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476 M.A. Bentley et al.1. Introdu
tionThe experimental study of nu
lei at high spin around the 
entre of thef7=2 shell has been of 
onsiderable interest re
ently (e.g. [1�4℄). Full pf-shell
al
ulations [5�7℄ are now available and have shown a remarkable abilityto reprodu
e many experimentally observed features, in
luding those tradi-tionally asso
iated with 
olle
tive motion. Near the 
entre of the f7=2 shellnu
lei are known to have 
hara
teristi
s of deformed rotors (e.g. [2,4℄), ex-hibiting e�e
ts su
h as rotational alignments and 
omparatively large B(E2)values. Su
h studies in the f7=2 shell present a unique opportunity to inves-tigate these phenomena in nu
lei with a small valen
e spa
e and in whi
hthe major 
ontribution to the wave-fun
tions of the states originates fromone major shell throughout their entire yrast sequen
es.Over the last three de
ades, there has been a 
onsiderable amount ofe�ort aimed at understanding the role of Coulomb e�e
ts in the stru
ture ofnu
lei (e.g. [8℄). In the 
ase of mirror nu
lei the work has until re
ently beenlimited to attempting to understand the absolute energy di�eren
e betweenthe two T = 1=2, Z> and Z< ground states (higher Z and lower Z respe
-tively). Assuming that the nu
lear for
e is 
harge-symmetri
 the absolutedi�eren
e between the binding energy of the ground states should be dueonly to Coulomb e�e
ts � 
alled the Coulomb Displa
ement Energy (CDE).Early phenomenologi
al models [9℄ attempted to estimate the CDE based on
al
ulating the density of the neutron-ex
ess in a one-body nu
lear potential.These were found to produ
e CDEs whi
h were around 6�8% lower than ex-perimental values for a wide range of nu
lei. This �Nolen�S
hi�er� anomalyremained unresolved following the appli
ation of more sophisti
ated modelsand a number of possible explanations have been proposed. These in
lude apossible 
harge-asymmetri
 
omponent of the nu
leon�nu
leon intera
tion,the e�e
t of di�eren
es of isospin impurities in the T = 1=2 ground statesand the Coulomb distortion of the wavefun
tion of the level o

upied by theex
ess nu
leon (the �Thomas�Ehrman� shift). Estimates of the sizes of thesee�e
ts have been made (e.g. [8℄) but the size of the dis
repan
y has not yetbeen fully explained.In the last de
ade, experimental te
hniques have advan
ed in the gamma-ray spe
tros
opy of nu
lei near N = Z allowing detailed information on theex
ited states of mirror nu
lei be investigated (e.g. [10,11℄). In these stud-ies, the di�eren
es between energies of ex
ited states of the same spin aremeasured resulting in a Coulomb energy di�eren
e (CED) having �rst nor-malized the two ground-state energies. This having been done, the e�e
ts
ontributing to the Nolen�S
hi�er anomaly may be expe
ted to 
an
el outwhen 
omparing energies of ex
ited states. A question then arises regard-ing the extent to whi
h these e�e
ts 
ontribute to the di�eren
es between
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opy of High Spin States : : : 477Coulomb energies of ex
ited states and how the CED between these statesmay yield real information on �
onventional� nu
lear stru
ture e�e
ts. In thispresentation we have attempted to address these points by investigating theCED for the high spins states of the mid-f7=2 mirror nu
lei 4925Mn/4924Cr and4724Cr/4723V. In addition we report on a 
omparison of the T = 1 analoguestates in the odd�odd N = Z nu
leus 4623V23 and the neighbouring isobari
analogue nu
leus 4622Ti24. The energy di�eren
es between these states areinterpreted in terms of Coulomb e�e
ts.2. Experimental detailsAn experiment was performed at the Niels Bohr Institute Tandem-A
-
elerator Laboratory in whi
h a 500 �g/
m2 enri
hed 24Mg target was bom-bard with a 28Si beam at 87 MeV. The nu
lei of interest were populated viathe 24Mg(28Si; 2pn)49Cr, (p2n)49Mn, (�p)47V, (�n)47Cr and (�pn)46V re-a
tions. Gamma rays de-ex
iting the nu
lei of interest were measured usingthe PEX dete
tor system 
onsisting of four Euroball 
luster dete
tors [12℄.Evaporated protons and neutrons were dete
ted using two additional arrays� an array of 31 sili
on dete
tor elements surrounding the target [13℄ anda 15-element neutron wall [14℄ lo
ated downstream of the target. In thisway, nu
lei populated with low fusion-rea
tion 
ross se
tions 
an be 
leanlysele
ted by asso
iating the 
 rays with the number and type of evaporatedparti
les. Parti
le-gated 
-
 
