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SEARCH FOR MAGNETIC ROTATIONIN THE A � 140 REGION�Teresa Rz¡
a-UrbanInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived Mar
h 30, 2001)Magneti
 dipole bands have been identi�ed in 142;143;144Gd and 141Eunu
lei. The observed bands are based on 
on�gurations with small oblatedeformation involving high-
 , h11=2 proton parti
les and low-
 , h11=2 neu-tron holes. Information about the strength of the e�e
tive intera
tionbetween the 
onstituent nu
leons has been dedu
ed using a semi
lassi
als
heme of the 
oupling of two angular momentum ve
tors. The experimen-tal results are 
ompared with predi
tions of tilted axis 
ranking 
al
ula-tions. The transition from irregular dipole band in 144Gd to more regularones in lighter Gd nu
lei is observed.PACS numbers: 21.10.Re, 21.60.Ev, 23.20.Lv, 23.20.En1. Introdu
tionMagneti
 Rotation (MR) has been dis
overed in the neutron-de�
ientPb nu
lei with mass number around 200 [1℄. This new type of rotation,observed in nearly spheri
al nu
lei, is represented by rotation of a largemagneti
 dipole around the nu
lear spin. At the bandhead, 
orrespondingto su
h stru
ture, angular momentum ve
tors of a few high-j valen
e pro-tons in a stret
hed 
oupling and a few of high-j neutron holes in a stret
hed
oupling (or vi
e versa) are oriented perpendi
ularly to ea
h other. The an-gular momentum of the band is generated by the gradual alignment of bothspins along the total angular momentum ve
tor. This pro
ess is 
alled shearsme
hanism by analogy with the 
losing of a pair of shears, as illustrated inFig. 1. Magneti
 Rotation is expe
ted in weakly deformed nu
lei in variouspla
es of the nu
lear 
hart [2℄, where one has high-j parti
les of one kindof nu
leons and high-j holes of the other kind. The a
tive orbitals involved� Invited talk presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2645)
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Fig. 1. S
hemati
 drawing of the angular momentum 
oupling of neutron-hole andproton-parti
le blades in a shears band. From the left to the right, the three 
asesdrawn, 
orrespond to the beginning, the middle and the end of the band.must have high j-values to give rise to long bands. To date bands 
orre-sponding to MR have been found in di�erent nu
lei in four mass regions(see [3℄ and referen
es therein). Our studies 
on
entrated on nu
lei withproton number around Z = 64 and neutron number just below N = 82.Low-lying ex
ited states in these nu
lei show irregular stru
tures typi
al fornu
lei with small deformation. MR bands in these nu
lei would 
orrespondto 
on�gurations involving high-
 , h11=2 protons and low-
 , h11=2 neutronholes. Magneti
 Rotation has been already reported in 139Sm nu
leus fromthis mass region [4℄. 2. Experimental detailsOur sear
h for superdeformed (SD) bands in Gd isotopes with A � 146provided extensive high-fold 
 
oin
iden
e data for several nu
lei in thismass region. The data were reanalyzed in order to look for the predi
tedmagneti
 dipole bands in these nu
lei. The results presented below havebeen obtained using three di�erent fusion evaporation rea
tions. High-spinstates in 144Gd were populated in the 108Pd(40Ar, 4n) rea
tion at a beamenergy of 182 MeV. The beam was delivered by the VICKSI a

elerator ofthe Hahn�Meitner-Institute, Berlin. The 
-rays were measured with theOSIRIS spe
trometer, 
onsisting of 12 Compton-suppressed Ge dete
torsand an inner ball of 48 BGO s
intillators, a
ting as a 
-ray multipli
ityand sum-energy �lter. Experiments with a thin- and a ba
ked-target were
arried out. Details of the experiment and data analysis were des
ribedin previous work [5℄. The nu
leus 143Gd has been investigated with the
-spe
trometer GASP and the 
harged-parti
le dete
tor array ISIS at theLaboratori Nazionali di Legnaro, Italy. High-spin states in 143Gd were pop-ulated in the 97Mo(51V, p 4n) rea
tion at a beam energy of 238 MeV. More
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 Rotation in the A � 140 Region 2647details about the experiment were des
ribed in a paper reporting the iden-ti�
