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huster Laboratory, University of Man
hester, Man
hester M13 9PL(Re
eived November 12, 2002)The spe
trum of prompt 
onversion ele
trons emitted by ex
ited 254Nonu
lei has been measured, revealing dis
rete lines arising from transitionswithin the ground state band. A striking feature is a broad distributionthat peaks near 100 keV and 
omprises high multipli
ity ele
tron 
as
ades,probably originating from M1 transitions within rotational bands built onhigh K states. Eviden
e for the existen
e of isomeri
 states in 254No ispresented.PACS numbers: 21.10.�k, 23.20.Lv, 23.20.Nx, 23.60.+e� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.(2107)



2108 P.A. Butler et al.1. Introdu
tionThe understanding of the stru
ture of the heaviest elements, in parti
ularsuperheavy elements (SHE), is essential for the development of mean �eldtheories that are used to predi
t nu
lear properties far from stability (forreviews see [1, 2℄). Experimental insight into the stru
ture of superheavynu
lei 
an be obtained by dire
t measurement of the ground state propertiesof nu
lei (for review, see [3℄). Attempts to rea
h the spheri
al SHE have beenreported re
ently in whi
h the observation of �-de
ay from nu
lei with Z =114, 116 and N = 174, 176 with lifetimes of the order of se
onds has been
laimed [4, 5℄. Equally important information 
an 
ome from the study ofmid-shell deformed nu
lei, sin
e sele
ted single parti
le orbitals that lie 
loseto the spheri
al shell gap in SHE are 
lose to the Fermi level in nu
lei havinglarge quadrupole deformation. Su
h information 
an 
ome from radioa
tivede
ay spe
tros
opy or from in-beam spe
tros
opy. In the latter te
hniquethe prompt de
ay pro
ess is tagged by dete
tion of the re
oiling nu
leus orby alpha de
ay from the re
oil (RDT), using ele
tromagneti
 separators. Inthis manner, in-beam 
-ray spe
tros
opy has enabled the rotational behaviorof the even-even nu
lei 252No [6℄ and 254No [7�9℄ to be studied up to spin20 ~. In these experiments the rea
tion produ
ts, although populated withsmall 
ross se
tions (� � 3 �barn), have been separated from the dominant�ssion ba
kground. The measurements 
on�rmed that nu
lei having Z �100 and N � 150 have ground state deformation of � � 0:3. It is expe
tedthat these nu
lei are the homologues of neutron ri
h Er-Hf in the loweros
illator shell where rotational bands built on high K states are observed.The quanti�
ation of the stru
ture of these states will be important for �xingthe parameters of models used to predi
t SHE properties.We report here a new experimental method that 
an reveal informationon heavy nu
lei additional to that obtained from gamma-ray spe
tros
opy.Our te
hnique allows the dire
t dete
tion of internal 
onversion ele
trons,emitted at the target, in a broad-range, high e�
ien
y ele
tron spe
trometer.The ele
trons 
an be tagged by re
oil dete
tion or using RDT. The sensitivityof the te
hnique is demonstrated here by applying it to the measurement ofthe low-lying transitions in the ground state band of 226U, whi
h are easilyobserved in a relatively short running time, and to a study of 
onvertedtransitions in 254No, for whi
h the 4+ ! 2+ up to the 10+ ! 8+ transitionswere observed. These studies reveal a striking di�eren
e in the ba
kgroundof unresolved transitions for the two rea
tions. We hypothesize that thisarises from the expe
ted presen
e of high-K multi-quasiparti
le states nearthe Fermi surfa
e in 254No.



