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BORDERS OF THE NUCLEAR WORLD � 100 YEARSAFTER DISCOVERY OF POLONIUM�M. PfütznerInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warszawa, Poland(Re
eived September 17, 1998)Hundred years after the birth of nu
lear physi
s almost 3000 boundnu
lides are known. Most of them have been produ
ed in nu
lear laborato-ries. With help of new experimental tools, like beams of relativisti
 heavyions and proje
tile fragment separators, still new territories on the 
hartof nu
lei are being 
onquered. A few examples of experiments whi
h havere
ently shifted the limits of known nu
lei will be presented.PACS numbers: 25.70.Mn, 25.85.�w, 23.50.+z1. Introdu
tionThe �rst paper of M. Skªodowska-Curie on radioa
tivity was presentedto the A
adémie des S
ien
es in April 1898 [1℄. Already in this �rst work,a new fundamental idea was formulated that radioa
tivity may serve as di-agnosti
 for the dis
overy of new 
hemi
al substan
es. This hypothesis wassoon 
on�rmed by Pierre and Marie Curie who announ
ed the dis
overy ofpolonium in July 1898 [2℄. The number of known radioa
tive substan
eswas growing fast and already in 1904 E. Rutherford presented a list of theeighteen of them [3℄. The next milestones in unveiling the subatomi
 worldwere the dis
overies of the atomi
 nu
leus (Rutherford, 1911) and of theneutron (Chadwi
k, 1932). With the �rst produ
tion of arti�
ial radioa
-tivity (F. Joliot and I. Curie, 1934) and the development of a

elerators inthe thirties, the modern nu
lear physi
s began.Sin
e then our knowledge of nu
lear world expanded enormously. Todaywe know about 3000 nu
lides bound by the strong (nu
lear) for
es. Ex
eptfor 273 stable ones, they are all radioa
tive, being subje
t to transformations� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1197)



1198 M. Pfütznerlike �- and �-de
ay or �ssion, see �gure 1. However, a

ording to our un-derstanding of the nu
lear for
es, about 8000 bound nu
lear systems 
ouldexist. It means that the territory of the all possible nu
lides remains largelyunknown.
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Fig. 1. The 
hart of nu
lides. The lightly shaded area shows approximately the re-gion, yet unexplored, where nu
lei are predi
ted to be bound. The topi
s dis
ussedin the paper are indi
ated.In the present arti
le, I will give some examples of the experimental workundertaken on the borders of the nu
lear world and I will mention te
hniquesapplied to expand these borders.2. Radioa
tive beamsThe most promising experimental te
hniques used in the last years toprodu
e and study exoti
 nu
lei, lying far from the line of stability, utilizebeams of radioa
tive ions. There are two basi
 methods of generating ra-dioa
tive beams. The �rst one employs the fragmentation rea
tion of heavyions a

elerated to relativisti
 energies. The rea
tion produ
ts � proje
-tile like fragments � emerging from the produ
tion target are separated bymeans of a magneti
 spe
trometer. Sin
e the produ
ts are �ying with ap-proximately the velo
ity of proje
tiles, this method is very fast and allowsstudies of the very short-lived a
tivities, down to about 100 ns. Anotherimportant advantage of this method is the la
k of the 
hemi
al sensitiv-ity. The proje
tile fragmentation method has been applied and is developed
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lear World... 1199in several laboratories like MSU in East Lansing (USA), GANIL in Caen(Fran
e), RIKEN (Japan) or GSI in Darmstadt (Germany).The se
ond method is based on the 
lassi
al isotope separator on-line(ISOL). A variety of rea
tions 
an be employed in this method, for exam-ple the spallation of a thi
k target indu
ed by relativisti
 proton beam orion-indu
ed �ssion. While mu
h higher intensities of se
ondary beams maybe rea
hed, 
ompared with the fragmentation te
hnique, this method su�ersfrom relatively long extra
tion time from the ion sour
e, limiting possibleappli
ations to longer a
tivities. Also a drawba
k of 
hemi
al sensitivity isinherent in the 
onstru
tion of a majority of ion-sour
es. The low-energy,exoti
 beam provided by the isotope separator 
an be subsequently a

el-erated to be exploited in se
ondary rea
tions, opening a broad �eld of newrea
tion 
hannels to be studied. Although the intensities of su
h beams willbe mu
h smaller than these of 
urrently available stable beams, the expe
tedin
rease of produ
tion 
ross se
tions will result in produ
tion of even moreexoti
 nu
lei. The ISOL method with the posta

