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TOWARDS THE STRUCTUREOF THE HEAVIEST NUCLEI�P.A. ButlerOliver Lodge Laboratory, University of LiverpoolLiverpool L69 7ZE, U.K.(Re
eived De
ember 11, 2001)Re
ent progress in the development of new spe
tros
opi
 te
hniquespromises to elu
idate the stru
ture of deformed superheavy nu
lei in the re-gion of 254No. In-beam 
-ray spe
tros
opy has revealed the yrast stru
tureof 252;254No and 
onversion ele
tron studies have been made of 253;254No.Knowledge of the 
olle
tive and single parti
le stru
ture of nu
lei in thismid-shell region provides important data to mean �eld models that areused to predi
t the properties of superheavy spheri
al nu
lei.PACS numbers: 21.10.�k, 23.20.Lv, 23.20.Nx, 23.60.+e1. Introdu
tionThe understanding of the stru
ture of the heaviest, in parti
ular super-heavy elements (SHE), is essential for the development of mean �eld theoriesthat are used to predi
t nu
lear properties far from stability. Experimentalinsight into the stru
ture of superheavy spheri
al nu
lei 
an be obtained bydire
t measurement of the ground state properties of nu
lei. Attempts torea
h the spheri
al SHE have been made in re
ent years, with �rm eviden
efor Z = 112 [1℄ and 
andidates for alpha de
ay from several nu
lei withZ = 114�116 have been reported [2℄. Equally important information 
an
ome from the study of mid-shell deformed nu
lei, sin
e sele
ted single par-ti
le orbitals that lie 
lose to the spheri
al shell gap in SHE are 
lose to theFermi level in nu
lei having large quadrupole deformation. Su
h informa-tion 
an 
ome from alpha-de
ay studies or from in-beam spe
tros
opy. Inthe latter te
hnique the prompt de
ay pro
ess is tagged by dete
tion of there
oiling nu
leus or by alpha de
ay from the re
oil, using ele
tromagneti
separators. In this manner, in-beam gamma-ray spe
tros
opy has enabled� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (313)



314 P.A. Butlerthe rotational behaviour of the even�even nu
lei 252;254No to be studied upto spin 20~. In these experiments the rea
tion produ
ts, although popu-lated with small 
ross se
tions (� < 3�barn), have been separated from thedominant �ssion ba
kground.A new experimental method that promises greater �exibility than
-ray spe
tros
opy in the study of heavy nu
lei has been re
ently developed.Our te
hnique allows the dire
t dete
tion of internal 
onversion ele
tronsemitted at the target and their tagging by re
oil dete
tion or re
oil de
aytagging (RDT), using a broad-range, high e�
ien
y ele
tron spe
trometer.The te
hnique has been applied to the measurement of the rotational bandin 254No, in whi
h 
onversion ele
trons 
orresponding to transitions from theground state band were observed in a relatively short running time. Thiste
hnique has numerous appli
ations in the study of heavy nu
lei where in-ternal 
onversion is a probable pro
ess, su
h as odd-mass nu
lei whose de
aysequen
e is dominated by low energy M1 transitions.2. In-beam gamma-ray spe
tros
opyof even�even nobelium isotopesA very important development in the gamma-ray spe
tros
opy of heavynu
lei has been the 
oupling of germanium dete
tor arrays at the targetto re
oil separators 
apable of �tagging�, or identifying prompt gamma-rayemission by dire
t measurement of the mass of the re
oiling nu
leus or bymeasurement of radioa
tive de
ay. In the 
ase of de
ay tagging (RDT), it isne
essary to make both time and position measurements at the fo
al planein order to 
orrelate the de
ay pro
ess with the events measured at the tar-get [3℄. The te
hnique is 
urrently 
apable of identifying prompt gamma-raysfrom nu
lei populated with 
ross-se
tions of a few hundred nanobarns. Therealisation that the 
ross-se
tion using the rea
tion 208Pb(48Ca,2n)254No(� 3�b), employing doubly-
losed shell proje
tile and target, is su�
ientfor RDT measurements led to the observation of the ground state rotationalband in the Z = 102, N = 152 nu
leus up to spin 20~ [4, 5℄ This measure-ment is signi�
ant be
ause it 
on�rms that 254No is well deformed, with avalue for � = 0:32 � 0:02 [6℄. The quadrupole deformation is dedu
ed fromthe extrapolated 2+ ! 0+ transition energy and the systemati
 dependen
eof the lifetime of the 2+1 state on its energy [6℄. This observation is 
onsistentwith expe
tations of several 
lasses of mean �eld theories, e.g. [7℄, whi
h allpredi
t that the stability against �ssion of this mid-shell nu
leus arises fromshell 
orre
tions enhan
ed be
ause of quadrupole deformation.Re
ently, measurements have been 
arried out [6℄ following the rea
tion206Pb(48Ca,2n)252No, whi
h has a 
ross se
tion of about 300 nbarns. Thisexperiment was 
arried out at Jyväskylä using the JUROSPHERE 
-ray



