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NEW DEVELOPMENTS IN ELECTRON ANDRECOIL DECAY SPECTROSCOPY FOR STUDIESOF EXOTIC AND HEAVY NUCLEI�P.A. ButlerOliver Lodge Laboratory, University of LiverpoolLiverpool L69 7ZE, U.K.(Re
eived November 16, 1999)New developments in arrays of Ge and Si dete
tors to observe prompt
-ray and 
onversion ele
tron emission at the target are des
ribed. To studythe stru
ture of nu
lei lying far-from stability whi
h are produ
ed with sub�b 
ross-se
tions, the target arrays will be used in 
onjun
tion with re
oilseparators, employing the method of Re
oil De
ay Tagging. A new fo
alplane spe
trometer, GREAT, will be 
onstru
ted whi
h will give in
reasedsensitivity to the studies of rare nu
lei either using the RDT te
hnique foridenti�
ation of the prompt emission or by re
oil de
ay spe
tros
opy in thefo
al plane of the re
oil separator.PACS numbers: 21.10.�k, 23.20.Lv, 23.20.Nx, 23.60.+e1. Introdu
tionThe route to a
hieving better understanding of the e�e
tive nu
lear in-tera
tion lies in testing the predi
tions and limits of appli
ability of nu
learmodels by probing nu
lei under extreme 
onditions. One approa
h, whi
hhas been a
tively pursued by many resear
h groups world-wide over the last�fteen years, is to measure the properties of nu
lei having very large angularmomentum, up to their �ssion limit. Both ma
ros
opi
-mi
ros
opi
 and mi-
ros
opi
 des
riptions of nu
lear behaviour have had 
onsiderable su

ess inreprodu
ing the kaleidos
ope of di�erent shapes that the nu
leus is observedto assume as its angular momentum is varied. Another avenue is to examinethe quantal behaviour of nu
lei having either extremes in overall mass (heavyand superheavy nu
lei) or extreme values of the ratio of neutrons to protons(exoti
 nu
lei). The appli
ation to superheavy and exoti
 nu
lei is a severe� Invited talk presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, Poland2�4 September 1999. (9)



10 P.A. Butlertest of 
andidate theoreti
al models and demands a rigorous derivation ofthe nu
lear Hamiltonian if the theories are to be applied globally. At present,the predi
tions of di�erent state-of-the-art models, using the Strutinsky ap-proa
h and the Skyme-Hartree-Fo
k method, give very di�erent positions ofthe next spheri
al shell 
losure for protons beyond Z = 82 [1℄.Thus experimental resear
h is being dire
ted towards the measurementof observables of exoti
 and very heavy quantal systems. There are essen-tially two methodologies. One is the use of radioa
tive beams to produ
enu
lei far-from-stability in nu
lear rea
tions in su�
ient quantities to 
arryout in-beam experiments. New a

elerators su
h as the SPIRAL fa
ility atGANIL, Caen, Fran
e, will a
hieve this by post-a

eleration of the produ
tsof an initial rea
tion indu
ed by a primary beam of stable nu
lei. The otherte
hnique is to observe the nu
lei of interest as the produ
ts of the primaryrea
tion dire
tly. This latter requires high in
ident beam intensities andextremely sensitive instrumentation in order to isolate the 
hannel of inter-est. In either 
ase, studies of the most rare nu
lear spe
ies will require theirseparation from a large ba
kground of other produ
ts, their identi�
ation,and the dete
tion of their de
ay pro
esses.2. Re
oil de
ay taggingThe separation of the nu
lei of interest, whi
h are usually weakly popu-lated produ
ts of 
ompound nu
leus rea
tions, 
an be a
hieved using a va-riety of re
oil separators e.g. the gas-�lled separator RITU [2℄ at Jyväskylä,the ele
tromagneti
 separator SHIP at GSI [3℄, the CAMEL at Legnaro [4℄,the FMA at Argonne [5℄ or the RMS at Oak Ridge [6℄. The prompt 
 radia-tion (or 
onversion ele
tron emission) at the target is tagged with its isotopi