oin
iden
e matri
es were 
onstru
ted fromwhi
h the level s
hemes were dedu
ed. Further experimental details 
an befound in O'Leary et al. [15℄ and Bentley et al. [16℄.3. The mirror nu
lei 4925Mn/4924Cr and 4724Cr/4723VThe level s
hemes for the A = 49 and A = 47 mirror pairs have beendetermined in the original work of Cameron et al. [10, 11℄ with signi�
ant
orre
tions and additions from this work [15, 16℄. Level s
hemes for all fournu
lei have now been 
on�rmed up to the band-terminating state of J� =(31=2)� � the maximum spin allowed in the isolated f7=2 shell. Figure 1shows one example for the A = 47 mirror pair (the A = 49 s
hemes 
anbe found in referen
e [15℄). The extent of the mirror symmetry is 
learlyevident from these s
hemes, where both energy levels and feeding patternsin these rotational yrast stru
tures are nearly identi
al.The CED for these mirror nu
lei 
an be determined by a simple 
om-parison of the level energies of the same spin. This is shown for the A = 49mirror pair [15℄ in Fig. 2(a). The most striking feature is the large rise inthe CED at around (21=2)�. This has been attributed [10, 15℄ to the rota-tional alignment of a pair of f7=2 parti
les, 
ausing a de
rease in their spatial



478 M.A. Bentley et al.

Fig. 1. Energy level s
heme dedu
ed from this work for the mirror nu
lei 47Crand 47V. Energies are in keV and the widths of the arrows are proportional to thegamma-ray intensity.overlap. The blo
king e�e
t of the odd parti
le means that the alignmentis due to a pair of protons in 49Cr and neutrons in 49Mn. In the 
ase of49Cr this 
auses a 
orresponding de
rease in the Coulomb energy whereas in49Mn there is no Coulomb e�e
t. These e�e
ts 
ause the rise in the CED.The redu
tion of the CED at the highest spins is due to the fa
t that at thenon-
olle
tive band termination, the angular momentum is generated by afull alignment of all of the f7=2 valen
e parti
les. Thus a full alignment of
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opy of High Spin States : : : 479protons and neutrons o

