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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.(Reeived November 16, 1999)New developments in arrays of Ge and Si detetors to observe prompt-ray and onversion eletron emission at the target are desribed. To studythe struture of nulei lying far-from stability whih are produed with sub�b ross-setions, the target arrays will be used in onjuntion with reoilseparators, employing the method of Reoil Deay Tagging. A new foalplane spetrometer, GREAT, will be onstruted whih will give inreasedsensitivity to the studies of rare nulei either using the RDT tehnique foridenti�ation of the prompt emission or by reoil deay spetrosopy in thefoal plane of the reoil separator.PACS numbers: 21.10.�k, 23.20.Lv, 23.20.Nx, 23.60.+e1. IntrodutionThe route to ahieving better understanding of the e�etive nulear in-teration lies in testing the preditions and limits of appliability of nulearmodels by probing nulei under extreme onditions. One approah, whihhas been atively pursued by many researh groups world-wide over the last�fteen years, is to measure the properties of nulei having very large angularmomentum, up to their �ssion limit. Both marosopi-mirosopi and mi-rosopi desriptions of nulear behaviour have had onsiderable suess inreproduing the kaleidosope of di�erent shapes that the nuleus is observedto assume as its angular momentum is varied. Another avenue is to examinethe quantal behaviour of nulei having either extremes in overall mass (heavyand superheavy nulei) or extreme values of the ratio of neutrons to protons(exoti nulei). The appliation to superheavy and exoti nulei is a severe� Invited talk presented at the NATO Advaned Researh Workshop, Krzy»e, Poland2�4 September 1999. (9)



10 P.A. Butlertest of andidate theoretial models and demands a rigorous derivation ofthe nulear Hamiltonian if the theories are to be applied globally. At present,the preditions of di�erent state-of-the-art models, using the Strutinsky ap-proah and the Skyme-Hartree-Fok method, give very di�erent positions ofthe next spherial shell losure for protons beyond Z = 82 [1℄.Thus experimental researh is being direted towards the measurementof observables of exoti and very heavy quantal systems. There are essen-tially two methodologies. One is the use of radioative beams to produenulei far-from-stability in nulear reations in su�ient quantities to arryout in-beam experiments. New aelerators suh as the SPIRAL faility atGANIL, Caen, Frane, will ahieve this by post-aeleration of the produtsof an initial reation indued by a primary beam of stable nulei. The othertehnique is to observe the nulei of interest as the produts of the primaryreation diretly. This latter requires high inident beam intensities andextremely sensitive instrumentation in order to isolate the hannel of inter-est. In either ase, studies of the most rare nulear speies will require theirseparation from a large bakground of other produts, their identi�ation,and the detetion of their deay proesses.2. Reoil deay taggingThe separation of the nulei of interest, whih are usually weakly popu-lated produts of ompound nuleus reations, an be ahieved using a va-riety of reoil separators e.g. the gas-�lled separator RITU [2℄ at Jyväskylä,the eletromagneti 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 eletron emission) at the target is tagged with its isotopiharater by measuring the radioative deay properties of the nuleus atthe foal plane of the reoil separator [7�9℄. Sine the deay lifetime is longompared with the average time between reorded events, it is important�rst to assoiate temporally the prompt radiation with the detetion of aheavy reoil (the time variation is typially hundreds of nanoseonds) andthen assoiate both temporally and spatially the reoil detetion with itsradioative deay. The nulear identi�ation is then made on the basis ofthe harateristis of the deay proess, e.g. the unique energy of �-emission.The latter assoiation of the reoil and its deay is possible provided thatthe nulear lifetime is shorter than the average time between events in eahdetetor pixel de�ned by the detetor position resolution. Figure 1 showsthe relationship between lifetime and total rate in the detetor for di�erentgranularities, whih give real/random ratios of either 1/100 (minimum valueneessary for �-deay tagging) or 1/10 (minimum value expeted for �-deaytagging if the average � energy is also measured). It is assumed that the rateof deteted evaporation residues is 2 per minute for the hannel of interest.
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Fig. 1. The �gure shows the allowed rate (per seond) in the implantation detetoras a funtion of deay lifetime (s) to give peak to total random bakground ofeither 1/100 (solid lines: typial of �-deay RDT) or 1/10 (dashed: expeted for�-deay RDT) for a granularity of 200 (thik lines) and 4500 (thin lines). TheGREAT implantation Si detetor will have 5000 pixels. It is assumed that the rateof deteted evaporation residues is 2 per minute for the hannel of interest.3. Target spetrometersThe operation of a large esape suppressed germanium array in onjun-tion with a reoil spetrometer was ahieved with the oupling �rst of theTESSA [10℄ arrays and then with EUROGAM [11℄ to the Daresbury reoilseparator [12,13℄. More reently arrays suh as JUROSPHERE and SARIhave been used with the gas-�lled separator RITU at Jyväskylä [14,15℄, andGASP has been oupled to the CAMEL reoil 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 spetrosopy newtarget arrays are being developed.3.1. The VEGA spetrometerThe GSI projet VEGA [19℄ will omprise 4 very high e�ieny seg-mented Clover germanium detetors. The rystals in eah Clover have adiameter of 7 m and length of 14 m (before shaping). The total volume ofgermanium onsiderably exeeds all other detetor designs. Eah detetorhas an intrinsi photopeak e�ieny of "p = 0.38 at 1.3 MeV. In a box geom-etry, these detetors an be positioned 7 m from the target, giving a totale�ieny of "p
 = 20% at 1.3 MeV. Eah rystal is eletrially segmentedon its outer ontat in 4 ways to give e�etively 16 ative segments. Anesape suppression shield will surround eah segmented Clover germanium