High K Bands in Mid-Supershell Nu
lei 21092. In-beam ele
tron spe
tros
opy: SACREDThe ele
tron spe
trometer, SACRED [10℄, employs a single Si PIN wafer,500 mi
rons thi
k, segmented into 25 pixels 
onne
ted to individual ampli�-
ation and timing 
hannels. The geometry is 
ir
ular, with 6 annuli, dividedinto quadrants, surrounding the 
entral element. The outer diameter of thedete
tor is 28 mm. Ele
trons are transported from the target to the dete
torusing a solenoidal magneti
 �eld of maximum �ux density 0.3 T generatedby 4 separated, normal 
ondu
ting 
oils. The target-dete
tor distan
e is 540mm. The beam axis is at an angle of 2.5Æ to the �eld axis, interse
tingat the target position. This arrangement has the advantage of having anapproximately 
ollinear geometry, while ensuring that the beam is displa
edby 25 mm from the �eld axis at the (upstream) dete
tor position. The re-sponse of the dete
tor to 
onversion ele
trons emitted in the de
ay of a 133Basour
e is shown in �gure 1. The absolute e�
ien
y is about 10% for ener-gies < 350 keV. For in-beam measurements the delta ele
tron ba
kgroundis redu
ed to an a

eptable level by an ele
trostati
 barrier pla
ed betweenthe target and the dete
tor. Further details of the me
hani
al 
onstru
tionare given in Ref. [11℄.
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trum of 133Ba sour
e, showing the dete
tor response on a logarithmi
s
ale.The 
ollinear geometry, while o�ering the advantage of redu
ing bothDoppler broadening of the ele
tron lineshape and the delta ele
tron �ux inthe ba
kward dire
tion, enabled the ele
tron spe
trometer to be 
oupled tothe gas-�lled re
oil separator RITU [12℄. The re
oil produ
ts were trans-ported in RITU to a 16-fold segmented and resistive sili
on pad dete
torat its fo
al plane. This dete
tor is divided into approximately 200 pixels.



2110 P.A. Butler et al.The magnet volume of RITU and the se
tion of SACRED 
ontaining thetarget are �lled with 0.3 and 0.7 mbar helium gas for rea
tions indu
ed byA � 20 and A � 50 proje
tiles respe
tively. This volume is separated fromthe remaining volume of SACRED by two 60 �g/
m2 
arbon foils of 15 mmradius and 170 mm separation with pumped intermediate volume. In thisway the pressure of the region 
ontaining the barrier and the dete
tor wasmaintained at about 10�6 torr, thus redu
ing the ba
kground from a

eler-ated ele
trons produ
ed following ionization of the residual gas mole
ules bythe beam. The energy loss of 50�150 keV ele
trons in the target and foils is1�1.5 keV. 3. Conversion ele
tron measurements in 226UThese experiments were 
arried out at the a

elerator laboratory of theUniversity of Jyväskylä. In the �rst experiment a 10 parti
le nA beam of 111MeV 22Ne (
orre
ting for energy loss in the 
arbon foils) bombarded a 208Pbtarget of thi
kness 200 �g/
m2 for approximately 25 h. In this experimentthe potential of the ele
trostati
 barrier was �35 kV with respe
t to targetand dete
tor. The 
onversion ele
tron spe
trum of 226U, produ
ed in the� � 6 �b 4n 
hannel, is shown in �gure 2(a).It was obtained by requiring that the dete
tion of any ele
tron at thetarget using SACRED be a

ompanied by the dete
tion of re
oils in thefo
al plane dete
tor of RITU within a time window of �50 ns of their ar-rival at the fo
al plane. The re
oils are identi�ed by requiring that there isan alpha de
ay of energy range 7.49�7.63 MeV within 800 ms in the samepixel of the implantation dete
tor. There were 1280 tagged re
oils dete
tedin this experiment. Figure 2(b) shows a simulated spe
trum obtained us-ing the Monte Carlo program des
ribed in Ref. [10℄, 
orresponding to thesame number of re
oils as observed experimentally. The simulation assumesthat the observed 
onversion ele
trons only arise from transitions previouslyobserved in an array of 
-ray spe
trometers and identi�ed using the RDTte
hnique [13℄. More details of the 
onversion ele
tron experiment and itsresults, in parti
ular the �rst �rm assignment of the energy of the 2-0 transi-tion, are given in Ref. [14℄. It is evident from 
omparison of the experimentaland simulated spe
trum that the ex
ess ba
kground observed over that a
-
ounted for by the simulation is quite small. The simulation takes intoa

