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HIGH SPIN SPECTROSCOPY OF LIGHT f7=2 NUCLEISTUDIED WITH EUROBALL IVAND THE RECOIL FILTER DETECTOR:A SMOOTH BAND TERMINATION IN 45S
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748 P. Bednar
zyk et al.1. Introdu
tionAlthough f7=2 shell nu
lei lie 
lose to the doubly magi
 systems 40Caand 56Ni, several of their properties su
h as band-like stru
tures and stronginband E2 transition rates 
an be viewed as a sign of 
olle
tivity.In the middle of the f7=2 shell, the number of a
tive parti
les and the
on�guration spa
e available are big enough to allow for the 
olle
tive mo-tion of nu
leons. In fa
t, the experimental results obtained for nu
lei inthe vi
inity of 48Cr [1℄ have pointed out to the important role played bya 
olle
tive ex
itation in building up levels with high angular momentum.Colle
tive behaviour was also identi�ed in lighter odd-A f7=2 nu
lei wherea parti
le-hole ex
itation a
ross the 
losed shell takes pla
e. Our previousstudies [2℄ of 45S
, 45Ti and 43Ca have revealed that in these nu
lei unnat-ural parity levels 
onstitute regular rotational bands with almost 
onstantquadrupole moment 
orresponding to a prolate deformation with � � 0.3.The f7=2 orbit is rather well-separated from the other shells. Therefore,experimental observation of pure single-parti
le 
on�gurations giving a 
on-tribution to high spin states is feasible in this region. Su
h 
on�gurations
an be exa
tly a

ounted for by shell model 
al
ulations. In fa
t, it turnsout that many features in f7=2 nu
lei at high spin 
an be well-explained bythis theory if only the f7=2 shell is taken into a

ount [3℄. However, a natu-ral spin limitation in the shell model 
omes from the fa
t that the angularmomentum in
reases only by the alignment of valen
e nu
leons within theavailable 
on�guration spa
e. The maximum spin Imax is obtained when allvalen
e nu
leons are fully aligned. In the f7=2 nu
lei states with angularmomentum larger than Imax = 1=2[(Z � 20)(28 � Z) + (N � 20)(28 � N)℄result from ex
itation to higher pf shells.Further investigation of levels beyond the f7=2 shell limit in f7=2 nu
leishould throw more light on the origin of nu
lear rotation. Whether or not the
olle
tive behaviour initiated below the maximum aligned spin will 
ontinueabove Imax, or whether a drasti
 
hange in a single-parti
le 
on�gurationwill 
ause the rotational bands to terminate, are still intriguing questions.So far, very little is known about the stru
ture of the f7=2 nu
lei above themaximum aligned spin. In some nu
lei rotational bands have been observedup to this limit, but only in a few 
ases has a band termination been reported[4, 5℄. The main experimental di�
ulty in studying high spin ex
itation inlight systems is the extensive Doppler broadening of measured 
-ray lines.This is due to �rst the high energy of the 
-transitions, and se
ond the highvelo
ity and spatial spread of the re
oils, sin
e the light mass nu
lei haveto be produ
ed in fusion-evaporation rea
tions indu
ed by energeti
 heavyions.
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tros
opy of Light f7=2 Nu
lei : : : 749Owing to the ex
ellent performan
e of our Re
oil Filter Dete
tor (RFD)[6℄ whi
h measures pre
isely the re
oil velo
ity ve
tor for every event, we 
anredu
e the Doppler broadening of 
-ray lines. This allows measuring e�-
iently high energy 
-transitions when using a powerful germanium dete
torarray, su
h as EUROBALL IV [7℄.In the present work we report on our attempt to extend the knowledgeof ex
itations in several f7=2 nu
lei mu
h beyond the f7=2 shell limit.2. ExperimentThe experiment was performed at the IReS in Strasbourg. A pulsedbeam of 68 MeV 18O ions bombarded a metalli
 30Si target of 800 �g/
m2 [8℄.Gamma-rays were dete
ted by the EUROBALL IV array 
onsisting of highe�
ien
y 
luster and 
lover dete
tors. The RFD in
orporating 18 heavy iondete
tors was pla
ed at a distan
e of 134 
m behind the target. To fa
ilitatethe mounting the tapered dete
tors of EUROBALL were removed.The RFD measured a dire
tion and time-of-�ight (TOF) of re
oils withrespe
t to the beam axis, and a beam pulse signal in 
oin
iden
e with
-rays. An e�
ien
y of the RFD for the rea
tion used and the geome-try of the present set-up is illustrated in Fig. 1. The 
al
ulated e�
ien
yagrees well with the measured value whi
h is of the order of 40%.