12 P.A. Butlerdetetor. The �exibility of the VEGA array allows di�erent detetor on-�gurations to be used for di�erent experiments in order to minimise pile-upand Doppler broadening. For example, the detetors an be pulled bakfrom the target position if a high multipliity reation is being used.3.2. The SACRED spetrometerThe Liverpool-Jyväskylä SACRED silion detetor array [20℄ is designedto detet multiple onversion eletron emission from the target. It employsa solenoidal magneti �eld to transport the eletrons from the target to thedetetor. The detetor itself is segmented so as to form 24 or 25 indepen-dent elements, whih have individual ampli�ation and timing hannels. Animportant omponent of the spetrometer is the eletrostati barrier, whihsuppresses the high �ux of low energy eletrons produed in atomi pro-esses. The typial peak e�ieny of the array is about 10% for eletronswith inident energy between 100 and 300 keV. Reently this array has beenused, in transverse geometry, to observe onversion in-beam eletron emis-sion from 232U. The e�� e� oinidene spetrum is shown in �gure 2, similarin quality in terms of resolution and e�ieny to that ahieved by the best-ray arrays [21℄. For RDT experiments where the prompt onversion ele-trons are tagged by reoil deay proesses, the solenoid will have its axisparallel with the beam diretion, in a ollinear geometry. The annular sili-on detetor will be plaed upstream of the target, whih has the advantagethat the atomi eletron �ux is smaller in this diretion and the kinematibroadening of the eletrons is a minimum.
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Fig. 2. Projetion of eletron-eletron matrix taken using the SACRED array, forthe reation 42 MeV � + 232Th, demanding that at least one eletron has anenergy orresponding to the 109L;M, or 165L, or 219K;L keV transition in 232U.Contamination lines arise from the reation � + 181Ta.



New Developments in Eletron and Reoil Deay ... 134. The GREAT spetrometerIn order to ahieve the neessary level of sensitivity, a tagging detetionsystem deployed at the foal planes of the high-transmission reoil sepa-rators must be highly segmented, provide exellent energy resolution andhave the highest possible e�ieny. Furthermore, the large number of de-tetor signals must be read out at high rates and the events of interestseleted aording to the temporal and spatial assoiations ditated by thephysis of the experiment, without inurring unaeptable data losses. Anew foal plane spetrometer, GREAT (Gamma, Reoil, Eletron, Alpha,Time/ Tagging), and its assoiated eletronis and data aquisition systemwill be onstruted to satisfy these riteria.

Fig. 3. Sheme of the GREAT spetrometer. The reoils pass through, in order,the multiwire proportional ounter (not shown in the upper �gure), the PIN Sibox, the implantation Si detetor, the planar Ge detetor and the large volume GeClover detetor.The GREAT spetrometer (see �gure 3) is designed to measure the prop-erties of reation produts transported to the foal planes of reoil separa-tors. GREAT omprises �ve distint omponents:(1) double-sided silion strip detetors into whih the reation produtsare implanted and used to measure subsequent � partile, � partileor proton emission;(2) an array of silion PIN photodiode detetors to measure onversioneletron energies with good (� 2 keV) energy resolution;