hara
ter by measuring the radioa
tive de
ay properties of the nu
leus atthe fo
al plane of the re
oil separator [7�9℄. Sin
e the de
ay lifetime is long
ompared with the average time between re
orded events, it is important�rst to asso
iate temporally the prompt radiation with the dete
tion of aheavy re
oil (the time variation is typi
ally hundreds of nanose
onds) andthen asso
iate both temporally and spatially the re
oil dete
tion with itsradioa
tive de
ay. The nu
lear identi�
ation is then made on the basis ofthe 
hara
teristi
s of the de
ay pro
ess, e.g. the unique energy of �-emission.The latter asso
iation of the re
oil and its de
ay is possible provided thatthe nu
lear lifetime is shorter than the average time between events in ea
hdete
tor pixel de�ned by the dete
tor position resolution. Figure 1 showsthe relationship between lifetime and total rate in the dete
tor for di�erentgranularities, whi
h give real/random ratios of either 1/100 (minimum valuene
essary for �-de
ay tagging) or 1/10 (minimum value expe
ted for �-de
aytagging if the average � energy is also measured). It is assumed that the rateof dete
ted evaporation residues is 2 per minute for the 
hannel of interest.
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Fig. 1. The �gure shows the allowed rate (per se
ond) in the implantation dete
toras a fun
tion of de
ay lifetime (s) to give peak to total random ba
kground ofeither 1/100 (solid lines: typi
al of �-de
ay RDT) or 1/10 (dashed: expe
ted for�-de
ay RDT) for a granularity of 200 (thi
k lines) and 4500 (thin lines). TheGREAT implantation Si dete
tor will have 5000 pixels. It is assumed that the rateof dete
ted evaporation residues is 2 per minute for the 
hannel of interest.3. Target spe
trometersThe operation of a large es
ape suppressed germanium array in 
onjun
-tion with a re
oil spe
trometer was a
hieved with the 
oupling �rst of theTESSA [10℄ arrays and then with EUROGAM [11℄ to the Daresbury re
oilseparator [12,13℄. More re
ently arrays su
h as JUROSPHERE and SARIhave been used with the gas-�lled separator RITU at Jyväskylä [14,15℄, andGASP has been 
oupled to the CAMEL re
oil separator at Legnaro [16℄,AYEball [17℄ and Gammasphere [18℄ have been 
oupled to the FMA atArgonne, and the CLARION array has been 
oupled to the RMS at OakRidge. In order to improve the sensitivity for in-beam spe
tros
opy newtarget arrays are being developed.3.1. The VEGA spe
trometerThe GSI proje
t VEGA [19℄ will 
omprise 4 very high e�
ien
y seg-mented Clover germanium dete
tors. The 
rystals in ea
h Clover have adiameter of 7 
m and length of 14 
m (before shaping). The total volume ofgermanium 
onsiderably ex
eeds all other dete
tor designs. Ea
h dete
torhas an intrinsi
 photopeak e�
ien
y of "p = 0.38 at 1.3 MeV. In a box geom-etry, these dete
tors 
an be positioned 7 
m from the target, giving a totale�
ien
y of "p
 = 20% at 1.3 MeV. Ea
h 
rystal is ele
tri
ally segmentedon its outer 
onta
t in 4 ways to give e�e
tively 16 a
tive segments. Anes
ape suppression shield will surround ea
h segmented Clover germanium
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tor. The �exibility of the VEGA array allows di�erent dete
tor 
on-�gurations to be used for di�erent experiments in order to minimise pile-upand Doppler broadening. For example, the dete
tors 
an be pulled ba
kfrom the target position if a high multipli
ity rea
tion is being used.3.2. The SACRED spe
trometerThe Liverpool-Jyväskylä SACRED sili
on dete
tor array [20℄ is designedto dete
t multiple 
onversion ele
tron emission from the target. It employsa solenoidal magneti
 �eld to transport the ele
trons from the target to thedete
tor. The dete
tor itself is segmented so as to form 24 or 25 indepen-dent elements, whi
h have individual ampli�
ation and timing 
hannels. Animportant 
omponent of the spe
trometer is the ele
trostati
 barrier, whi
hsuppresses the high �ux of low energy ele
trons produ
ed in atomi
 pro-
esses. The typi
al peak e�
ien
y of the array is about 10% for ele
tronswith in
ident energy between 100 and 300 keV. Re
ently this array has beenused, in transverse geometry, to observe 
onversion in-beam ele
tron emis-sion from 232U. The e�� e� 
oin
iden
e spe
trum is shown in �gure 2, similarin quality in terms of resolution and e�
ien
y to that a
hieved by the best
-ray arrays [21℄. For RDT experiments where the prompt 
onversion ele
-trons are tagged by re
oil de
ay pro
esses, the solenoid will have its axisparallel with the beam dire
tion, in a 
ollinear geometry. The annular sili-
on dete
tor will be pla
ed upstream of the target, whi
h has the advantagethat the atomi
 ele
tron �ux is smaller in this dire
tion and the kinemati
broadening of the ele
trons is a minimum.
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Fig. 2. Proje
tion of ele
tron-ele
tron matrix taken using the SACRED array, forthe rea
tion 42 MeV � + 232Th, demanding that at least one ele
tron has anenergy 
orresponding to the 109L;M, or 165L, or 219K;L keV transition in 232U.Contamination lines arise from the rea
tion � + 181Ta.
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ay ... 134. The GREAT spe
trometerIn order to a
hieve the ne
essary level of sensitivity, a tagging dete
tionsystem deployed at the fo
al planes of the high-transmission re
oil sepa-rators must be highly segmented, provide ex
ellent energy resolution andhave the highest possible e�
ien
y. Furthermore, the large number of de-te
tor signals must be read out at high rates and the events of interestsele
ted a