Fig. 1. Cal
ulated angular distribution of 45S
 re
oils emitted in the 30Si(18O, p2n)rea
tion at 68 MeV for the 800 �g/
m2 target. The shaded area 
orresponds to thefra
tion of re
oils dete
ted by the RFD. The estimated e�
ien
y is equal to 40%.



750 P. Bednar
zyk et al.The re
oil velo
ity ve
tor determination for ea
h event has improved themeasured 
-spe
tra. Fig. 2 shows a part of a 
-spe
trum measured by asingle germanium 
rystal. A 
onsiderable redu
tion of the 
-line width is
learly seen in the lower spe
trum. The FWHM of 
-line at � 1:5 MeV isonly 4.5 keV.

Fig. 2. A part of a 
-spe
trum measured by a single germanium 
rystal of a 
lusterdete
tor with the 
orre
tion for the mean re
oil velo
ity (upper part) and for themeasured velo
ity ve
tor of every re
oil (lower part).The TOF spe
tra of re
oils produ
ed in the p2n, �2n and 2�1n evap-oration rea
tion 
hannels as well as the total proje
tion are presented inFig. 3. The sele
tion of di�erent re
oils was done by gating on the known
-transitions. Due to relatively thi
k target, the velo
ity distribution of re-
oils and 
onsequently their time of �ight distribution is broad. As one 
ansee from Fig. 3, there is a signi�
ant di�eren
e in the shapes of TOF spe
trawhen either a proton or an alpha-parti
le emission takes pla
e. Even though,as illustrated in Fig. 4, 
-line widths are similar for di�erent residual nu
leiin the wide energy range. Moreover, there is also a visible di�eren
e in thepositions of those spe
tra in the time s
ale that makes possible � to someextent � a sele
tion of exit 
hannel.
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Fig. 3. Time-of-�ight spe
tra measured by the RFD for di�erent fusion-evaporationrea
tion produ
ts (see text for dis
ussion).

Fig. 4. FWHM of 
-lines versus 
-ray energy for di�erent residual nu
lei produ
edin the rea
tions given in Fig. 3. Gamma-line widths were 
orre
ted for the Dopplere�e
t using the RFD. 3. ResultsThe experiment has provided high quality data on several new high spinex
itations in 38;39Ar, 41;42K, 41;42;43;44;45Ca, 44;45S
 and 43;45Ti. In the 45S
nu
leus we have identi�ed over 40 new 
-transitions deex
iting mainly highspin levels. The 
-ray energies range from several hundred keV to almost6 MeV. Double and triple 
-ray 
oin
iden
es were used to establish the de
aypattern of 45S
. Analysis of DCO ratios and linear polarisation has givenspin and parity assignments for the major part of the identi�ed levels. Sin
ethe data is still being analysed, we will dis
uss here only the 
ase of a bandtermination in 45S
. Di�erent aspe
ts 
on
erning this and other nu
lei willbe reported in forth
oming arti
les.
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Fig. 5. Partial level s
heme of 45S
 derived from the present work. A and B denotethe two rotational signature-partner positive parity bands.
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lei : : : 753The partial level s
heme of 45S
 is shown in Fig. 5. The negative par-ity yrast band results from an ex
itation within the f57=2 
on�guration [2℄.Gamma-rays deex
iting these levels 
onstitute the main de
ay path in the45S
 nu
leus. The yrast stru
ture extends up to maximum available spinof 23/2 ~ but several transitions feeding the maximum spin level have alsobeen observed.The positive parity levels form two rotational signature-partner bands�A� and �B� [2℄. They are based on a d3=2 proton parti
le�hole ex
itation
oupled to the f67=2 
on�guration. The positive parity bands 
onserve theirregular behaviour up to a level at maximum aligned spin 31/2 ~ whi
h turnsout to be the band terminating state. Several 
-transitions of 3�5.5 MeVfeeding the highest-lying levels have been observed. More detailed rotationalfeatures of the bands A and B 
an be seen when plotting the ex
itationenergy relative to the rotational energy of a rigid body as a fun
tion of theangular momentum. Su
h a plot is shown in Fig. 6. Both signature-partnerbands exhibit similar behaviour. At low spin, the ex
ited state energiesare 
lose to the referen
e rotor values, whereas at higher angular momentathey gradually lose 
olle
tivity. However, above the maximum aligned spinthis smooth trend is not 
ontinued, a fa
t whi
h may be asso
iated with anabrupt 
hange of a single parti
le 
on�guration.