ation of the SD band in this nu
leus [6℄. A study of 141Eu and 142Gdhas been 
arried out with the 
-dete
tor array EUROBALL III and the
harged-parti
le dete
tor array ISIS at the LNL, Italy. To populated highspin states in these nu
lei the 99Ru(48Ti,xpyn) rea
tion at a beam energyof 240 MeV has been used. The 99Ru target, enri
hed to 95%, 
onsistedof four self-supporting metal foils with a total thi
kness of 0.84 mg/
m2.Experimental and data analysis details will be published later.In all experiments the multipolarities of the 
-transitions were investi-gated by determining the dire
tional 
orrelations (DCO ratios) for o 
-raysemitted from the de-ex
iting, oriented states. In addition, the linear polar-ization of strong 
-transitions was measured using CLOVER dete
tors ofthe EUROBALL III, working as polarimeters.3. ResultsFour dipole bands have been observed in 142Gd whi
h are displayed inthe partial level s
heme shown in Fig. 2. Three of them (1 to 3) were seen inthe previous study of this nu
leus [7℄ but, ex
ept for band 3, they were notwell established. From the present, high-statisti
s results detail informationabout these dipole bands has been obtained. Our spin-parity assignmentsare based on the angular distributions, DCO ratios, linear polarizations of
-rays, 
onversion 
oe�
ients dedu
ed from 
oin
iden
e intensities and theobserved de
ay patterns. For band 1 the order of the transitions as well asthe deex
itation pattern are di�erent than proposed in Ref. [7℄. Three new,weak 
rossover transitions have been found, whi
h determine the order ofdipole transitions. The �I = 1 transitions have the E2/M1 mixing ratioÆ = �0:1�0:1. Ratios of the redu
ed transition probabilities B(M1)/B(E2)are large (� 60�2N=e2b2) for this band. Our band 2 
onsists of six �I = 1transitions whereas in Ref. [7℄ only two have been proposed. Band 3 agreeswith the previously published band. One dipole transition has been addedat the lower end of the 
as
ade and two additional 
rossover transitions havebeen found. Angular distributions and linear polarizations of the transitionin this 
as
ade indi
ate their �I=1 and give an E2/M1 mixing ratio ofÆ = �0:1 � 0:1. Values of B(M1)/B(E2) for bands 2 and 3 are largerthan 10 �2N=e2b2. The new band (band 4) 
onsists of �ve in-band and four
rossover transitions. It deex
ites in a 
omplex way into band 3.The previously known level s
heme of 141Eu [8℄ is revised and substan-tially extended in the present work. Three dipole 
as
ades have been foundin our data. They are shown in Fig. 3. A 
omplete level s
heme will be re-ported separately. Two of the previously known bands (band 1 and band 2)have been extended to higher energies and 
rossover E2 transitions were
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Fig. 2. Partial level s
heme of 142Gd, showing four dipole bands observed in thisnu
leus.observed, 
on�rming the order of 
-rays in a 
as
ades. The DCO ratiosobtained for 
-transitions in these 
as
ades are 
onsistent with a stret
hed-dipole 
hara
ter for all transitions in bands. At a higher ex
itation energywe have found a new band (band 3) starting at spin 39/2, whi
h 
onsistsof seven in-band and two 
rossover transitions. The proposed spin assign-ments for this band are based on DCO ratios obtained for the transitionslinking band 3 with low-spin states. Their un
ertainties are large and thespin assignments are therefore tentative. For all bands the B(M1)/B(E2)ratios have been dedu
ed wherever the 
rossover transitions were observed.For 
ases where the E2 transitions were not observed the lower limits forthe B(M1)/B(E2) ratios were estimated, giving B(M1)/B(E2) ratios largethan 10(�N=eb)2.The level s
heme of 143Gd has been 
onsiderably extended in ex
itationenergy and spin with respe
t to previous publi
ation [9℄. Partial level s
hemeof 143Gd is displayed in Fig. 3 showing sequen
es whi
h are of a relevan
e forthe present paper. A few transitions from band 2 have been known before [7℄but only our high-statisti
s data allowed to lo
ate them in the level s
heme.In addition, few new transitions belonging to this band have been found.