ording to the temporal and spatial asso
iations di
tated by thephysi
s of the experiment, without in
urring una

eptable data losses. Anew fo
al plane spe
trometer, GREAT (Gamma, Re
oil, Ele
tron, Alpha,Time/ Tagging), and its asso
iated ele
troni
s and data a
quisition systemwill be 
onstru
ted to satisfy these 
riteria.

Fig. 3. S
heme of the GREAT spe
trometer. The re
oils pass through, in order,the multiwire proportional 
ounter (not shown in the upper �gure), the PIN Sibox, the implantation Si dete
tor, the planar Ge dete
tor and the large volume GeClover dete
tor.The GREAT spe
trometer (see �gure 3) is designed to measure the prop-erties of rea
tion produ
ts transported to the fo
al planes of re
oil separa-tors. GREAT 
omprises �ve distin
t 
omponents:(1) double-sided sili
on strip dete
tors into whi
h the rea
tion produ
tsare implanted and used to measure subsequent � parti
le, � parti
leor proton emission;(2) an array of sili
on PIN photodiode dete
tors to measure 
onversionele
tron energies with good (� 2 keV) energy resolution;



14 P.A. Butler(3) a double-sided planar germanium strip dete
tor to measure the ener-gies of X rays, low energy 
 rays and � parti
les;(4) a high e�
ien
y segmented germanium Clover dete
tor to measure theenergies of higher energy 
 rays;(5) a multiwire proportional 
ounter in front of the sili
on strip dete
torsto a
t as an a
tive re
oil dis
riminator.The sili
on strip dete
tors and the germanium dete
tors are segmentedin order to enable position 
orrelations to be made with asso
iated de
ays inthe parti
le dete
tors of GREAT, while the separation of the photon energyrange into two types of germanium dete
tor gives the greatest �exibilityand performan
e. GREAT provides the 
apability to measure all of thede
ays from the radioa
tive rea
tion produ
ts for both in-beam tagging andradioa
tive de
ay studies.4.1. �-de
ay and proton de
ayFor �-de
ay measurements the energy resolution is limited by the pulseheight defe
t. A FWHM of 10 keV at 5 MeV is the design aim and will ensurethat in most 
ases the a lines of interest 
an be 
leanly used for tagging. Thisis parti
ularly important in the a
tinide region where neighbouring nu
leipossess similar �-de
ay energies. High granularity is required when the�-de
ay lifetime is long. As well as measuring the energies of 
onversionele
trons, the PIN sili
on dete
tors surrounding the implantation dete
torwill be used to dete
t ionising radiations that are emitted by nu
lei withinthe strip dete
tors but es
ape without depositing their full energy. This willin
rease the e�
ien
y for determining the full energy of �- parti
les from� 55% to � 80% using add-ba
k te
hniques. It will therefore redu
e theba
kground in the low-energy region of the spe
trum, whi
h is parti
ularlyimportant for proton de
ay, where the sensitivity of the measurement isfurther improved by looking for �-proton 
orrelations.4.2. � � 
 taggingNu
lei near the proton drip line with mass < 150 prefer to de
ay by� emission, and the general prin
iple of RDT 
an be applied using thismode of de
ay. In this 
ase, identi�
ation of the nu
leus of interest requiresasso
iation of the � parti
le with the heavy re
oil by time and position
orrelation and asso
iation of the � parti
le with 
 emission in the daughternu
leus. As typi
al � de
ay lifetimes are long (0:1! 1 s), and the total re
oilrate in the implantation dete
tor is high (� 103 ! 104), high granularityis required. The energy loss in sili
on for the high-energy � parti
les is
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ally 30 keV/100 �m, whi
h means that the ele
troni
 noise on ea
h
hannel has to be kept to a minimum. The position and energy of the �parti
les are also measured in a planar germanium dete
tor adja
ent to thesili
on dete
tor. Their range in germanium is a few mm whi
h determines thegranularity and thi
kness of this dete
tor. Division into pixels is required fortwo reasons: (i) to de�ne the traje
tory of the ele
trons between the sili
ondete
tor and the planar germanium dete
tor so that the position un
ertaintyin the former dete
tor mat
hes its granularity; (ii) to redu
e the 
ountingrate in individual ele
troni
 
