrays 41The substantial gain in sensitivity of a 
-ray tra
king array is not limited toexperiments with high 
-ray multipli
ities. Tremendous improvements due the enhan
edDoppler-shift 
orre
tion 
apability 
an also be expe
ted for high re
oil-velo
ity eventseven at low 
-ray multipli
ities. Also large improvements in eÆ
ien
y for high 
-rayenergies are expe
ted under any 
onditions.7.3. Re
ent developments and future plans for GRETAThe above dis
ussion has outlined the design and expe
ted performan
e of GRETA.This se
tion will give the present status of dete
tor- and signal analysis-development.7.3.1. Dete
tor prototypes and the GRETA array. Development of segmented HPGe
oaxial dete
tors began with Gammasphere in 1993 with two segments (2x1, seeparagraph 4.4.2) and table 1 lists various types of segmented dete
tors used in 
urrentor planned arrays. The �rst GRETA prototype used a 6x2 segmentation. This dete
torwas tested in 1997. The se
ond prototype with 6x6 segmentation was extensively testedin 1999-2000.The next important step towards building a full 
-ray tra
king array su
h asGRETA is the manufa
ture of a 
luster of three en
apsulated, 6x6 segmented HPGedete
tors. All three dete
tors will be assembled 
lose together in one 
ryostat. Thisarrangement represents a 
ompromise between minimizing support stru
ture and gapson one hand and providing adequate reliability and 
ooling 
apabilities on the otherhand. Sin
e ea
h Ge 
rystal is equipped with 37 FET's, a total of 111 FET's have tobe 
ooled down in the 
ryostat. The main purpose of this module is the developmentof the te
hnology to assemble and operate three 
lose-pa
ked and highly segmentedHPGe dete
tors in one 
ryostat. The �rst 
luster was ordered in the fall of 2002 withdelivery expe
ted in the fall of 2003. If su

essful, two more 
lusters will be a
quired.This small array of 9 Ge dete
tors [78℄ (see �gure 26) will test 
-ray tra
king a
ross
ryostat boundaries. A photopeak eÆ
ien
y of up to 3% and a P/T ratio of about 50%at 1.33 MeV 
an be expe
ted using tra
king in this 3x3 GRETA 
luster (see �gure 24).7.3.2. Signal digitizer and signal pro
essing. Re
ent te
hnologi
al advan
es of fast-sampling and high-resolution ADCs and the evolution in pro
essing speed provide therequired pulse-shape analysis and tra
king 
apabilities to pro
ess the large amount of
omplex data in real time.Planned waveform digitizer systems 
onsist of 12 or 14 bit ADCs with a samplingrate of 100 MHz. While the signal de
omposition 
al
ulations 
an be run in parallelfor ea
h individual dete
tor, the tra
king 
al
ulations have to be performed withinformation from all dete
tors. However, the event stream 
an be parallelized againover a network of pro
essing units. In a high 
-ray multipli
ity experiment, 
urrentsignal de
omposition 
al
ulations will require in the order of 15 Gops/s per 
rystal. Insu
h an experiment, the tra
king alone will require about 1 Tops/s.
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tor arrays 42Presently, an 8-
hannel, 12-bit, 100 MHz 
ash-ADC board has been produ
ed atLBNL and is being tested. It in
ludes a set of leading-edge dis
riminators, 
onstantfra
tion dis
riminators, an energy algorithm and a user adjustable window to extra
trelevant parts of pulse shape for subsequent signal de
ompostion. The VME readout ofthe board is designed for a sustained 
ounting rate of 10000 
ounts/s.7.3.3. Determination of double hits in a segment. The signal de
omposition pro
eduretranslates measured signal shapes into number of intera
tions, energies and positions.Based on the simulation 
al
ulations, the 
urrently employed general least squareminimization pro
edure, whi
h is subje
t to both linear and nonlinear 
onstraints onthe �t parameters, is able to separate single from double intera
tions in a segment in70%-90% of all 
ases at an energy of 662 keV.7.3.4. Full analysis of simulated and measured data. Comparisons have been made ofmeasured spe
tra with purely simulated spe
tra both prior to the de
omposition andtra
king pro
edure and afterward. This determines the e�e
t of tra
king in eÆ
ien
y andP/T ratio for the 36-fold segmented GRETA prototype dete
tor. Figure 27 illustratesthe gain in P/T ratio by tra
king in the GRETA prototype dete
tor [79℄. On theleft, the measured raw spe
trum is shown together with the spe
trum obtained aftertra
king. On the right, �gure 27 shows a spe
trum whi
h was generated by Monte-Carlo simulations and 
al
ulated signals (solid line). The simulations provide positionsand energies of individual intera
tions whi
h are used to 
al
ulate signals from ea
hsegment. To make the signal more realisti
, dete
tor and preampli�er response as wellas previously measured noise levels were folded into the signals. From there, the sametra
king pro
edure as used for the measured data was employed (dashed line). In both�gures, spe
tra have been normalized to the initial full-energy line at 662 keV.In the measured data the P/T ratio was improved from 0.16 to 0.31 with tra
king,and the photopeak eÆ
ien
y dropped to 0.62. For the 
al
ulated spe
tra shown on theright of �gure 27, a gain in the P/T ratio from 0.22 to 0.47 was obtained with tra
kingand the eÆ
ien
y de
reased to 0.67, a value similar to the real data. The overall lowvalues of the P/T ratios of 0.16 or 0.22 are due to several non-fun
tioning segmentswhi
h 
ompli
ate the measurement. The lower value of the measured as 
ompared withthe 
al
ulated P/T value is due the diÆ
ulty in parameterizing the environment of thedete
tor a