ount the transport of the ele
trons in the magneti
 and ele
tri
 �elds,s
attering in or from the dete
tor, energy sharing at the pixel boundaries,and threshold e�e
ts.
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Fig. 2. (a): Experimental 
onversion ele
tron spe
trum (
orre
ted for the 
ontri-bution from random 
oin
iden
es) tagged by the 
hara
teristi
 �-de
ay of 226U. Inthis spe
trum the energies are not 
orre
ted for Doppler shift. Transitions in theground state band are identi�ed. (b): Simulated spe
trum for 226U as des
ribed inthe text.4. Measurement of high multipli
ity 
ontinuum in 254NoIn a se
ond experiment a beam of 219 MeV 48Ca was employed. In this
ase the average beam energy in the 
enter of the 208Pb target (216 MeV) 
or-responds to the maximum of the yield of the rea
tion 208Pb(48Ca, 2n)254No.Targets of thi
knesses 250 �g/
m2 and 400 �g/
m2 of enri
hment 98% 208Pbwere ea
h bombarded by a beam of 1.5�3 parti
le nA for approximately110 h ea
h. The potential of the ele
trostati
 barrier was �40 kV. Figure3(a) shows the total ele
tron spe
trum tagged by the dete
tion of fusionprodu
ts.In this 
ase it is not ne
essary to verify that the re
oils are 254No by mea-suring their alpha de
ay as there are no other 
ompeting 
ompound nu
leus
hannels: the 
ombined population of 253;255No is � 1% of that of 254No[15, 16℄. The ele
tron spe
trum whi
h is tagged by the subsequent de
ay of
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Fig. 3. (a): The experimental 
onversion ele
tron spe
trum tagged by 254No re-
oils, 
orresponding to any number of ele
trons dete
ted in SACRED (solid boldline). In this spe
trum the energies are not 
orre
ted for Doppler shift. The lowesttransitions in the ground state band are identi�ed. Also shown are the simulatedspe
tra as des
ribed in the text for gK = 0 (hashed area with solid line border)and for gK � gR = 0 (dashed line). (b): as (a) ex
ept that experiment and sim-ulation 
orrespond to the dete
tion of a single ele
tron. (
): Spe
trum of se
ondele
tron in 
oin
iden
e with a sele
ted region (labelled `g') of energy for the �rstele
tron, tagged by re
oils (solid bold line). Also shown is the experimental spe
-trum tagged by �-de
ay for any number of ele
trons dete
ted (dashed line). (d):ele
tron spe
trum taken in random 
oin
iden
e.



High K Bands in Mid-Supershell Nu
lei 2113alpha parti
les in the energy range 8.04 to 8.15 MeV, with a sear
h time of600 s (see dashed line in �gure 3(
)), has approximately half the total 
ounts,as expe
ted. We were able to distinguish evaporation residues, target-like re-
oils, s
attered beam and radioa
tive de
ay produ
ts by employing a parallelplate proportional 
ounter in front of the sili
on implantation dete
tor.Two features are apparent from �gure 3(a). First, the 
onversion ele
-trons 
orresponding to transitions in the ground state rotational band upto spin 10 in 254No are identi�able (the stru
ture observed at � 65 and105 keV arises from hitherto unidenti�ed transitions in 254No). The detailsof these measurements, in parti
ular the �rst dire
t measurement of the en-ergy of the 4�2 transition, are given in Ref. [14℄. The se
ond noti
eablefeature is the pronoun
ed ba
kground, 
entered at around 100 keV. Theintensity of this ba
kground is mu
h larger than the ba
kground observedin the spe
trum 
orresponding to 226U transitions (�gure 2(a)). The mostinteresting property of the ba
kground is that it has a mu
h higher ele
tronmultipli
ity than that of the dis
rete transitions. This is demonstrated bydemanding that the spe
trum is only in
remented if no other ele
trons aredete
ted in any of the SACRED pixels within 100 ns of the dete
tion of the�rst ele
tron. The resulting spe
trum is shown in �gure 3(b) in whi
h thepeak to ba
kground is signi�
antly improved. The simulation 
ode 
an beused to roughly estimate the mean ele
tron multipli
ity, as it provides ana