Towards the Stru
ture of the Heaviest Nu
lei 315dete
tor array [3℄ in 
onjun
tion with the gas-�lled separator RITU [8℄. Theground state rotational band was observed up to spin 20~ and shows anupbend (see �gure 1) at a frequen
y ~! = 200 keV whi
h is absent from254No. The dedu
ed quadrupole deformation in this 
ase is 0:31� 0:02 [6℄.
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Fig. 1. Dynami
al moment of inertia as a fun
tion of rotational frequen
y for252;254No. Taken from Ref. [6℄.3. Ele
tron 
onversion measurements in 254NoIn these experiments the SACRED [9℄ ele
tron spe
trometer was em-ployed, 
on�gured in a new geometry in whi
h the ele
tron traje
tories arenearly parallel to the beam dire
tion [10℄. SACRED 
onsists of a single SiPIN wafer, 500 mi
rons thi
k, segmented into 25 pixels 
onne
ted to indi-vidual ampli�
ation and timing 
hannels. The geometry is 
ir
ular, with6 quadranted annuli surrounding the 
entral element. The outer diameterof the dete
tor is 28 mm. Ele
trons are transported from the target to thedete
tor using a solenoidal magneti
 �eld generated by four separated, nor-mal 
ondu
ting 
oils. The target-dete
tor distan
e is 550 mm. The beamaxis is at an angle of 2.5 deg to the �eld axis, interse
ting at the targetposition. This arrangement has the advantage of an approximately 
ollineargeometry, while ensuring that the beam is displa
ed by 25 mm from the �eldaxis at the dete
tor position. Fo
using of the beam through the apertureat this position redu
es the ba
kground from ele
trons produ
ed near thedete
tor. It also results in a large beam size at the target that distributes theele
trons produ
ed at the target, dominated by low energy delta ele
trons,more evenly over the dete
tor. The delta ele
tron ba
kground is redu
ed toan a

eptable level by an ele
trostati
 barrier pla
ed between the target andthe dete
tor.



316 P.A. ButlerThe 
ollinear geometry, while o�ering the advantage of redu
ing Dopplerbroadening of the ele
tron lineshape and a redu
tion in delta ele
tron yield inthe ba
kward dire
tion, enabled the ele
tron spe
trometer to be 
oupled toRITU. In this 
ase the re
oil produ
ts were transported in RITU to a parallelplate proportional 
ounter and segmented sili
on pad dete
tor at its fo
alplane. The magnet volume of RITU and the se
tion of SACRED 
ontainingthe target that is 
onne
ted to RITU were �lled with 0.7 mbar helium gas.This volume is separated from the remaining volume of SACRED by twofoils of 50 �g/
m2 
arbon with pumped intermediate volume. In this way thepressure of the region between the barrier and dete
tor was maintained at10�6 torr or better, thus redu
ing the ba
kground from a

elerated ele
tronsprodu
ed following ionisation of the residual gas mole
ules by the beam.The beam of 219 MeV 48Ca was provided by the ECR sour
e and K =130 
y
lotron of the a

elerator laboratory of the University of Jyväskylä.The beam energy was sele
ted so that the average beam energy in the 
entreof the target (216 MeV) 
orresponds to the maximum of the yield of therea
tion 208Pb(48Ca, 2n)254No. The target, whose thi
kness was variously400 �g/
m2 and 250 �g/
m2, was bombarded by a beam of 1.5 pnA forapproximately 4 days. The potential of the ele
trostati
 barrier (with respe
tto target and dete
tor) was �40 kV when the thi
ker target was used and�45 kV in the 
ase of the thinner target.
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tron spe
trum at the target position obtained by re
oil tagging followingthe rea
tion 208Pb(48Ca, 2n)254No. A barrier voltage of �40 kV was employed formost of the experiment. The beam 
urrent was 1:5 pnA, with total irradiation timeof about 4 days. The peaks are labeled a

ording to the de
ay s
heme of Ref. [5℄;the dispersion is 2 keV / 
hannel. The data analysis used to 
reate this spe
trumis at a preliminary stage.