hannels. Measurement of the �-ray energy willalso help remove ba
kground from more stable nu
lei that have lower energy� end-points. Unique identi�
ation will rely on the dete
tion of subsequent
 emission in the large germanium Clover dete
tor, in prompt 
oin
iden
ewith the dete
tion of the � parti
le.4.3. Isomer de
ayMeasurement of the de
ay properties of isomeri
 states in the fo
al planeof the re
oil separator will allow their prompt pre
ursors be sele
ted withex
ellent signal to noise. In this 
ase the position of the delayed photon(X ray or 
 ray) is determined using the planar germanium dete
tor andhigher energy 
 rays measured using the Clover dete
tor. The granularity ofthe planar dete
tor has to mat
h the mean free path of low energy photonsin germanium: 90% of 50 keV and 100 keV photons will undergo energy lossin respe
tively 1.3 mm and 7 mm of germanium. Alternatively, 
onversionele
tron emission asso
iated with the isomeri
 de
ay 
an be readily dete
tedin the sili
on dete
tor array.4.4. Ele
troni
s and data a
quisitionThe ele
troni
s and asso
iated data a
quisition system for GREAT willembody a di�erent 
on
ept to most existing systems. Usually, data aqui-sition systems employ hardware gates to generate the master 
oin
ident
ondition, whi
h 
annot be triggered until the heavy re
oil is dete
ted inthe fo
al plane of the re
oil separator. This requires that the signals fromthe target array have to be stret
hed by up to several �s, allowing the datastream to be 
luttered with additional signals of random origin whi
h arenot related to the triggering event. This 
an introdu
e una

eptable deadtime in the data a
quisition pro
ess. A more severe limitation arises whenmost of the rea
tion produ
ts are dete
ted at the fo
al plane, as would bethe 
ase for rea
tions leading to medium mass 
ompound nu
lei. A de
isionhas to be made as to whi
h events are interesting, whi
h in the 
ase of RDT
annot be made until the radioa
tive de
ay has happened. As this pro
essmay not o

ur until several ms or even se
onds after the initial rea
tion, the



16 P.A. Butlerhardware master gate method be
omes untenable. These di�
ulties will beover
ome by building a Total Data Readout (TDR) system where all theele
troni
s 
hannels run independently and are asso
iated in software to re-
onstru
t events. The TDR system is triggerless and will allow all the datafrom both the target position and the fo
al plane to be 
olle
ted. The ad-vantage of this system is that there are virtually no system dead time losses.Ea
h data word is asso
iated with a timestamp generated from a 
ommon100 MHz 
lo
k. The data are then re
onstru
ted in the event builder usingtemporal and spatial asso
iations de�ned by the physi
s of the experiment.In a simple example this 
ould mean that all target position data will bereje
ted unless they have a 
orresponding re
oil dete
ted in GREAT with atimestamp T ��t (T is typi
ally a few �s and �t about 200 ns) later thanthe target data, 
orresponding to the �ight time through the separator. Inthe experiments whi
h exploit the �-
 tagging method, the prompt 
-raydata would only be written to tape if they were a

ompanied by a re
oil ionsignal, followed by a position-
orrelated high-energy � parti
le and a

