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RESPONSE OF THE COMPOSITE CLUSTER HPGeDETECTORS OF THE EUROBALL ARRAYTO HIGH ENERGY 
-RAYS�B. Million, A. Bra

o, F. Camera, S. Brambilla, S. LeoniO. WielandINFN and Universitá degli Studi di Milanovia Celoria 16, 20133 Milano, ItalyM. Kmie
ik, A. MajHenryk Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, PolandB. HerskindNiels Bohr Institute, Blegdamsvej, 17, København, Denmarkand A. GadeaIFIC, Edi�
io Institutos de Paterna, apartado 2085, 46071 Valen
ia, Spain(Re
eived November 29, 2000)The performan
es of the 
omposite Cluster dete
tors of the EUROBALLarray have been investigated with 
-rays of 15.1 MeV produ
ed in the re-a
tion 11B +D!12 C + 
 + n at 19.1 MeV. The Cluster dete
tor is madeof 7 en
apsulated germanium 
rystals mounted in a single 
ryostat. Thepulse height to energy 
onversion of the individual 
rystals is found to bevery linear. The 
oin
iden
e fold distribution is given for various energiesand 
ompared to simulation 
al
ulations of the Cluster response. A simpleadd-ba
k pro
edure improves 
onsistently the full energy peak e�
ien
y.The e�
ien
y of the 
omposite dete
tor is 
ompared to that of large volumeBaF2 s
intillator.PACS numbers: 29.30.Kv, 29.70.�e� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(847)



848 B. Million et al.1. Introdu
tionHigh energy 
-ray spe
tros
opy brings important information both fornu
lear stru
ture and rea
tion me
hanism studies. Although most of theworks are based on measurement of 
-rays at E
 � 2 MeV, a lot 
an be alsolearned by studying 
-rays in the 5�20 MeV interval. In this 
ase dedi
atedinstruments with high e�
ien
y are needed. Until few years ago, the stan-dard germanium dete
tors had 
ommonly about 30% relative e�
ien
y at1.332 keV and an order of magnitude less at 10 MeV [1℄. This is why highenergy 
-ray array have been made with inorgani
 s
intillator dete
tors likeNaI(Tl), BGO or BaF2 whi
h 
an be built in large volume giving a highe�
ien
y at high 
-ray energy. In parti
ular, the BaF2 s
intillator time re-sponse gives the possibility to reje
t neutrons by time of �ight te
hnique ifne
essary. The drawba
k of these s
intillator dete
tors is that the energyresolution 
annot be better than 5�6% at 15 MeV. On the other hand, inthe last years large germanium 
rystals have been available and were largelyused in dete
tion arrays for low energy spe
tros
opy. More re
ently, a new
omposite dete
tor has been developed for the EUROBALL array, namelythe 
luster germanium dete
tor. It is 
hara
terized by a very good energyresolution of about 2 per mil for 
-rays of 1.332 keV. Its response fun
tion upto 10 MeV has been studied with an Al sour
e and standard ele
troni
s. Wepresent here the results of the response fun
tion of these dete
tors studied at15 MeV when mounted in the EUROBALL array and 
onne
ted to the VXIele
troni
s. They 
on
ern mainly the linearity of the pulse-height to energy
onversion, the features of single and �add-ba
k� spe
tra, the resolution andthe e�
ien
y of the 
luster dete
tors and the 
omparison to large volumeBaF2 dete
tors.2. The 
luster germanium dete
tors in the EUROBALL arrayEa
h 
luster dete
tor is made of seven en
apsulated germanium 
rys-tals of about 60% relative e�
ien
y ea
h, for a total volume of 2000 
m3,pla
ed in a single 
ryostat and surrounded by a BGO anti-
ompton shield.A 
omplete des
ription of the geometry 
an be found in [1℄ and [2℄. TheEUROBALL array has 15 of these 
omposite 
luster dete
tors in its ba
k-ward hemisphere. The pre-ampli�er output of ea
h 
rystal is fed in a VXIele
troni
 