Towards the Stru
ture of the Heaviest Nu
lei 317Figure 2 shows an ele
tron spe
trum tagged by the dete
tion of 254No re-
oils [11℄. Even though the data analysis performed to produ
e this spe
trumis preliminary, the sequen
e of dis
rete 
onversion-ele
tron lines 
orrespond-ing to the 4+ ! 2+ up to the 12+ ! 10+ transitions in 254No is 
learlyvisible. The average energy resolution arises mostly from the 4 keV intrinsi
resolution of the individual dete
tor 
hannels. In the previous experimentswhere 
-rays were dete
ted in 254No [4, 5℄ the 4+ ! 2+ transition was notobserved be
ause of internal 
onversion.The most interesting feature of �gure 2 is the 
ontinuous ba
kground be-neath the dis
rete line stru
ture, whi
h peaks at around 75 keV. This doesnot arise from s
attering of ele
trons from the dete
tor (in the SACREDgeometry the ele
trons have almost normal in
iden
e on the dete
tor andthe probability of ba
ks
attering is less than 20%). Figure 3 demonstrates
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Fig. 3. Ele
tron spe
tra (number of 
ounts in the verti
al axis) for the same rea
tionas des
ribed in �gure 2. Upper �gure: events are sele
ted if a hit is re
orded in anyof the 25 dete
tor pixels of SACRED. Middle �gure: events are sele
ted if a hitis re
orded in only one of the dete
tor pixels. Lower �gure: simulated spe
trum,assuming that only the ground state rotational band 
ontributes to the spe
trum.Only the �rst half of the experimental data, during whi
h the ele
trostati
 barrierwas 40 kV, has been sorted to produ
e these spe
tra.



318 P.A. Butlerthat the ele
tron multipli
ity of the ba
kground is signi�
antly higher thanthat of the dis
rete line stru
ture. In this �gure (whi
h represents a subsetof the total data) events are sele
ted a

ording to two 
riteria: (1) if a hitis re
orded in only one of the 25 dete
tor pixels; or (2) if one or more hitsare re
orded in the dete
tor. As expe
ted, the intensity of the ground staterotational band shows no di�eren
e: the estimated ele
tron multipli
ity fortransitions above the 40 kV barrier is 2 and the hit probability (= hm"ei) is0.15. In 
ontrast, the ba
kground is redu
ed by a fa
tor of 2 by demandinga single hit, suggesting that it has an ele
tron multipli
ity of around 5-10.There are at least two possible sour
es for this ba
kground. One possi-bility is that it is largely atomi
 in origin, arising from the 
ollisions of there
oiling nobelium atoms with the lead atoms in the target. It 
annot arisefrom Ca + Pb 
ollisions: the normal (singles) �delta� ba
kground peaks atthe barrier voltage whereas the spe
tral shape in 
oin
iden
e with re
oilsis very di�erent. Another possibility is that the ba
kground has a nu
learorigin, su
h as from a quasi-
ontinuum of M1 transitions. There are severalhigh 
 orbitals near the Fermi surfa
e of 254No (e.g. [514℄ 7/2�, [624℄ 9/2+protons, [624℄ 7/2+, [734℄ 9/2� neutrons) that 
an give rise to low lying 2quasi-parti
le high K rotational bands whose �I = 1 in-band transitionswould mostly de
ay by internal 
onversion.4. Lo
ation of next spheri
al shell gapsIt is remarkable that the di�erent mean �eld approa
hes give di�erentpredi
tions for the lo
ation of the next spheri
al magi
 numbers beyond208Pb. Systemati
 studies [12, 13℄ of three types of mean �eld, Strutin-sky, Skyrme-Hartree-Fo
k (SHF), and Relativisti
 Mean-Field (RMF), giverespe
tively (114,184℄, (124�126,184) and (120,172) for the next spheri
alshell 
losures (Z;N). The weakness of the ma
ros
opi
-mi
ros
opi
 ap-proa
h appears to be its la
k of self-
onsistent treatment of surfa
e prop-erties su
h as proton di�useness [12℄. The di�eren
e between the SHF andRMF approa
hes seems to lie in the treatment of the spin-orbit for
e [13℄.These di�eren
es are magni�ed for heavy systems in whi
h the single-parti
lespe
trum be
omes 
ompressed, the spin-orbit splitting is attenuated, andCoulomb e�e
ts are enhan
ed [12℄.Further information about the lo
ation of the next spheri
al shell gaps
an be extra
ted from the systemati
 behaviour of the B(E2 : 2+ ! 0+) ofnu
lei lying in the shell above 208Pb. A