urate model of the response of the SACRED spe
trometer. It remainsto model the me
hanism by whi
h the entry states in 254No depopulate andemit 
onversion ele
trons. The simplest model is to assume that only theground state band is populated, so that there is no other sour
e of 
onversionele
trons. In this 
ase the relative intensities of the transitions feeding the4+ state are taken from the gamma-ray measurements [8, 9℄. The presentmeasurements indi
ate that the intensity of the 6�4 and the 4�2 transitionsare the same [14℄, and these are assumed to be the same as that of the 2�0transition. The measured yield of the 6�4 L transition in the ground stateband is 126 � 18 for a single ele
tron dete
ted, 160 � 30 for any numberof ele
trons dete
ted (ratio R(6�4) = 0:78 � 0:16), for a total of 7150 re-
oils. In the simulation, 
arried out for four times the number of re
oils tothat re
orded in the measurement, the values for the yield of the 6�4 tran-sition are respe
tively 1280 and 1530 (R(6�4) = 0:84). The measurementsare 
onsistent with the simulation if about 40% of the population of 254Nopasses through the lowest transitions. On average 3.7 ele
trons are emittedsimultaneously in this de
ay path, in
luding the undete
ted 2�0 transition.In order to model the ba
kground, we assumed that this arises from de-
ays within a single rotational band built on a K = 8 isomeri
 bandheadand populated with the same entry spin distribution as that measured for allstates by Reiter et al. [9℄. The value of gK is taken to be 0, with gR = 0:3.



2114 P.A. Butler et al.For this band we assumed a 
onstant moment of inertia of 100 ~2 MeV�1,slightly larger than that of the highest transitions in the ground state band(this allows a better �t to the low energy part of the spe
trum). The ele
-tron energies are then randomized by applying a gaussian distribution of� = 10 keV, to a

ount for the presen
e of many su
h bands having dif-fering moments of inertia. The 
al
ulated spe
trum, also 
arried out for28,600 re
oils as for the previous simulation and then renormalised by afa
tor of 0.10, is shown also in �gure 3(a). The measured intensity of theba
kground mat
hes the 
al
ulated intensity, implying that approximately40% of all dete
ted re
oils pro
eed through these paths. The expe
ted val-ues of gK for the lowest 2 quasi-parti
le K� = 8� bands in 254No are ��0:3 (92�[734℄� 72+[613℄� , Ref. [17℄), 0 (92�[734℄� 72+[624℄� , Ref. [18℄) and 1(92+[624℄� 72�[514℄� , Refs. [17,18℄). For this range of values of gK the 
al
u-lated ratio of integrated 
ounts for single and any ele
tron dete
ted (Rbkg)is 0.57�0.59, similar to the measured value of 0:58�0:03. The 
orrespondingvalue of the mean ele
tron multipli
ity for these paths is in the range 7�8.In the extreme 
ase when (gK�gR) = 0 (purely ele
tri
 transitions) the 
al-
ulated value of Rbkg is 0.64, 
orresponding to an ele
tron multipli
ity of 4distributed evenly between I ! I�1 and I ! I�2 transitions. In this 
asethe 
al
ulated spe
trum overestimates the high energy part of the spe
trum(see dashed line in �gure 3(a),(b)). If it is assumed that the bandhead isnot isomeri
, so that the K = 8 state de
ays immediately to the 8+ memberof the ground state band, then the value of Rbkg for gK = 0 is 0.47 (mul-tipli
ity 10). This feeding pattern 
annot be signi�
ant, as demonstratedin �gure 3(
) whi
h shows the spe
trum of ele
trons in 
oin
iden
e with asele
ted region of the ba
kground.Finally, we have to 
onsider the possibility that the ba
kground is largelyatomi
 in origin and that it arises from the atomi
 