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63 78Fig. 3. Partial level s
heme of 143Gd and 141Eu, showing dipole bands observed inthese nu
lei.Band 3 has been extended by four new dipole transitions. Most of the E2
ross-over transitions are not observed in these bands. The experimentallower limits for ratios of the redu
ed transition probabilities, B(M1)/B(E2),are � 10 (�N=eb)2.A dipole band in 144Gd has been reported in our previous paper [5℄. Forthis band the angular momentum, drawn as a fun
tion of rotational fre-quen
y, has been 
ompared in Fig. 4 with similar plots for bands in othernu
lei. All bands observed in 142;143;144Gd and 141Eu nu
lei have similarfeatures to MR bands identi�ed in other mass regions. The bands 
onsistof strong magneti
 dipole transitions with weak or unobserved E2 
rossovertransitions. In most of the bands (the 144Gd 
ase will be dis
ussed later)the in-band states follow a rotational-like pattern (i.e. a near linear de-penden
e of angular momentum vs. rotational frequen
y), as 
an be seenin Figs. 4 and 5. The measured B(M1)/B(E2) ratios of redu
ed transitionprobabilities are large. These similar features suggest that the dipole bandsin this mass region may also 
orrespond to the Magneti
 Rotation.
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Fig. 4. Angular momentum as a fun
tion of rotational frequen
y for dipole bandsin 141Eu and 143;144Gd.
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ussionTo investigate whi
h 
on�gurations play a role in the observed M1 bandsTotal Routhian Surfa
es have been 
al
ulated using the 
ranked shell model.The 
al
ulations show minima for rather small oblate deformation in fre-quen
y range from 200 keV to 500 keV [10℄. The experimental mixing ra-tios, Æ, found for the strongest �I = 1 transitions have small negative valuesimplying a negative sign for the quadrupole moment and 
on�rming oblatedeformation. For this deformation the h11=2 neutron-hole and g7=2 proton-hole states with low-
 value and the h11=2 proton states with high-
 value
an 
ontribute to the 
on�gurations of the observed dipole bands. In 142Gdthe 
on�guration assignment for the observed bands has been made based on
omparison of experimental data with Tilted Axis Cranking model (TAC)
al
ulations [11, 12℄. The �h�211=2�h211=2 
on�guration may be assigned toband 1 and �h�211=2�h111=2g�17=2 
on�guration to band 3. Bands 2 and 4 likelyresult from the breakup of a se
ond h11=2 neutron�hole pair. The results ofthe 
al
ulations are shown together with experimental results in Fig. 5 wherethe angular momentum as fun
tion of the rotational frequen
y is shown forthese bands. The results of the 
al
ulations are indi
ated with dashed lines.They have similar slopes as the experimental 
urves, represented by solidlines, but lie a little bit above them. For two bands in the upper panel 
al-
ulations are not performed to higher frequen
y sin
e it be
omes di�
ult tofollow the assumed 
on�gurations. The 
al
ulations were able to reprodu
ethe experimental B(M1)/B(E2) ratios of the dipole bands reasonably well,suggesting the appli
ability of the 
on
ept of the MR to these bands.The angular momenta of the dipole bands 1 and 2 in the 141Eu and143Gd nu
lei have similar frequen
y dependen
ies as in 142Gd but are ap-proximately 4~ smaller (see Figs. 4 and 5). This indi
ates that their 
on�g-urations result from those of 142Gd by subtra
tion of a proton parti
le anda neutron hole, respe
tively. Hen
e, the �h�211=2�h111=2 
on�guration maybe assigned to band 1 in 141Eu and �h�111=2�h211=2 
on�guration to band 1in 143Gd. Bands 2 in both nu
lei results from the breakup of a se
ondh11=2 neutron�hole pair. A 
on�guration assignment to bands 3 in 141Euand 143Gd, appears more di�
ult. Additional TAC model 
al
ulations areneeded to determine the stru
ture of these two bands. The dipole band in144Gd has been interpreted as �h�211=2�hn11=2(g7=2=d5=2)�n 
on�gurations inour previous paper [5℄.In addition to the TAC analysis dis
ussed above, observed bands 1 and 2in 142;143Gd were analyzed with the simple, semi
lassi
al approa
h of Ma
-
hiavelli et al. [13�15℄, whi
h is based on a s
hemati
 model of the 
ouplingof two long ve
tors, ~j� and ~j� . The shears angle, �, between ~j� and ~j� for
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an be derivedusing the simple expression:
os �(I) = I(I + 1)� j�(j� + 1)� j�(j� + 1)2(j�(j� + 1)j�(j� + 1))1=2 :The semi
lassi
al approa
h assume that the intera
tion between nu