urs for both nu
lei, 
ausing an overall redu
tion inthe CED. Thus the CED 
an be shown to re�e
t the 
hanges in the stru
-ture of the nu
leus with in
reasing spin - from deformed rotational states atlow spin, through a rotational alignment of a pair of f7=2 parti
les to a fullyaligned band termination at the maximum allowed spin for the f7=2 shell ofJ� = (31=2)�.
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Fig. 2. (a) The experimental Coulomb energy di�eren
e as a fun
tion of spin for theA = 49 and A = 47mirror pairs. The CED is de�ned as Ex(Z>)�Ex(Z<). (b) The
al
ulated e�e
t on the CED from the 
hange in the liquid-drop Coulomb energydue to the redu
tion in the deformation with in
reasing spin. (
) The ExperimentalCEDs as in (a) following subtra
tion of the liquid-drop e�e
t shown in (b).The mass-47 mirror pair, 4723V24 and 4724Cr23, 
an be 
onsidered to be the
ross-
onjugate partners of the A = 49 mirror pair. In a single-j shell-
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ture, 
ross-
onjugate partners (
orresponding to a simultaneousex
hange of protons for neutrons and parti
les for holes) will have identi
alenergy levels. Thus the s
hemes of all four nu
lei (two 
ross-
onjugate pairsand two mirror-pairs) would be identi
al. In reality, the 
ontribution to thewavefun
tions from the major shells above and below the f7=2 shell resultsin signi�
ant di�eren
es between the levels of the 
ross-
onjugate partners.However, the underlying 
hanges in the behaviour as a fun
tion of spin andthe mi
ros
opi
 e�e
ts whi
h result (su
h as valen
e parti
le alignments) areexpe
ted to be very similar for the yrast stru
tures of the four nu
lei.As the A = 47 nu
lei are the 
ross-
onjugate partners of the A=49 nu
lei(i.e. ex
hanges of protons/neutrons and parti
les/holes) then the observedCoulomb e�e
ts should be very similar, but of the opposite sign. Indeed, ifthe 
hanges in the CED really re�e
t only the alignment properties of thevalen
e nu
leons, then in a pure f7=2 pi
ture the CED plot for the yrast-bands of the A=47 pair as a fun
tion of spin should be the inverse of thatobserved for the A=49 pair. The A=47 CED is shown in Fig. 2(a) alongwith the A=49 data. These data bear out the 
ross-
onjugate symmetryarguments to some extent as it 
an be seen that the trends in the CED withspin are generally of the opposite sign for the two mirror pairs. However,the two 
urves are not�re�e
tions� of ea
h other, as the symmetry argumentsproposed above would suggest.One possible interpretation of this is that for all four of these nu
lei, thedeformation is expe
ted to redu
e as the spin in
reases � approa
hing aspheri
al shape at the band termination. Con�guration dependent 
rankedNilsson 
al
ulations [17℄ have shown that for all these nu
lei the quadrupoledeformation 
hanges from around �2 = 0:2 (prolate) to a nearly spheri
alshape at the band termination. In a purely 
lassi
al liquid drop pi
ture, theCoulomb energy of the nu
leus will in
rease. This in
rease o

urs for bothmembers of a mirror pair, though the e�e
t will be larger for the higher-Z nu
leus. We have 
al
ulated the size of this e�e
t using the predi
teddeformation parameters and the deformed liquid drop paramaterisation ofLarsson [18℄. The resulting e�e
t on the CED is shown for both mirror-pairsin Fig. 2(b). Thus we expe
t a gradual rise in the CED for both pairs,indi
ating that the observed CED for these nu
lei is likely to have two sep-arate and signi�
ant 
omponents � a ma
ros
opi
 e�e
t from the shape
hange and a mi
ros
opi
 e�e
t from the valen
e proton alignments. The
al
ulated liquid drop e�e
t 
an now be subtra
ted from the experimentalCED to attempt to isolate the e�e
ts asso
iated with mi
ros
opi
 align-ments. The result of this, shown in Fig. 2(
), shows that the variation of the�mi
ros
opi
� CED for the two mirror pairs is now more symmetri
al aboutthe CED= 0 axis. This would seem to verify the 
ross-
onjugate symmetryarguments proposed earlier.



Gamma-Ray Spe
tros
opy of High Spin States : : : 481A shell-model 
al
ulation for the two mirror pairs has been performedusing the full pf -shell 
al
ulations based on the model des
ribed by Caurieret al. [7℄. It is important to establish how well the shell-model 
an reprodu
ethe CED e�e
t, as it now appears to be dire
tly related to the spatial 
or-relations and alignments of the valen
e parti
les. Thus it provides a morestringent test of the vera
ity of the shell model results than would normallybe possible.
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Fig. 3. (a) Results of the shell model where the f7=2 Coulomb matrix elements weredetermined empiri
ally from the nu
lei 42Ca and 42Ti. (b) As in (a) ex
ept thatthe four f7=2 Coulomb matrix elements are �tted to the CED's for both A = 47and 49 mirror pairs (see text for details). (
) Experimental CEDs for A = 47 and49 
orre
ted for the liquid drop energy asso
iated with the deformation of the 
ore.