om-panying (delayed) 
-ray within a 
ertain time range. In the TDR system theonly deadtime would be that introdu
ed in the 
hannel itself by the analogueshaping and 
onversion time (typi
ally 10 �s). Data sele
tion is 
arried outby the event builder and the sele
ted subset of events are written to datatape. 5. Appli
ationsThe following experiments will be
ome possible with the GREAT spe
-trometer and its asso
iated target spe
trometers. These few examples illus-trate the new opportunities a�orded by the high resolution, granularity ande�
ien
y of GREAT.5.1. Coulomb ex
itation of 254NoThe energy resolution of the sili
on PIN photodiode array will allowthe observation of low-lying 
olle
tive states that de
ay by the emission of
onversion ele
trons. For example, it is possible to measure both ex
ita-tion energy of the �rst ex
ited state in 254No and the B(E2: 0+ ! 2+)value following se
ondary Coulomb ex
itation whi
h takes pla
e after trans-mission through the re
oil separator. Spe
tros
opi
 measurements of thisnature will provide vitally important information on 
olle
tive properties ofthe deformed superheavy mass region and provide 
lues as to the lo
ationof the next spheri
al shell gap for protons. A

ording to the NpNn system-ati
s of referen
e [22℄, the value of B(E2: 0+ ! 2+) for 254No, assumingno hexade
upole moment, should be 320 W.u. if the next proton magi
number is 114 or 510 W.u. if it is 126 (with an a

ura
y of 15%). The
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ay ... 17value estimated from the known energy of the 2+ ! 0+ transition [23, 24℄and the Raman systemati
s [25℄ is 350 � 140 W.u., insu�
ient to distin-guish between the two possibilities. Colle
tive ex
itation of the 2+ state in254No is a
hieved by passing the re
oiling ion through a degrader foil pla
edupstream of the sili
on dete
tors. The probability for this pro
ess is about10�3. The dete
tion rate of 
onversion ele
trons emitted in the de
ay ofthe 2+ state, following produ
tion of the No re
oil by the inverse rea
tion48Ca(208Pb, 2n)254No, will be su�
ient to determinine the B(E2) to an a
-
ura
y of 20% or better. 5.2. Spe
tros
opy of 224UThe nu
leus 224U is predi
ted to have the deepest o
tupole minimumin its ground state [26℄. The 
ross se
tion for its produ
tion is less than1�b, whi
h implies that RDT measurements of prompt 
-ray emission willallow the measurement of the de
ay s
heme of 224U in a few days runningtime using the new instrumentation des
ribed here. This estimate is basedon previous experiments whi
h measured the low-lying stru
ture of 226U(� � 6�b) in an experiment using JUROSPHERE+RITU [27℄. In the 
ase of224U high-resolution measurements of its �-de
ay are also essential be
ausethe energy of this de
ay is similar to that found in the de
ay 
hain of a strong
ontaminant rea
tion. The RDT measurements are not 
apable of measuringthe positions of the low-lying 2+ and 1� states in 224U, whi
h are 
ru
ial tothe determination of o
tupole 
olle
tivity in this nu
leus. The transitionsfrom these states 
an be observed in GREAT following produ
tion of theparent nu
leus 228Pu, a nu
leus that 
an be produ
ed with a 
ross se
tionof about 100 nb. Here � � e� 
oin
ident measurements are made using thesili
on dete
tors, for whi
h only a few events are required.5.3. �-
 tagging measurements of 80ZrThe high granularity of the sili
on strip dete
tors and the innovation ofthe double-sided planar germanium strip dete
tor will open up importantnew regions of nu
lei for study. In addition to �-de
ay studies of heavy nu-
lei, the GREAT spe
trometer is designed to observe � de
ay and thus tagprompt radiation from lighter mass nu
lei that lie far from stability. In thisway the physi
s of nu
lear systems with N � Z 
an be investigated, in
lud-ing neutron-proton pairing, Coulomb energy di�eren
es of mirror nu
lei andisospin mixing. One example that illustrates this is the study of the N = Znu
leus 80Zr, whi
h de
ays by �+ emission with a half-life of a few se
onds[28℄. Sin
e most of the open 
hannels lead to evaporation residues dete
tedwith high probability at the fo
al plane of the re
oil separator, high gran-ularity is required to remove the random ba
kground (see �gure 1). This
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kground is further removed by demanding a high-energy deposition inthe planar germanium dete
tor, and by requiring that this �-parti
le dete
-tion is a

ompanied by the dete
tion of the known transitions [28℄ in thedaughter nu
leus 80Y.This work was supported by grants from the U.K. Engineering and Phys-i
al S
ien
es Resear
h Coun
il. I owe spe
ial thanks to Deborah Haw
roftwho analysed the SACRED data presented here. Ideas for GREAT have
ome from a 
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