eleration te
hnique is beingdeveloped for example at CERN (Isolde-Rex proje
t) or at GANIL (Spiralproje
t). 3. Towards the neutron drip-lineThe neutron drip line has been rea
hed only for the very light elements,up to Z = 10. For heavier elements the drip line lies far beyond rea
hof present experimental possibilities. Sin
e the stru
ture of the extremelyneutron-ri
h nu
lei is predi
ted to di�er from what is known 
loser to stabil-ity, and the properties of these nu
lei are key to the detailed understandingof the astrophysi
al r-pro
ess, the extension of the limit of known nu
lei to-wards neutron-drip line 
ounts to the most important 
hallenges of nu
learphysi
s.Considerable progress in this matter has bean rea
hed re
ently in theregion of medium mass nu
lei at the proje
tile fragment separator FRS atGSI. A unique feature of the heavy ion fa
ility at GSI is the availabilityof relativisti
 238U beam. In two experiments the beam of 238U at 750MeV/nu
leon was used to study �ssion in inverse kinemati
s indu
ed byperipheral 
ollisions with the nu
lei in beryllium and lead targets [4,5℄. The�ssion produ
ts, separated by the FRS 
ould be identi�ed in mass (A) andatomi
 number (Z) event by event at the �nal fo
us of the spe
trometer bymeans of measuring their time-of-�ight, magneti
 rigidity and energy loss(TOF�B���E). More than 100 neutron-ri
h isotopes of elements betweentitanium and neodymium, in
luding the doubly magi
 78Ni, were observedfor the �rst time [5℄. It was demonstrated that this method provides ana

ess to nu
lei lying on the r-pro
ess path up to bromine and between tin
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esium. The in
rease of uranium beam intensity, expe
ted in GSI in thenear future, will allow de
ay spe
tros
opy studies and mass measurementsin this important and still unexplored region.In the region of heavier nu
lei the neutron drip line is so far from theknown isotopes that it probably will never be rea
hed experimentally. How-ever, there might be a 
han
e that properties of loosely bound isomeri
 statesin neutron-ri
h nu
lei that 
an be studied, re�e
t phenomena 
hara
teristi
for the ground states of mu
h more exoti
 systems. Sear
h for �s-isomers inthe region of the 208Pb and the test of the produ
tion rates of neutron-ri
hnu
lei in the lead region were the goals of another experiment performedwith the uranium beam at GSI [6℄. In this 
ase a 1 GeV/nu
leon 238U beamon a beryllium target was used. Proje
tile-like fragments were sele
ted bythe FRS, identi�ed in �ight event by event and stopped in the 
at
her sur-rounded by germanium dete
tors. A number of known �s-isomers around208Pb was observed demonstrating for the �rst time that in the high-energyfragmentation rea
tion isomeri
 states are populated with a 
onsiderableprobability (from about 50% for spin I = 7 to about 20% for I = 12).De
ays of four new isomers were observed adding information on the shellstru
ture in the region. S
anning of the produ
tion rates resulted in ob-servation of seven new isotopes : 209Hg, 210Hg, 211Tl, 212Tl, 218Bi, 219Poand 220Po. The identi�
ation plots for polonium and thallium isotopes areshown in �gure 2.
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Fig. 2. Mass-to-
harge spe
tra of polonium and thallium isotopes identi�ed at the�nal fo
us of the FRS spe
trometer. Numbers indi
ate masses of the new isotopes.



Borders of the Nu
lear World... 1201The systemati
s of the measured produ
tion 
ross se
tions suggests thatwith the planned intensity in
rease of the uranium beam at GSI, the studyof still more neutron-ri
h nu
lei in the lead region will be
ome feasible. It isstriking that until re
ently this part of the nu
lear 
hart was very di�
ultto rea
h experimentally. For example, the heaviest polonium isotope knownbefore, 218Po, was studied already by E. Rutherford in 1904. At that time,still before atomi
 nu
leus was dis
overed, this substan
e, known as RaA,was listed together with the properly measured half-life in the summarypaper of Rutherford [3℄. Similarly, 210Tl (RaC00) was studied by Hahn andMeitner [7℄ in 1909. 4. On the proton drip-lineDue to the Coulomb intera
tion between nu
leons the proton drip linelies mu
h 
loser to the line of stability then the neutron drip line. There-fore, it was possible to study experimentally the proton drip line nu
lei upto bismuth. Moreover, a number of nu
lei unbound to the emission of aproton is known � they are lo
ated, of 
ourse, beyond the proton drip line.Observation of protons emitted from these isotopes provides the informationon the mass and stru
ture of the parent nu
leus.Re
ently, a progress in studying ground-state proton emitters has beenreported from the Re
oil Mass Spe
trometer at the Oak Ridge Holi�eldRadioa
tive Beam Fa
ility [8℄. Using the fusion-evaporation rea
tions with92Mo and 96Ru beams at about 5 MeV/nu
leon on 58Ni and 54Fe targets the�ve new proton emitters were dis
overed: 140Ho, 141mHo, 145Tm, 150mLuand 151mLu. The remarkable fa
t is that 145Tm is already the third thuliumisotope for whi
h proton emission was observed and presumably the �fthbeyond the proton drip line. Analysis of the protons emitted from the iso-mer of 151Lu and from the ground state of 151Lu by means of a spheri
alWKB model yielded relative energies and spe
tros
opi
 fa
tors of two singleparti
le orbitals d3=2 and h11=2, respe
tively. The same holds for the pair150mLu and 150Lu. In 
ase of holmium isotopes, the spheri
al model doesnot explain the observed half-lives whi
h is 
onsistent with the predi
tedstrong deformation of these nu
lei. The need for a legitimate interpretationof the experimental data in these 
ases triggered a development of theoreti
almodels of proton emission from the deformed nu
lei [9, 10℄.Observation of new isotopes produ
ed by the proje
tile fragmentationmethod is based, as already mentioned, on the in-�ight measurements of thetime-of-�ight, energy loss and magneti
 rigidity, allowing for the unambigu-ous identi�
ation of a single ion. Although this method is very sensitive �observation of new isotopes was reported on the basis of 3 
ounts only [11,12℄� it brings no information on the properties of the dis
overed nu
leus. For