482 M.A. Bentley et al.To 
al
ulate the CED, the Coulomb intera
tion is added to the e�e
tivenu
lear for
e, with spe
i�
 Coulomb matrix elements de�ned for the f7=2levels. These matrix elements were determined two ways. Firstly, empiri
alf7=2 matrix elements were derived from the energy level di�eren
es betweenthe mirror pair nu
lei 4220Ca22 and 4222Ti20, and the results using these areshown in Fig. 3(a). For the se
ond te
hnique, the four matrix elements weredetermined by allowing their values to vary freely to obtain the best 
orre-sponden
e with the experimental data. These results are shown in Fig. 3(b)and the experimental data is shown again for 
omparison in Fig. 3(
). Theresults using both sets of matrix elements are extremely gratifying, with onlyone or two experimental points deviating signi�
antly from the predi
ted be-haviour. Thus the shell-model seems 
apable of reprodu
ing the Coulombe�e
ts in detail, indi
ating that the mi
ros
opi
 alignment properties of thehigh-spin states are well reprodu
ed in the 
al
ulations.4. The odd�odd N = Z nu
leus 4623V23The degree to whi
h the 
harge-symmetry of the nu
lear for
e 
an be ob-served and utilised at high spin has been demonstrated in the pre
eding se
-tion. An investigation of the more stri
t 
ondition of 
harge independen
e,however, requires study of isobari
 analogue states between nu
lei other thanmirror nu
lei. One important way in whi
h this 
an be a
hieved is through
omparison of the T = 1 triplet isobari
 analogue states in the three nu
leiwith TZ = +1; 0; and �1. An example of su
h a triplet is 4624Cr22, 4623V23 and4622Ti24. With a 
harge-independent nu
lear for
e, the T = 1 states in theodd�odd N = Z (TZ = 0) system should have identi
al energy levels to thatof the T = 1 ground-state bands of the two neighbouring even�even systems.As with mirror nu
lei, the small energy di�eren
es observed should be dueto the Coulomb intera
tion, whi
h breaks the isospin symmetry. In the twoeven�even systems, the T = 1 ground states are expe
ted to 
orrespond tofully paired systems 
ontaining prin
ipally (though not ex
lusively) nn andpp pairs. This T = 1 pairing mode 
orresponds to like parti
les in timereversed orbits with their orbital and spin angular momenta anti-parallel.The 
orresponding T = 1 state in the odd�odd system will also 
ontain su
hT = 1 pairs, though in this 
ase the pair 
ondensate will also 
ontain a sig-ni�
ant fra
tion of np pairs. This np-pairing mode is enhan
ed in odd�oddN = Z nu
lei due to the 
lose proximity of the neutron and proton Fermilevels. The study of np-pairing in odd�odd N = Z nu
lei is 
urrently of
onsiderable interest (e.g. [19, 20℄). Here we present extensive new resultson 4623V23 and details of the 
omparison of the T = 1 isobari
 analogue statesbetween this nu
leus and 4622Ti24.



Gamma-Ray Spe
tros
opy of High Spin States : : : 483The s
heme of 46V has been investigated previously by Poletti et al. [21℄.In that work, states up to J�=9+ had been established built on a previouslyestablished T = 1; J�=0+ ground state. Our new s
heme for 46V is shownin Fig. 4, whi
h has now been extended to the f7=2 shell band-terminatingstate at J�=15+.

Fig. 4. Energy level s
heme dedu
ed from this work for the odd�odd N = Z nu
leus4623V23. Energies are in keV and the widths of the arrows are proportional to thegamma-ray intensity. Tentative spin/parity assignments are in parentheses.A striking aspe
t of the revised level s
heme is the existen
e of two sep-arate strongly populated stru
tures built upon the ground state. The yraststru
ture A demonstrates apparently non-
olle
tive behaviour, with irregu-lar level spa
ings despite the stret
hed E2 sequen
e. In 
ontrast, stru
turesC and D display 
olle
tive 
hara
teristi
s, with rotational-like level spa
-ings. The parities of bands C and D (whi
h appear to be signature partnersequen
es) have not been determined experimentally, though negative parityhas been tentatively assigned. It seems likely that these bands 
orrespond