Fig. 6. A plot of the EI -Erld di�eren
es as a fun
tion of spin I for positive paritybands A and B (
onf. Fig. 5). EI � experimental energy of a state with a spin I,Erld � rigid rotor energy of this state 
al
ulated a

ording to the formula given inthe �gure.



754 P. Bednar
zyk et al.As mentioned above, shell model 
al
ulations in many 
ases reprodu
ewell the observed properties of highly ex
ited f7=2 nu
lei. However, an ex-tension of the f7=2 spa
e is often ne
essary. In Fig. 7 we have 
ompared ourresults for the positive parity levels in 45S
 with re
ent shell model 
al
u-lations performed in a full pf 
on�guration spa
e [9℄. One sees very goodagreement between the experiment and the 
al
ulations over the whole rangeof spins. The 
al
ulation a

ounts well for the large energy gap above theImax = 31=2 ~. Moreover, the theory predi
ts that beyond the maximumspin limit 
olle
tive-like behaviour disappears. This seems to be in a

ordwith the experimental observation of the I = 33=2 ~ state de
ay where theM1 transition is twi
e as strong as the 
ompeting E2 radiation.

Fig. 7. The 
omparison of the experimental and 
al
ulated [9℄ ex
itation energiesof the positive parity states in 45S
.
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lei : : : 7554. Con
lusionIn the present work we have observed a smooth band termination in the45S
 nu
leus. The investigated positive parity bands exhibit rather regularrotational behaviour up to the maximum aligned spin of 31/2 ~ available forthe d�13=2f67=2 
on�guration. Comparison with the shell model 
al
ulationssuggests that the ma
ros
opi
 rotation of the nu
leus in that model 
anbe generated by the 
oupling of several single-parti
le 
on�gurations withinthis spa
e. However, an admixture of higher lying pf orbitals 
auses the
olle
tive motion to fail.This work has been partially supported by the Polish State Commit-tee for S
ienti�
 Resear
h (KBN) under grants No. 2P03B 045 16 and2P03B 001 16. REFERENCES[1℄ J.A. Cameron et al., Phys. Lett. B387, 266 (1996).[2℄ P. Bednar
zyk et al., Eur. Phys. J. A2, 157 (1998).[3℄ P. Bednar
zyk et al., Phys. Rev. Lett. B393, 285 (1997).[4℄ S. Lenzi et al., Phys. Rev. C60, 021303 (1999).[5℄ J.A. Cameron et al., Phys. Rev. C58, 808 (1998).[6℄ W. M�
zy«ski et al., Eur. Phys. J. A3 311(1998).[7℄ J. Simpson et al., Z. Phys. A358, 139 (1997).[8℄ E. Cottereau-Larson et al., Nu
l. Istrum. Methods Phys. Res.A236, 485 (1985).[9℄ A. Poves et al., Phys. Rev. C58, 179 (1998).


