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GAMMA-SPECTROSCOPY WITH EXOTIC BEAMS�J. GerlGesells
haft für S
hwerionenphysik � GSID-64291 Darmstadt, Germany(Re
eived Mar
h 6, 2001)Radioa
tive beams obtained by fragmentation rea
tions at relativisti
energies provide new possibilities for 
-spe
tros
opy. De
ay studies afterimplantation as well as in-beam single step Coulomb ex
itation and se
-ondary fragmentation are 
ommonly employed te
hniques. Isotopes of in-terest 
an be sele
ted by parti
le tra
king providing event-by-event Z andA determination. Beam intensities as low as 0.01 ions/s are su�
ient toobserve dis
rete 
-transitions using high resolution Ge-arrays and/or 4�s
intillator-arrays. Severe ba
kground, in parti
ular from Bremsstrahlungand large Doppler e�e
ts result from the high beam velo
ities of v=
 � 60%.On the other hand, thi
k targets 
ompensating limited beam intensities arean advantage of the high beam energies. Unknown regions of the nu
lidi

hart be
ome available for detailed spe
tros
opy for the �rst time.PACS numbers: 29.30.Kv, 23.20.Lv, 25.75.+r1. Introdu
tionRadioa
tive beams from fragmentation fa
ilities [1℄ like at GANIL, GSI,MSU and RIKEN have re
ently be
ome available with intensities su�
ientfor 
-spe
tros
opy of exoti
 nu
lei. New information on the evolution ofthe nu
lear shell stru
ture, neutron�proton pairing, astrophysi
al r- andrp-pro
ess to name only a few important topi
s will arise from su
h investi-gations. To exploit the possibilities o�ered by exoti
 beams novel experimen-tal te
hniques are required. The main experimental aspe
ts are dis
ussed inthe following, taking examples from studies performed with beams from thefragment separator FRS at GSI.� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(1379)



1380 J. Gerl2. Experimental parti
ularitiesProje
tile fragmentation and �ssion in-�ight employing proje
tile ener-gies in the order of 500 MeV/u to 1 GeV/u provide relativisti
 beams ofexoti
 nu
lei along the entire periodi
 table, irrespe
tive of their 
hemi
alproperties and with half-lives down to a few hundred nanose
onds. Pro-du
tion targets of typi
ally 1 g/
m2 to 4 g/
m2 
ause rea
tion probabilitiesof several per
ent. The fragments emerge from the rea
tion target withkinemati
al properties 
lose to the primary beam, modi�ed by the rea
tionkinemati
s.In the fragmentation pro
ess angular momentum is indu
ed statisti
allyduring the abrasion of nu
leons in the pre-fragment formation and the evap-oration of nu
leons in the following de-ex
itation. Depending on the massdi�eren
e between proje
tile and �nal fragment angular momenta of up to30 ~ and more are possible. Thus high spin isomers, in parti
ular yrasttraps, will be populated with 
onsiderable isomeri
 ratios [2℄ providing ex-oti
 isomer beams.Clean mono-isotopi
 separation is a
hieved by magneti
 rigidity analysis
ombined with energy loss in a shaped degrader assuming that the fragmentsare fully stripped. The 
ondition that all isotopes are bare, ne
essary foran e�
ient separation and transport of the rea
tion produ
ts, is the reasonwhy relativisti
 beam energies are required. In parti
ular beams of heavyelements 
an only be separated at the highest beam energies. Magneti
fragment separators like the FRS [3℄ provide also the option of beam 
o
ktailsof well de�ned isotope 
omposition by an appropriate 
hoi
e of degraderthi
kness and shape. This allows a number of neighboured nu
lides to beinvestigated at the same time with the advantages of an e�
ient use of thebeam and simultaneous measurement of referen
e nu
lei and rea
tions.Parti
le dete
tors tra
e the traje
tories of the separated beam ions indi-vidually. In addition energy, 
harge and mass of ea
h parti
le is determinedby E-loss, time of �ight and magneti
 rigidity measurement. This rigor-ous tra
king of the beam 
onstituents allows to uniquely sele
t the wantedspe
ies with well de�ned 
hara
teristi
s suppressing virtually all ba
kgroundevents. This sele
tivity provides a high sensitivity to the nu
lear stru
turee�e
ts to be studied. Therefore beam intensities 
an be mu
h lower in many
ases 
ompared to 
onventional stable beam s
enarios. In in-beam exper-iments tra
king is 
ontinued behind the se
ondary rea
tion target. Thusnot only the in
oming parti
le but also the outgoing parti
le and, hen
e,the rea
tion pro
ess is well determined. Here the sensitivity 
an be so highthat spe
tros
opi
 information is only limited by 
ounting statisti
s and nolonger by ba
kground 
ontributions.
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ay spe
tros
opyMany nu
lei exhibit isomeri
 states whi
h will be populated in fragmen-tation rea
tions. Isotopes of interest 
an be sele
ted by the FRS, transportedand identi�ed on an ion-by-ion basis and implanted into a 
at
her. A typi
alexperimental set-up is shown in Fig. 1. If the lifetime of an isomer is longerthen about 100 ns to survive transport and short enough to be 
orrelatedwith the parti
ular implantation (typi
ally some 10 ms) the isomeri
 de
ay
an be measured with an array of 
-dete
tors surrounding the 
at
her. Bythat method the level stru
ture below the isomeri
 state and its lifetime 
anbe determined. Using state-of-the-art Ge-dete
tors providing photopeak ef-�
ien
ies in the order of 10 %, like the VEGA set-up [4℄, allows dis
rete
-spe
tros
opy of isotopes with beam intensities < 0:01/s, thus spe
ies veryfar o� stability are a