leonsforming blades is independent on the shears angle �. In this way the energyneeded to form ea
h of the blades is in
luded in the bandhead energy and theex
itation energy along the band is given only by the 
hange in the potentialenergy, 
aused by the re
oupling of the angular momenta in the shears. Thee�e
tive intera
tion between the neutron-hole blade and the proton�parti
leblade is equal to the ex
itation energy 
al
ulated relative to the energy ofthe bandhead: V (I(�)) = E(I)�Ebandhead :Figure 6 shows relative energies of states as a fun
tion of shears angle forband 2 in 142Gd. The e�e
tive intera
tion between the valen
e protons andneutrons 
an be expanded in terms of even Legendre polynomials. For bandsobserved in 142;143Gd signi�
ant part of the intera
tion between the shearsblades may be represented by the P2 term, as in Pb region. Relative energiesof states as a fun
tion of the shears angle were �tted well (see Fig. 6) witha fun
tion of the form:V (�) = V0 + V2 (3 
os2 � � 1)2 :The strength of the e�e
tive intera
tion is determined here by the V2 value.For bands 1 and 2 in 143Gd the maximum observed spin for ea
h 
on�gura-tion is equal to the maximum that 
an be generated by 
losing the shearsblades, so the 
ore 
ontribution is negligible. For bands in 142Gd a smalle�e
t due to the possible in
reasing 
ontribution from the 
ore is taken intoa

ount by de
omposing the total spin as I = Ishears + R
ore and using alinear relation R
ore = (�R=�I)(I � Iband), where �R is determined fromthe di�eren
e between the maximum observed spin and the sum of j� andj� . In our 
ase this 
ontribution is less than 10% of the total angular mo-mentum at the top of the bands. The obtained strength of the intera
tionin band 2 in 142Gd is V2 = 1724 keV. Taking into a

ount two protons andtwo neutron holes as 
onstituents of the blades we estimate that the intera
-tion strength per proton/neutron hole pair is about 430 keV. Similar valuesof the intera
tion strength per proton/neutron hole pair are � 350 keV,� 400 keV and � 380 keV for band 1 in 142Gd, band 1 in 143Gd and band2 in 143Gd, respe
tively. These values should be 
ompare to the value of� 300 keV for 198Pb and � 500 keV for 110Cd [15℄. Our values are 
onsis-tent with the 1=A dependen
e of the intera
tion strength suggested in [15℄.
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Fig. 6. The e�e
tive intera
tion between angular momentum ve
tors ~j� and ~j� , asa fun
tion of the shears angle �. The solid 
urve is the expe
ted dependen
e of apure P2 term in the intera
tion.The angular momenta of the observed bands as fun
tion of rotational fre-quen
y have been 
ompared to ea
h other in Figs. 4 and 5 to �nd out ifthe properties of dipole bands depends on numbers of valen
e protons andneutrons. The dipole band in 144Gd shows a mu
h less regular behaviourthan other bands sin
e the angular momentum in
reases within a narrowfrequen
y range of about 0.1 MeV. The transition from the irregular dipoleband in 144Gd to more regular ones in other nu
lei results from an in
reaseof the distan
e to the semi doubly-magi
 nu
leus 146Gd. Similar transitionhas been observed in Cd, In and Sn nu
lei with N approa
hing 50 (see [2℄and referen
es therein). This behaviour suggests that quadrupole polariz-ability is required to produ
e more regular dipole bands. The deformationindu
ed by the valen
e parti
les and holes helps to align their angular mo-menta into two stable blades of the shears. On the other hands in theimmediate vi
inity of doubly-magi
 nu
lei the short range residual intera
-tions between valen
e parti
les dominate, whi
h do not favour the formationof stable shears blades. 5. Con
lusionssIn 
on
lusion, we have observed dipole bands in 142�144Gd and 141Eu nu-
lei with properties similar to those seen in the Pb region. They 
onsist ofstrong M1 transitions with weak or unobserved E2 
rossover transitions andin most of them the states follow a rotation-like pattern. TAC 
al
ulationssuggest the bands are based on 
on�gurations with small oblate deformation
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 , h11=2 neutron holes. Interpreta-tions of these bands are hampered by the absen
e of lifetimes for the levelsof these bands. Therefore, more experimental data are needed to determinethe B(M1) and B(E2) values.The results presented in this paper 
ome from a 
ollaboration withR.M. Lieder, W. Urban, S. Chmel, Ch. Droste, Z. Mar
inkowska, T. Morek,H. Brands, W. Gast, H.M. Jäger, D. Bazza
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