484 M.A. Bentley et al.to a well-deformed rotational stru
ture built upon a 
on�guration involvingan ex
itation from the d3=2 shell. This type of opposite-parity stru
ture iswell known in a number of odd-A nu
lei in the region (e.g. [1, 22℄).These stru
tures are dis
ussed more fully in a forth
oming publi
ation[23℄, and in this work we 
on
entrate on the sequen
e of states labelled E inFig. 4. These states have near identi
al energies (915, 2052 and 3363 keV)to the yrast band in the isobari
 analogue nu
leus 46Ti (at 889, 2010 and3299 keV). This stru
ture is therefore assigned as a T = 1 
on�guration andit must therefore be assumed that all the other states in Fig. 4 have T=0,as they possess no equivalents in 46Ti.As stated above, assuming a 
harge-independent nu
lear for
e, the T = 1energies in the two nu
lei should be identi
al with the ex
eption of smalldi�eren
es due to Coulomb e�e
ts. A plot of the di�eren
e in energy � theCoulomb energy di�eren
e or CED � between levels of equivalent spin andisospin in the two nu
lei is shown in Fig. 5.
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Fig. 5. The di�eren
e in energy between the T = 1 isobari
 analogue states in 46Vand 46Ti as a fun
tion of angular momentum. The inset shows a 
omparison ofthese T = 1 energy levels for the two isobars.We have shown in the previous se
tion how rotational e�e
ts 
oupledto parti
le alignments 
an a

ount for the variation of the CED betweenanalogue states as a fun
tion of spin. In parti
ular, we have shown previouslythat an alignment of an f7=2 pp pair yields a redu
tion in the Coulomb energy
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leus of around 80 keV. Assuming a rotational stru
ture for 46Ti(whi
h is predi
ted to be moderately deformed) the �rst f7=2 alignment in46Ti is predi
ted [24℄ to be asso
iated with a pp pair, thus 
ausing a redu
tionin the Coulomb energy. If the rise in the CED shown in Fig. 5 indi
ates thestart of this alignment then the data would seem to imply that in 46V the
orresponding T = 1 alignment is not between a pair of protons. As it isexpe
ted that np-pairing should play a more signi�
ant role in 46V, thenone interpretation is that the 
orresponding alignment in the 46V 
ase isasso
iated with a np-pair. The size of the CED e�e
t is 
onsistent with thisargument, based on 
omparisons with the mirror nu
lei des
ribed above.Thus, it seems that Coulomb e�e
ts between analogue states su
h as thismight yield valuable information on the underlying pair stru
ture involved� information whi
h is di�
ult to a

ess any other way.Another intriguing feature of band E is that E2 transitions between6+ ! 4+ and 4+ ! 2+ are not observed. Transitions to and from thesestates o

ur through the nearby T = 0 stru
tures (C, D and F) via strongM1 transitions. This feature is a
tually not unexpe
ted in odd�odd N = Znu
lei where 
ompeting T = 1 and T = 0 stru
tures are present. This is dueto the fa
t that isove
tor M1 transitions in self-
onjugate nu
lei are knownto relatively strong [25℄. When this e�e
t is 
oupled to the relatively lowB(E2) strength between the T = 1 states, this feeding pattern be
omes moreunderstandable. 5. Future perspe
tivesThis work, and similar studies elsewhere, has shown that 
omparisonsof isobari
 analogue states near N = Z allows the Coulomb energy to bemeasured whi
h in turn is a sensitive probe of many aspe
ts of nu
learstru
ture. At present these isobari
 analogue studies are limited to mirrornu
lei (T = 1=2 isospin �doublets�) and more re
ently 
omparison of somemembers of T = 1 isospin triplets. With more sensitive apparatus and theadvent of radioa
tive beam fa
ilities, it may be
ome possible to observe theproton-ri
h members of the T = 1 triplets in these medium mass nu
lei. Inaddition, one should be able to a

ess analogue states in heavier nu
lei andpossibly of larger isospin. REFERENCES[1℄ P. Bednar
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