urately. However, both values s
ale very similarly with the appli
ation oftra
king.While the performan
e in terms of P/T ratio and eÆ
ien
y for single 
-ray tra
kingis inferior to that of a Compton suppressed dete
tor, the performan
e improves qui
klyfor more dete
tors where s
attered 
 rays 
an be tra
ked a
ross dete
tor boundaries.This 
an be seen in �gure 24 where the expe
ted performan
e of the 3x3 
luster is shown.



Developments in large gamma-ray dete
tor arrays 437.4. GRETA 
apabilities for new physi
sThe main improvement brought by the �rst- and se
ond-generation arrays was a largein
rease in sensitivity or resolving power over the previous systems whi
h 
onsisted ofonly a few dete
tors. GRETA not only has a resolving power in
reased by a fa
tor
lose to 1000 over se
ond-generation arrays but also provides entirely new 
apabilitiesbrought about by the possibility of tra
king.7.4.1. GRETA with the ISOL-type radioa
tive beams. The s
attering angle betweenthe �rst two intera
tions de�nes the angle of the in
ident 
 ray. In experiments withradioa
tive beams, tra
king 
an determine whether 
 rays 
ome from the target or fromunwanted residual a
tivity in the target 
hamber due to the radioa
tive beam itself. This
apability will enormously in
rease the sensitivity of radioa
tive beam experiments andwill 
onsiderably extend the range of exoti
 nu
lei that 
an be studied.The lo
ation of the �rst and se
ond intera
tion provides the linear polarization ofthe in
ident photon. In GRETA, the polarization sensitivity is in
reased by a fa
torof at least 100 
ompared with Gammasphere or Euroball. This will help determinethe spins and parities in many exoti
 nu
lei and will also have impli
ations in nu
learastrophysi
s.7.4.2. GRETA with fragmentation-type radioa
tive beams. Through tra
king, we 
anlo
ate the �rst intera
tion of a 
 ray within 1-2 mm anywhere in the 
-ray dete
tor. Forthe most dramati
 
ase of a high-velo
ity 
-emitting nu
leus (v/
 � 30%) the Dopplerbroadening in a GRETA dete
tor lo
ated at 90Æ to the nu
lear velo
ity would be 10 timessmaller than with a Gammasphere dete
tor at a similar lo
ation. This is essential forexperiments with radioa
tive beams obtained by the fragmentation method and makespossible studies of the 
olle
tive modes and nu
lear shapes in many very exoti
 nu
lei.7.4.3. GRETA for high-energy 
 rays. GRETA will be approximately 20 times moreeÆ
ient than Gammasphere for a 10 MeV 
 ray. Here the 
ombination of high eÆ
ien
yand high energy-resolution is unpre
edented. For example, the elusive giant dipoleresonan
e built on superdeformed states is likely to be found and studied, yielding moredetail on the 
olle
tive properties of superdeformed nu
lei. The 
ombination of tra
kingand high eÆ
ien
y will also permit the study of giant resonan
es in very exoti
 nu
lei.7.4.4. GRETA for studies of high angular momentum states. Figure 28 illustrates thegains in resolving power a
hieved over the years for the various dete
tors 
onsideredin this review. The gain was 
onsiderable with the 
onstru
tion of HPGe dete
torarrays, but GRETA will a
hieve an even bigger step. The bottom left part of the �gureshows that 
 rays of 
orrespondingly lower intensity, 
oming from higher and highernu
lear spins states, 
ould be observed, with the spin 60 
orresponding to the limitfrom Gammasphere and Euroball. The bottom right part shows that new nu
lear
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tor arrays 44properties were dis
overed as the observable frequen
y of the rotating nu
leus wasin
reased (a rotational frequen
y of � 1 MeV 
orresponds roughly to the spin �60�h in the left part of the �gure). With GRETA it should be possible to investigate veryweak transitions and address su
h topi
s as: the systemati
 study of the de
ay betweensuperdeformed and normally deformed states; the sear
h for nu
lei with even moreelongated, `hyperdeformed', shapes (with a ratio of axes � 3:1), expe
ted to o