14 P.A. Butler(3) a double-sided planar germanium strip detetor to measure the ener-gies of X rays, low energy  rays and � partiles;(4) a high e�ieny segmented germanium Clover detetor to measure theenergies of higher energy  rays;(5) a multiwire proportional ounter in front of the silion strip detetorsto at as an ative reoil disriminator.The silion strip detetors and the germanium detetors are segmentedin order to enable position orrelations to be made with assoiated deays inthe partile detetors of GREAT, while the separation of the photon energyrange into two types of germanium detetor gives the greatest �exibilityand performane. GREAT provides the apability to measure all of thedeays from the radioative reation produts for both in-beam tagging andradioative deay studies.4.1. �-deay and proton deayFor �-deay measurements the energy resolution is limited by the pulseheight defet. 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 partiularly important in the atinide region where neighbouring nuleipossess similar �-deay energies. High granularity is required when the�-deay lifetime is long. As well as measuring the energies of onversioneletrons, the PIN silion detetors surrounding the implantation detetorwill be used to detet ionising radiations that are emitted by nulei withinthe strip detetors but esape without depositing their full energy. This willinrease the e�ieny for determining the full energy of �- partiles from� 55% to � 80% using add-bak tehniques. It will therefore redue thebakground in the low-energy region of the spetrum, whih is partiularlyimportant for proton deay, where the sensitivity of the measurement isfurther improved by looking for �-proton orrelations.4.2. � �  taggingNulei near the proton drip line with mass < 150 prefer to deay by� emission, and the general priniple of RDT an be applied using thismode of deay. In this ase, identi�ation of the nuleus of interest requiresassoiation of the � partile with the heavy reoil by time and positionorrelation and assoiation of the � partile with  emission in the daughternuleus. As typial � deay lifetimes are long (0:1! 1 s), and the total reoilrate in the implantation detetor is high (� 103 ! 104), high granularityis required. The energy loss in silion for the high-energy � partiles is



New Developments in Eletron and Reoil Deay ... 15typially 30 keV/100 �m, whih means that the eletroni noise on eahhannel has to be kept to a minimum. The position and energy of the �partiles are also measured in a planar germanium detetor adjaent to thesilion detetor. Their range in germanium is a few mm whih determines thegranularity and thikness of this detetor. Division into pixels is required fortwo reasons: (i) to de�ne the trajetory of the eletrons between the siliondetetor and the planar germanium detetor so that the position unertaintyin the former detetor mathes its granularity; (ii) to redue the ountingrate in individual eletroni hannels. Measurement of the �-ray energy willalso help remove bakground from more stable nulei that have lower energy� end-points. Unique identi�ation will rely on the detetion of subsequent emission in the large germanium Clover detetor, in prompt oinidenewith the detetion of the � partile.4.3. Isomer deayMeasurement of the deay properties of isomeri states in the foal planeof the reoil separator will allow their prompt preursors be seleted withexellent signal to noise. In this ase the position of the delayed photon(X ray or  ray) is determined using the planar germanium detetor andhigher energy  rays measured using the Clover detetor. The granularity ofthe planar detetor has to math the mean free path of low energy photonsin germanium: 90% of 50 keV and 100 keV photons will undergo energy lossin respetively 1.3 mm and 7 mm of germanium. Alternatively, onversioneletron emission assoiated with the isomeri deay an be readily detetedin the silion detetor array.4.4. Eletronis and data aquisitionThe eletronis and assoiated data aquisition system for GREAT willembody a di�erent onept to most existing systems. Usually, data aqui-sition systems employ hardware gates to generate the master oinidentondition, whih annot be triggered until the heavy reoil is deteted inthe foal plane of the reoil separator. This requires that the signals fromthe target array have to be strethed by up to several �s, allowing the datastream to be luttered with additional signals of random origin whih arenot related to the triggering event. This an introdue unaeptable deadtime in the data aquisition proess. A more severe limitation arises whenmost of the reation produts are deteted at the foal plane, as would bethe ase for reations leading to medium mass ompound nulei. A deisionhas to be made as to whih events are interesting, whih in the ase of RDTannot be made until the radioative deay has happened. As this proessmay not our until several ms or even seonds after the initial reation, the