ording to the NpNn systemati
sof referen
e [14℄, the value of the B(E2) for nu
lei with Z > 100 shouldbe very di�erent for the di�erent assumptions for the proton and neutronnumber at the next spheri
al 
losed shell. Figure 4 shows the values ofB(E2) obtained from lifetime versus ex
itation energy systemati
s [6℄ for
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ture of the Heaviest Nu
lei 319252;254No for the three s
enarios Z = 114, N = 184; Z = 120, N = 172; andZ = 126, N = 184. Unfortunately the experimental un
ertainty does notdistinguish between these possibilities. Pre
ise measurements of the energyof the 2+1 state in 256Rf, either by in-beam measurements using the � � 5 nb
ross se
tion 208Pb(50Ti,2n)256Rf [15℄ or by the 10 % � bran
h following the� � 300 pb rea
tion 208Pb(54Cr,2n)260Sg [16℄ should, however, be able tomake the distin
tion.
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t NpNn. Thevalues obtained for 252;254No are indi
ated assuming that the next spheri
al gapis at Z = 114, N = 184 (
losed 
ir
les), Z = 120, N = 172 (open 
ir
les) andZ = 126, N = 184 (open triangles), respe
tively. The straight line is the expe
tedtrend taken from Ref. [14℄.5. Study of odd-mass nu
leiDe�nitive experimental information on the positions of the next 
losedshells 
an only 
ome from dire
t measurements of superheavy spheri
al nu-
lei whose Z, N values lie 
lose to the magi
 numbers. However, the variousmean �eld parameterisations 
an be tested by examining the single parti
leproperties of mid-shell deformed nu
lei. For example, the Z = 114 shell gapis repla
ed by a gap at Z = 126 if the p 12 , p 32 and f 52 single parti
le levels arelowered with respe
t to the i 112 level. In this 
ase the position of the [521℄1/2deformed proton level, 
lose to the Fermi level for Z = 102, is 
riti
al. Simi-larly, the neutron shell gap is also sensitive to the exa
t position of the singleparti
le levels. For example, there are two sets of parameters 
ommonly usedin the Nilsson model that have been extra
ted from �tting experimentallymeasured single parti
le levels, with relatively little input from nu
lei heav-ier than 208Pb. For the mass 250 region, the values of � and � are very



320 P.A. Butlerdi�erent for the two sets [17℄. One set of parameters predi
ts that the yrastsequen
e of 253No is a strongly 
oupled band; the other set predi
ts that agamma-ray sequen
e should be 
learly observable [18℄. An attempt has beenmade at Argonne National Laboratory [19℄ to study the odd mass nu
leus253No by observing the re
oil-tagged gamma-ray emission at the target. Inthis 
ase strong internal 
onversion and fra
tionation of intensity hinderedidenti�
ation of gamma-ray sequen
es, inferring that the yrast sequen
e 
on-tains strongly 
oupled signature partner bands with rather large values ofgK � gR. This already provides some information about the stru
ture ofthe levels near the Fermi surfa
e. Re
ently, an experiment was 
arried outusing SACRED in 
onjun
tion with RITU [22,23℄ in whi
h prompt ele
tronsfrom 253No were identi�ed. The observed spe
trum shape is 
onsistent withthe yrast band 
onsisting of a strongly 
oupled rotational band in whi
h theintensity is 
arried by dominant M1 transitions. This would be expe
ted ifthe ground state band has the expe
ted [734℄9/2 
on�guration predi
ted byboth Hartree Fo
k [20, 21℄ and Woods Saxon [21℄ 
al
ulations.6. SummaryNew developments in nu
lear spe
tros
opy are taking pla
e, whi
h willallow measurements of the stru
ture of deformed superheavy systems. In-beam 
-ray measurements of even-even nu
lei in the rotational superheavyregion, 252;254No, have been 
arried out, revealing the properties of theground state rotational bands up to spin 20~. Measurement of prompt
onversion ele
trons emitted from even-even and odd mass nu
lei populatedat sub-mi
robarn 
ross-se
tions is also now possible.The SACRED ele
tronspe
trometer, used in 
onjun
tion with the gas-�lled spe
trometer RITU,has been used to measure the ground state rotational stru
ture of 253;254No.The data have been used to test mean �eld theories that are extrapolatedfrom medium-mass nu
lear systems to the superheavy region.I would like to thank R. Bengtsson, W. Nazarewi
z and A. Sobi
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