ard whi
h 
ontains both energy and time 
hannels. For the en-ergy part, there are two ADC's 
orresponding one to a full range of 4 MeVand the other to 20 MeV.
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tors : : : 8493. The measurementThe rea
tion 11B + D ! 12C + 
 + n at Elab = 19:1 MeV was usedto populate the resonant state at 15.11 MeV in 12C nu
leus. The targetwas made of C32D66 material and was 490�g/
m2 thi
k. Both the re
oilingnu
leus and the beam were stopped in the tantalum ba
king of the target.The beam intensity was kept to 1�2 nA.The experimental setup 
onsisted in both EUROBALL (Clovers andClusters) at 90Æ and in the ba
kward hemisphere, and the eight large vol-ume BaF2 dete
tors of the HECTOR array in the forward hemisphere. TheEUROBALL 
lusters were used in the standard anti-
oin
iden
e mode withtheir 
orresponding BGO anti-
ompton shield. The EUROBALL VXI ele
-troni
s and a
quisition system were used. Energy spe
tra were measured assingles to avoid reje
ting events that deposited the whole energy in one indi-vidual 
apsule. No time information was available as we are dealing with area
tion emitting only one 
-ray and no time referen
e from the a

eleratorwas used.Energy spe
tra measured with the germanium 
lusters are shown in �g-ure 1. Figure 1(a) shows the full spe
tra in a logarithmi
 s
ale. The insetshows the region around 15.11 MeV on a linear s
ale. The �single� spe
trumwas obtained by summing the 105 individual energy spe
tra from all indi-vidual 
apsules while the �add-ba
k� spe
trum results from the sum of the15 
luster dete
tors spe
tra. The 
luster spe
tra are obtained through the�add-ba
k� pro
edure: as the rea
tion emits only one 
-ray, there is not asizable 
han
e of dete
ting two di�erent 
-rays in the 
luster and the signalsfrom the seven 
apsules were simply added.Figure 1(b) shows the spe
trum measured in a single 
apsule for eventsthat deposited the full 15 MeV in one 
luster, when 1 (fold = 1) or more(fold � 2) 
apsules were hit. Most of the 
-ray energy is deposited in one
apsule, whi
h 
orresponds to the �rst hit 
apsule as 
an be veri�ed withsimulation 
al
ulations. The remaining 1 MeV is essentially deposited inone or two other 
apsules (see �gure 2). From this spe
trum it is 
learthat to get the best energy resolution in the add-ba
k te
hnique it is veryimportant to have a good energy 
alibration both at high and at low 
-rayenergy. This was done for ea
h 
rystal dete
tor by using several radioa
tivesour
es (152Eu, 137Cs, 133Ba, 60Co, 88Y and 56Co ) emitting known 
-raylines ranging from 122 keV to 3.56 MeV.Due to the high velo
ity (� = v=
 � 5%), the Doppler 
orre
tion wasapplied with two di�erent pro
edures for the single data and the add-ba
kdata. In the �rst 
ase, ea
h 
apsule polar angle was 
onsidered. In these
ond 
ase, the �rst hit 
apsule 
ould be identi�ed with that having thehighest deposited energy in the 
luster and 
onsequently the 
orrespondingpolar angle was used for the 
luster spe
trum Doppler 
orre
tion.
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Fig. 1. (a) Energy spe
trum measured with the single 
apsule (�single�, thi
k line)and with the add-ba
k te
hnique (�add-ba
k�, thin line). Inset: Blow up of the 15MeV region in a linear s
ale, (b) Energy spe
trum measured in individual 
apsulesfor the 
lass of events that deposited the full 15 MeV in one 
luster.
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Fig. 2. Coin
iden
e fold distribution within the 
luster dete
tor at three 
-rayenergies. Our measurements (bla
k 
olumn) are 
ompared to that of referen
e [1℄(hat
hed 
olumns) and to GEANT simulations (empty 
olumns).The energy gain was found to be stable with time to about 0.5 per mil onaverage. A good linearity was found for the 
luster dete
tors. In parti
ularthe measured energy was underestimated by about 0.2% (40 keV) for the 15
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tors : : : 851MeV line when the 
alibration with the radioa
tive sour
es was used. Thisresults is 
learly spe
i�
 to the 
luster used in the EUROBALL standardsetup.The hit distribution is shown in �gure 2 as a fun
tion of the 
-ray energy.The three 
ases 
onsidered here 
orrespond to one step de
ays to the groundstate of the measured nu
lei (4.44 MeV and 15.11 MeV from the 12C and9.96 MeV from the 24Al [1℄). Our result for the 4.44 MeV line is 
omparableto that of [1℄. Simulation 
al
ulations based on the GEANT libraries [3℄in
luding the 
luster geometry have been made and the results show anoverall agreement for the three di�erent energies.4. Energy spe
tra and e�
ien
yFigure 1(a) shows the 
luster energy spe
trum in the 15 MeV region. Theratio of the area of the Full Energy Peak (FEP) to that of the �rst es
apepeak (1 es
.) in
reases by a fa
tor of � 3 when applying the add-ba
kpro
edure.The energy resolution of the stopped 4.44 MeV line is found to be about10 keV. In the 
ase of the 15.11 MeV line the width of 70 keV measuredat 157Æ in
ludes 37 keV of Doppler broadening, 
ontribution from the X-raypile-up due to s
attering on the 
ollimators and the 
alibration un
ertaintiesdis
ussed earlier.
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Fig. 3. Comparison of the energy spe
tra (a) and of the time spe
tra (b) measuredin the same experiment with one 
luster dete
tor (�add-ba
k�, thi
k line) and witha large volume BaF2 s
intillator (thin line).Finally the data measured in one 
luster are 
ompared with those mea-sured simultaneously with one of the HECTOR large volume BaF2 dete
tors,