1202 M. Pfütznerthe determination of the half-life, mass, de
ay modes and other 
hara
ter-isti
s, larger statisti
s are needed and the detailed studies of most exoti
isotopes have to be postponed until higher beam intensities will be availableand/or more sensitive spe
tros
opy methods will be developed. However, insome 
ases the mere observation (or unobservation) of the ion at the �nalfo
us of the proje
tile fragment separator allows to draw important 
on
lu-sions. One of su
h 
ases is 69Br. When bound, this nu
leus would play a
ru
ial role in the �ow of the rp-pro
ess o

urring at high temperature anddensity present possibly in explosive stellar environments (like supernovaeor X-ray bursts), allowing it to pass to the region of heavier elements. Theproton drip line nu
lei around krypton were investigated at the LISE spe
-trometer at GANIL [13℄. The Tz = �1=2 nu
lei from 51Fe to 71Kr wereidenti�ed ex
ept for 69Br, indi
ating that its half-life is mu
h shorter thanthe time of �ight through the separator. The dedu
ed limit was T1=2 < 100ns. Later, in another experiment performed at MSU, the more stringentlimit of T1=2 < 24 ns was established [14℄. The 
onsequen
e of su
h a shorthalf-life of 69Br is that the rp-pro
ess has to slow down 
onsiderably or eventerminate at 68Se, be
ause its half-life, 35 s, is longer than the predi
tedtime s
ale of the rp-pro
ess itself.Another 
ase where the identi�
ation of the isotope would be extremelyinteresting is 48Ni. This nu
leus is one of the most favourite 
andidates forthe two-proton ground-state radioa
tivity. The half-life of this, yet unob-served, phenomenon depends drasti
ally on the 2p separation energy anda

ording to a re
ent predi
tion ranges from 10 �s to 3 s [15℄. In an attemptto produ
e neutron-de�
ient nu
lei in the region of ni
kel, undertaken at theFRS at GSI, the 49Ni was rea
hed [12℄. Five events of this most proton-ri
hnu
leus ever observed (Tz = �7=2) were identi�ed among proje
tile-like frag-ments of the 58Ni beam impinging on a beryllium target at 600 MeV/nu
leon.Identi�
ation of the next isotope, 48Ni, will be hopefully feasible after theintensity upgrade of the SIS/FRS fa
ility at GSI. Observation of this nu
leusat the �nal fo
us of the separator would indi
ate the half-life longer than100 ns, opening possibility for further, detailed spe
tros
opy studies.5. SummaryHundred years after the dis
overy of polonium and radium a few thou-sand nu
lides 
onstitute the re
ognized and studied nu
lear world. We know,however, that equally large number of radioa
tive nu
lides, not dis
overedyet, may exist. Further expansion, espe
ially to the neutron ri
h side onthe nu
lidi
 
hart, is extremely di�
ult and 
alls for new ideas and newexperimental te
hniques.



Borders of the Nu
lear World... 1203In the present paper I gave a few examples of experiments aiming at
rossing the present borders of the nu
lear world. Most of them illustratea progress rea
hed, and perspe
tives opened, by the method of the radioa
-tive beams produ
ed by proje
tile fragmentation of relativisti
 heavy ions.This and other methods utilizing beams of radioa
tive ions are expe
tedto provide a wealth of information about new exoti
 nu
lei, lying far fromthe stability line. We believe that the se
ond hundred years of resear
h onradioa
tive substan
es will be equally fas
inating and fruitful as the �rst,started by works of Bequerel, Curies and Rutherford.This work was partially supported by the Polish Committee of S
ienti�
Resear
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