ur atvery high spins (70-80 �h); the investigation of nu
lear stru
ture at in
reasing temperaturewhere new phenomena asso
iated with the evolution from order to 
haos o

ur.7.4.5. Other s
ien
e. Other bran
hes of physi
s would also bene�t from the power ofGRETA. For example, the study of the positronium de
ay into four or �ve photonswould provide higher-order tests of quantum ele
trodynami
s and improve limits on
harge 
onjugation symmetry violating 
urrents. In parti
le physi
s, measurements ofthe Vud element of the quark mixing matrix, important for tests of the Standard Model,
ould be improved by a fa
tor of � 10 in the most important 
ase of 10C by distinguishingbetween a 1022 keV 
 ray and the sum of two 511 keV 
 rays. In astrophysi
s, so-
alledCompton 
ameras to image the distant sky will be improved by event-by-event tra
kingof the �rst and se
ond intera
tions to determine the in
oming 
-ray dire
tion. EÆ
ientimaging of radioa
tive sour
es through tra
king will have important appli
ations in otherareas of s
ien
e. For example, in medi
ine, a new 
lass of radioisotopes with multiple
 rays 
ould be used. In safeguarding against terrorism, higher energy 
 rays, morediÆ
ult to shield, 
an be used to �nd hidden materials.8. Con
lusionThe development of 
-ray dete
tors and of arrays has played a very important rolein s
ienti�
 dis
overies. Arguably, the most important milestones have been thedevelopment of NaI(Tl) dete
tors, then Ge dete
tors, and re
ently large arrays of BGOCompton-suppressed HPGe dete
tors. In ea
h 
ase, pressing new physi
s questionsmotivated the quest for dete
tor improvements, and new te
hnologies made possiblethese new designs. In the last two se
tions, we have tried to show that 
-ray tra
king isa new te
hnique, requiring entirely new highly segmented Ge dete
tors, and new kinds ofdata handling (digital signal pro
essing and tra
king). We have reviewed the dete
tordevelopments and fo
used on the progress made in nu
lear spe
tros
opy. However,tra
king te
hniques will bene�t many areas of s
ien
e and a major e�ort to developthem is presently underway worldwide.A
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tor arrays 48Figure 
aptionsFigure 1. Linear 
-ray attenuation 
oeÆ
ients (proportional to the 
ross se
tion) forphotoele
tri
, Compton and pair-produ
tion intera
tions in Ge material as a fun
tionof 
-ray energy. The total absorption 
oeÆ
ient is also shown.Figure 2. Response (distribution of pulse heights) of a Ge dete
tor to a monoenergeti
1 MeV 
-ray sour
e. The height of the full-energy peak is o�-s
ale in order to showthe Compton distribution.Figure 3. From top to bottom: 
on�guration of an n-type intrinsi
 germanium planardete
tor; 
harge distribution for the fully depleted dete
tor; ele
tri
 �eld and ele
tri
potential pro�les along the dete
tor.Figure 4. Con�guration of an n-type intrinsi
 germanium 
losed-end 
oaxial dete
tor.Figure 5. Basi
 ele
troni
 