ollisions of the re
oilingnobelium atoms with the Pb atoms in the target. We believe that thispossibility is unlikely as the ba
kground has a very di�erent shape to thatarising from the delta ba
kground produ
ed by 
ollisions of beam parti
leswith the target. Figure 3(d) shows the ele
tron spe
trum taken in random
oin
iden
e, whi
h is identi
al in spe
tral shape to the singles spe
trum.It peaks in intensity at an energy that is 
lose to the barrier voltage. Inaddition, we 
ompared the integral ba
kground yield per nobelium re
oildete
ted for when the target thi
kness was 250 �g/
m2 (4710 re
oils) andwhen the target thi
kness was 400 �g/
m2 (2440 re
oils). The measuredvalues were very similar, 0:177�0:008 and 0:170�0:010, respe
tively. If theba
kground arose from No+Pb atomi
 
ollisions it might be expe
ted thatthe yield would s
ale with the target thi
kness.



High K Bands in Mid-Supershell Nu
lei 21155. Isomers in 254No measured in fo
al plane of RITUIn order to dire
tly observe isomeri
 states in 254No we employed part ofthe GREAT spe
trometer [19℄ positioned at the fo
al plane of RITU. In thisexperiment GREAT 
onsisted of a double sided strip sili
on dete
tor (DSSD)with 60 verti
al strips and 40 horizontal strips of 1 mm pit
h, surroundedby 28 28 � 28 mm2 PIN dete
tors. The heavy re
oils from the 219 MeV48Ca + 208Pb rea
tion were implanted into the DSSD whi
h was 
ooled to� �20Æ C. Following the experiment about 700 position 
orrelated re
oil �� events were found in a sear
h time of 200 s, that 
orrespond to the de
ayof 254No. For these events we sear
hed for low energy (less than 1 MeV)signals whi
h o

urred at the same X�Y position but within 10 s of there
oil implantation. The time spe
trum of su
h events (with respe
t to there
oil) is shown in �gure 4. About 70 su
h events were observed, some ofwhi
h had a distribution in time 
orresponding to a half-life of about 1/3 s.We tentatively interpret these events as arising from the internal 
onversionof transitions within the ground state rotational band in 254No that arepopulated by the de
ay of a high K isomeri
 state; this triple 
orrelationte
hnique has been des
ribed by Jones [20℄. If this interpretation is 
orre
t,then the fra
tion of all nobelium re
oils that arrive in the fo
al plane inan isomeri
 state 
an be determined if the e�
ien
y for the dete
tion ofthe 
onversion ele
trons is known; our 
rude estimate is that this fra
tionis similar to the value dedu
ed from the in-beam measurements des
ribedabove. The lifetime of the isomeri
 state is 
onsistent with that measuredby Ghiorso et al. [21℄.
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an 
on
lude from our experimental observations that a large fra
-tion of the entry states in 254No, populated in this rea
tion, de
ay via M1
as
ades that will not be dete
ted in 
-ray arrays, and measurements ofentry distributions should be modi�ed to take this into a

ount. The M1
as
ades will naturally arise from the population of two-, four- and many-quasiparti
le ex
itations that will often have bandheads with high K-values.The lowest K� = 8� bands are expe
ted to lie at an ex
itation energy ofaround 1�1.5 MeV [17, 21℄. Su
h bandheads are expe
ted to be isomeri
with lifetimes, based on systemati
s [22℄, of greater than 1 ms. From fo
alplane spe
tros
opy we have independent eviden
e for the existen
e of su
hisomeri
 states in 254No that are populated with a large isomeri
 ratio.We thank R. Bengtsson, W. Nazarewi
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ussions. We are also grateful to Patri
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