852 B. Million et al.see �gure 3. Clearly the germanium 
luster dete
tor gives a mu
h better en-ergy resolution. On the other hand, the 
orresponding time resolution ismu
h worse than in the s
intillator 
ase (as no time information was avail-able for the 11B rea
tion, the spe
trum measured with the rea
tion 37Cl +110Pd is shown). This last point will make it more di�
ult to reje
t neu-trons by time of �ight te
hnique. Consequently the use of 
luster dete
torsin nu
lear rea
tions like fusion where many neutrons are produ
ed requiresa very 
areful treatment of the neutron reje
tion.Considering the geometry of the present setup in whi
h the 
luster de-te
tors with about 130 mm in diameter and 78 mm length were positionedat 440 mm from the target and the BaF2 with 145 mm in diameter and 175mm length were positioned at 300 mm from the target, the full energy peake�
ien
y for one 
luster is approximately 40% of that of a BaF2 s
intillatorafter subtra
tion of the ba
kground and the es
ape peaks. This number 
anbe
ome smaller if a longer �ight distan
e is needed to make a good neutronreje
tion by time of �ight te
hnique.5. Con
lusionThe response of the germanium 
luster dete
tors to 15.1 MeV
-rays hasbeen studied using the rea
tion D(11B,n
)12C at Ebeam = 19:1 MeV and theEUROBALL setup. The 
onversion between pulse height to 
-ray energyhas been found to be very linear. As a 
onsequen
e energy 
alibration basedon standard radioa
tive sour
es 
an be used and shows deviations lower than40 keV at 15 MeV. The add-ba
k pro
edure used on an event by event basisimproves the photo-peak e�
ien
y by a fa
tor of about 3. The dete
tione�
ien
y of a 
luster is found to be about 40% of one BaF2 s
intillator ofthe HECTOR array.Altogether one 
an say that experiments requiring the dete
tion of 
-raysin the 10�20 MeV interval with good energy resolution, 
an bene�t from theuse of the 
luster dete
tors although some 
aution has in general to be takenif one needs to reje
t neutrons by time of �ight.The work has been supported by the Italian Istituto Nazionale di Fisi
aNu
leare and by the European Community TMR proje
t under 
ontra
t no.ERBFMRX-CT97-0123. Finan
ial support from the Polish State Committeefor S
ienti�
 Resear
h (KBN Grant no. 2 P03B 001 16) is a
knowledged.
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