omponents for a pulse-height analysis.Figure 6. (top) Current pulse produ
ed by the dete
tor (verti
al arbitrary units);(middle) typi
al voltage output of a preampli�er as a fun
tion of time. The apparentamplitude varies due to pile-up of the pulses; (bottom) voltage output of the ampli�er.By shaping the pulses, their true amplitude is re
overed.Figure 7. Distributions PNp(M) of the number of hits, p, for various events with Min
ident 
 rays, in a spheri
al shell of 162 NaI 
ounters with 90% eÆ
ien
y (N
) and25% probability (f) of Compton s
attering.Figure 8. Top: s
hemati
 side view (verti
al 
ross se
tion) of the TESSA0 arrayof �ve Compton-suppressed Ge(Li) dete
tors. Bottom: plan view (proje
tion on thehorizontal plane). The hat
hed area represents the lead 
ollimators.Figure 9. S
hemati
 perspe
tive view of HERA. Only one half of the array is shownsurrounding the beam line. The shaded tapered 
ylinders are the BGO shields, ea
hsurrounding a 
oaxial HPGe dete
tors (outlined as a dashed 
ylinder in three BGOshields). The verti
al 
ylindri
al se
tors are the elements of the BGO 
entral ball.Figure 10. Dete
tor 
on�guration in Gammasphere. It results from the tiling of asphere with 110 hexagons and 12 pentagons (grey).Figure 11. Side view of a Gammasphere module.Figure 12. Side view of Mi
roball inside the Gammasphere target 
hamber. TheGammasphere BGO shields with their hevimet 
ollimators are seen surrounding thetarget 
hamber.Figure 13. S
hemati
 view of a 
lover dete
tor.Figure 14. S
hemati
 diagram (side view 
ross se
tion) of a 
luster of 7 HPGedete
tors (5 visible) surrounded by their BGO Compton suppressor (hat
hed 
rossse
tion).Figure 15. Components of an en
apsulated Ge dete
tor.
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tor arrays 49Figure 16. S
hemati
 view (side 
ross se
tion) of Euroball.Figure 17. Comparison between the 
urrent state-of-the-art dete
tor Gammasphere(left) and the proposed GRETA array (right). In the top part, both instruments areshown on the same s
ale. The lower portion (not to s
ale) indi
ates the two di�erentapproa
hes. While anti-Compton shields suppress 
ross s
attering between Ge 
rystalsand hevimet absorbers prevent dire
t hits of the shields and thereby false suppression,a 
-ray tra
king array a

epts all 
 rays, thereby signi�
antly in
reasing the eÆ
ien
y.Figure 18. Example of a typi
al s
attering pro
ess for a 1 MeV 
 ray intera
ting witha Ge dete
tor. An in
ident 
 ray with the energy E
 intera
ts two times by meansof Compton s
attering before it is fully absorbed by means of the photoele
tri
 e�e
t.The lower part shows all possible s
attering sequen
es whi
h have to be sampled duringthe 
-ray tra
king pro
edure. The bla
k dot represents the sour
e.Figure 19. Distribution of �2 values for 1 MeV 
 rays in a standard Ge shell.Figure 20. The 36-fold segmented GRETA prototype dete
tor with its tapered andhexagonal shape and the arrangement of its segments.Figure 21. Measured set of segment signals at x=22 mm (left) and x=14 mm (right),y=4.5 mm and z=34.5 mm (�z=4.5mm). Segment B4 
ontains the intera
tions. Thethin lines are measured signals, the thi
k lines are 
al
ulated signals.Figure 22. Top: Coin
iden
e setup used to determine position resolution. Middle:example of 
al
ulated (dashed lines) and measured (solid lines) signals. Bottom:measured (full lines) and simulated (dashed lines) distributions of intera
tion positions,x, y, and z. Dedu
ed position resolutions �x, �y, �z. Displa
ements of averagepositions, �pos, between measurements and 
al
ulations.Figure 23. `World map' of intera
tions obtained by laun
hing 25 
 rays with energiesof 1.33 MeV into an ideal Ge shell. A shows a 
orre
tly identi�ed 
luster, B showstwo wrongly identi�ed 
lusters whi
h 
ame from one 
 ray and C shows one wronglyidenti�ed 
luster whi
h is 
aused by two 
 rays.Figure 24. Cal
ulated photopeak eÆ
ien
ies (left) and P/T ratios (right) for GRETA,Gammasphere and a 
luster of 3x3 GRETA type dete
tors as a fun
tion of 
-ray energyfor single 
 rays without tra
king.Figure 25. Cal
ulated photopeak eÆ
ien
ies and P/T ratios for GRETA aftertra
king, assuming 25 
 rays with 1.33 MeV.Figure 26. Design of a group of three 
lusters, ea
h 
onsisting of three en
apsulated,6x6 segmented dete
tors.Figure 27. Measured (left) and 
al
ulated (right) energy spe
tra from a 137Cs with662 keV. The solid lines show the raw spe
tra without tra
king, and the dashed linesshow the spe
tra with tra
king. All spe
tra are normalized to the intensity of the662 keV full-energy line, whi
h is o�-s
ale.
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tor arrays 50Figure 28. Top: the evolution of the resolving power for various dete
tors anddete
tor arrays in
luding the predi
tion for Ge shells su
h as GRETA. Bottom: (left)relative intensity of the yrast sequen
e in 156Dy as a fun
tion of spin; the arrows markthe lo
ation of the highest spin observed at the dates indi
ated; (right) moments ofinertia of the yrast sequen
e in 156Dy as a fun
tion of the rotational frequen
y; variousphenomena 
orresponding to `kinks' in the 
urve are indi
ated.