essible.
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Fig. 1. Experimental set-up for isomer spe
tros
opy at the FRS at GSI.During the implantation Bremsstrahlung is emitted. Its energy distribu-tion and intensity depend on the fragment's energy and nu
lear 
harge. Themultipli
ity of the emitted X-rays may 
ause hits in a 
onsiderable fra
tionof the Ge-dete
tors, making them �blind� to the de
ay of short-lived isomers.



1382 J. GerlFast re
overy ele
troni
s and/or high granularity arrays are essential in that
ase. An example from a re
ent experiment is the identi�
ation of the ro-tational band in 190W [5℄. The isotope was produ
ed by fragmentation ofa 208Pb beam of 1 GeV/u with an average rate of 0.2 ions/s. Fig. 2 showsthe identi�
ation plot for 190W. By 
orrelating the fragment position at theexit of the FRS (S4) and its A=Q value � determined from the �ight timebetween the 
entral se
tion (S2) and the exit � any isotope 
an be easilyseparated. The 
-ray spe
trum observed in delayed 
oin
iden
e is shownin Fig. 3. No ex
ited states in 190W were known prior to this experiment,and the observed lines are assigned to transitions of the ground state band.The dedu
ed level energies are in good agreement with a triaxial rotor with
 � 30Æ [6℄. It 
orresponds to the O6-limit in the Intera
ting Boson Ap-proximation [7℄. The line at 46 keV is tentatively assigned as E1 transitionbetween the isomer and the 10+ state.
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Fig. 2. Identi�
ation plot of the fragments by the FRS for the setting 
entred onfully stripped 191W.
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Fig. 3. 
-spe
trum of the isomeri
 de
ay of 190W.4. In-beam spe
tros
opyIn-beam gamma-spe
tros
opy with relativisti
 radioa
tive ion beams isa rather untou
hed �eld whi
h o�ers new opportunities to study the nu-
lear stru
ture of exoti
 nu
lei: Coulomb ex
itation, few nu
leon removalrea
tions and se
ondary fragmentation in general provide ri
h spe
tros
opi
information. As shown s
hemati
ally in Fig. 4 relativisti
 Coulomb ex
ita-tion probes preferentially 
olle
tive, ex
ited states up to the giant resonan
esat low angular momentum. De
ay gammas will feed into intermediate en-ergy states. On the other hand, se
ondary fragmentation populates a broad

Fig. 4. S
hemati
 of the population pattern observed in rea
tions at relativisti
beam energies.