16 P.A. Butlerhardware master gate method beomes untenable. These di�ulties will beoverome by building a Total Data Readout (TDR) system where all theeletronis hannels run independently and are assoiated in software to re-onstrut events. The TDR system is triggerless and will allow all the datafrom both the target position and the foal plane to be olleted. The ad-vantage of this system is that there are virtually no system dead time losses.Eah data word is assoiated with a timestamp generated from a ommon100 MHz lok. The data are then reonstruted in the event builder usingtemporal and spatial assoiations de�ned by the physis of the experiment.In a simple example this ould mean that all target position data will berejeted unless they have a orresponding reoil deteted in GREAT with atimestamp T ��t (T is typially a few �s and �t about 200 ns) later thanthe target data, orresponding to the �ight time through the separator. Inthe experiments whih exploit the �- tagging method, the prompt -raydata would only be written to tape if they were aompanied by a reoil ionsignal, followed by a position-orrelated high-energy � partile and aom-panying (delayed) -ray within a ertain time range. In the TDR system theonly deadtime would be that introdued in the hannel itself by the analogueshaping and onversion time (typially 10 �s). Data seletion is arried outby the event builder and the seleted subset of events are written to datatape. 5. AppliationsThe following experiments will beome possible with the GREAT spe-trometer and its assoiated target spetrometers. These few examples illus-trate the new opportunities a�orded by the high resolution, granularity ande�ieny of GREAT.5.1. Coulomb exitation of 254NoThe energy resolution of the silion PIN photodiode array will allowthe observation of low-lying olletive states that deay by the emission ofonversion eletrons. For example, it is possible to measure both exita-tion energy of the �rst exited state in 254No and the B(E2: 0+ ! 2+)value following seondary Coulomb exitation whih takes plae after trans-mission through the reoil separator. Spetrosopi measurements of thisnature will provide vitally important information on olletive properties ofthe deformed superheavy mass region and provide lues as to the loationof the next spherial shell gap for protons. Aording to the NpNn system-atis of referene [22℄, the value of B(E2: 0+ ! 2+) for 254No, assumingno hexadeupole moment, should be 320 W.u. if the next proton maginumber is 114 or 510 W.u. if it is 126 (with an auray of 15%). The



New Developments in Eletron and Reoil Deay ... 17value estimated from the known energy of the 2+ ! 0+ transition [23, 24℄and the Raman systematis [25℄ is 350 � 140 W.u., insu�ient to distin-guish between the two possibilities. Colletive exitation of the 2+ state in254No is ahieved by passing the reoiling ion through a degrader foil plaedupstream of the silion detetors. The probability for this proess is about10�3. The detetion rate of onversion eletrons emitted in the deay ofthe 2+ state, following prodution of the No reoil by the inverse reation48Ca(208Pb, 2n)254No, will be su�ient to determinine the B(E2) to an a-uray of 20% or better. 5.2. Spetrosopy of 224UThe nuleus 224U is predited to have the deepest otupole minimumin its ground state [26℄. The ross setion for its prodution is less than1�b, whih implies that RDT measurements of prompt -ray emission willallow the measurement of the deay sheme of 224U in a few days runningtime using the new instrumentation desribed here. This estimate is basedon previous experiments whih measured the low-lying struture of 226U(� � 6�b) in an experiment using JUROSPHERE+RITU [27℄. In the ase of224U high-resolution measurements of its �-deay are also essential beausethe energy of this deay is similar to that found in the deay hain of a strongontaminant reation. The RDT measurements are not apable of measuringthe positions of the low-lying 2+ and 1� states in 224U, whih are ruial tothe determination of otupole olletivity in this nuleus. The transitionsfrom these states an be observed in GREAT following prodution of theparent nuleus 228Pu, a nuleus that an be produed with a ross setionof about 100 nb. Here � � e� oinident measurements are made using thesilion detetors, for whih only a few events are required.5.3. �- tagging measurements of 80ZrThe high granularity of the silion strip detetors and the innovation ofthe double-sided planar germanium strip detetor will open up importantnew regions of nulei for study. In addition to �-deay studies of heavy nu-lei, the GREAT spetrometer is designed to observe � deay and thus tagprompt radiation from lighter mass nulei that lie far from stability. In thisway the physis of nulear systems with N � Z an be investigated, inlud-ing neutron-proton pairing, Coulomb energy di�erenes of mirror nulei andisospin mixing. One example that illustrates this is the study of the N = Znuleus 80Zr, whih deays by �+ emission with a half-life of a few seonds[28℄. Sine most of the open hannels lead to evaporation residues detetedwith high probability at the foal plane of the reoil separator, high gran-ularity is required to remove the random bakground (see �gure 1). This
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