1384 J. Gerlrange of angular momenta with an entry distribution resembling 
lassi
al
ompound rea
tions. Sin
e the energy loss is small, thi
k se
ondary targets(
a. 0.5 g/
m2 at 100 MeV/u) 
an be used resulting in large yields 
om-pensating low beam intensities. Highly sele
tive parti
le identi�
ation andtra
king result in unpre
edented sele
tivity and sensitivity. On the other
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Fig. 5. Doppler e�e
ts at relativisti
 energies.hand, one has to 
ope with large Doppler e�e
ts. Fig. 5 shows the Dopplershift and the Doppler broadening to be expe
ted in a realisti
 
-dete
torset-up. For a typi
al dete
tor solid angle of 
det=4� = 0:007 the broadeningleads to a mean energy resolution of about 10 % at 200 MeV/u. However, atvery forward and ba
kward angles high resolution spe
tros
opy employingGe-dete
tors is possible. Huge atomi
 ba
kground from Bremsstrahlung andX-rays is another limiting fa
tor. Fig. 6 shows the atomi
 
ross se
tion asa fun
tion of energy for a 43Ar beam at 222 MeV/u intera
ting with a Pbtarget. Depending on the 
harge of proje
tile and target between 1 and 10quanta are emitted per proje
tile in addition to the nu
lear 
-quanta. Ina �rst attempt the feasibility of this new experimental method was inves-
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Fig. 6. Atomi
 radiation 
ross se
tion at relativisti
 energies.tigated, and used to study the nu
lear stru
ture of the neutron-ri
h nu
leibelow 48Ca with neutron number between the two magi
 numbers N = 20and N = 28 [8℄. By fragmentation of 50Ti on 9Be at 330 MeV/u, more than30 n-ri
h isotopes from B to Ca with mass to 
harge ratio A=Z � 2:4 weresele
ted by the FRS and transported as a beam 
o
ktail to the se
ondarytarget (see Fig. 7), whi
h enables simultaneous measurement of several nu-
lei. To determine A and Z event by event, the energy loss and time of �ightwere measured before the se
ondary Pb target (0.9 g/
m2).
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1386 J. GerlTo sele
t Coulomb ex
itation and proje
tile-like ions from nu
leon re-moval rea
tions, A and Z were measured by the B�-TOF-�E method, usingthe large magneti
 spe
trometer Aladin. To dete
t de-ex
itation 
-rays, thetarget was surrounded by the Darmstadt�Heidelberg Crystal Ball spe
trom-eter, 
onsisting of 143 NaI dete
tors with an opening angle of ��NaI = 18Æ.The mean Doppler broadening of 10 % is well adapted to the intrinsi
 resolu-tion of the s
intillators. To dis
riminate ba
kground from atomi
 radiationPb absorbers and a trigger threshold of 500 keV was used. Fig. 8 shows spe
-tra of n-ri
h Mg isotopes obtained by inelasti
 ex
itation and one neutronremoval. Note that the 28Mg intensity was only 60 ions/s.
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-spe
tra of n-ri
h Mg isotopes and dedu
ed de
ay s
hemes.
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 Beams 13875. OutlookThe examples dis
ussed above demonstrate the potential of 
-spe
tros-
opy employing relativisti
 exoti
 beams. Te
hniques for de
ay spe
tros
opyare well established. In-beam spe
tros
opy obviously will bene�t from highresolution Ge-dete
tors. New set-ups, like the planned RISING [9℄ array us-ing state-of-the-art Euroball dete
tors and the future AGATA proje
t aimingat a 
-tra
king array will lead into that dire
tion opening new perspe
tivesfor nu
lear stru
ture resear
h.REFERENCES[1℄ H. Geissel, G. Münzenberg, K. Riisager, Ann. Rev. Nu
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hlegel et al., Phys. S
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