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First Evidence of Magnetic Rotation in the A = 80 Region
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Rotational bands with strong magnetic dipole transitions have been observed in the doubly odd nuclei
8Rb and®Rb. These bands show the characteristic features of magnetic rotation. They are the first
evidence of this new kind of nuclear excitation in the= 80 region. The results are well reproduced
within the framework of the tilted axis cranking model on the basis of four-quasiparticle configurations
of the typew(fp)-w(gﬁ/z)-v(gg/z). [S0031-9007(99)09279-0]

PACS numbers: 21.10.Re, 23.20.En, 23.20.Lv, 27.50.+e

The conventional concept of nuclear rotation is basedhis new mode has been called “Magnetic Rotation” [7].
on the existence of a deformed mass distribution ofThe total angular momentum is increased by the gradual
the nucleus. Regular rotational bands are formed bwlignment of the individual particle and hole spins along
energy levels that depend on the spinaccording to the axis of the total angular momentum. Since this
E « I(I + 1) and are connected by electric quadrupolerearrangement of the particle and hole angular momentum
(E2) transitions [1]. vectors resembles the closing of the blades of a pair of

Recently, a surprising phenomenon has been observesthears, it has been called “shears mechanism” [3]. As a
in nearly spherical Pb isotopes arouAd= 200. While  consequence of this alignment the transverse component
the excited states at low spin show irregular multipletlikeof the magnetic dipole moment decreases and one expects
structures as expected for nearly spherical nuclei, regulamoothly decreasing@(M1) transition probabilities with
sequences that follow th&( + 1) rule evolve at high increasing spin. Recent results [5] confirm this trend of
spin, indicating a rotational mode. The levels of thesehe B(M1) values in the Pb region.
sequences are linked by strong magnetic dipdiel ) The TAC model predicts magnetic rotation in several
transitions whereas crossoE? transitions are very weak regions of the nuclear chart [7,8]. These regions are char-
[2-5]. The ratios of the transition probabilities are typi- acterized by nuclei of low deformation in the vicinity of
cally in the order ofB(M1)/B(E2) = 20-40 (uy/eb)?>.  shell closures. Recently, magnetic rotation has also been
These observations contradict the common understandirapserved around the predicted regiohs= 110 [9—-11]
of nuclear physics that only well-deformed nuclei shouldandA = 140 [12]. Another mass region, where magnetic
exhibit rotational bands. rotation is predicted to occur, is located arouhd= 80,

A solution of this apparent paradoxon has been givenwhere there are few particlelike protons in the hjghs,»
in the framework of the tilted axis cranking (TAC) model intruder orbital and fewgy,, neutron holes in the/ = 50
[6]. The coupling of angular momentum vectors of a fewshell. Indications ofA7 = 1 sequences with strongf 1
high-j nucleons is the basic mechanism for generatindgransitions have been found in Br, Rb, and Kr isotopes
the total spin/ of the nucleus. Few protons occupy of the A = 80 region (e.g., [13] and references therein).
orbitals with long spin vectors above a closed shellSince only a few levels and transition probabilities have
(high-j particlelike orbitals) while the neutrons fill up a been observed in those studies, no conclusions could be
shell except for a few holes (high-holelike orbitals), drawn about the predicted appearance of magnetic rota-
or vice versa. A perpendicular coupling of their angulartion in this mass region.
momenta is energetically favored because it maximizes The phenomenon of magnetic rotation is expected
the overlap of the spatial density distribution, which isonly in a small range of nucleon numbers arouhd=
toruslike for particle orbitals and dumbbell-like for hole 80. For example, the Rb isotopes belaw = 44 are
orbitals. This coupling results in a substantial componentelatively well deformed [14-17] while the high-spin
of the magnetic dipole moment, which is transverse tdevel sequences observed in the isotoféRb (V =
the total spin and gives rise to largef1 transition 48) [18] and 8Rb (v = 49) [19] display multipletlike
probabilities of severaluy. As the magnetic dipole structures. This raises the question whether there exists
rotates about the axis of the total angular momentuma region in between with neutron numbers\of= 45, 46,

4408 0031-900799/82(22)/4408(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 22 PHYSICAL REVIEW LETTERS 31 My 1999

and 47, where, at a small deformation, regular bands similar band with sixM1 transitions develops above
can be built from thegg/, proton and neutron orbitals. the I” = 11 level at E, = 3.393 MeV. The dipole
The identification in light and medium mass nuclei is of character of the transitions has been proven by the DCO
particular interest because the alternative description afatios and multipolarityM 1 is suggested by the analogy
the phenomenon of magnetic rotation by means of théo multiparticle excitations in neighboring nuclei [13,17—
shell model is well within the reach of modern computing.19]. Multipolarity E1 can be ruled out, since regul&n

To approach this problem we have investigated the isobands are connected with a static octupole deformation.
topess2Rhys and33Rhy7, which have nine proton particles There is no indication for that in this mass region.
above theZ = 28 shell and five or three neutron holes Negative parity has tentatively been assigned to the states
in the N = 50 shell, respectively. Excited states$fRb  of the M 1 bands in botH#?Rb and3*Rb. If the M1 band
and®Rb were populated using the fusion-evaporation rein 8?Rb had positive parity, then the 773 and 885 keV
action’°Ge(!'B,xn) at a beam energy of 50 MeV, deliv- y rays would havel2 character. Thes#/2 transitions
ered by the XTU tandem of the Laboratori Nazionali diare associated with level lifetimes in the orderuod and
Legnaro (ltaly). The target consisted of a stack of twowould not be observable in our coincidence experiment.
thin self-supporting®Ge foils with a thickness of about On the other hand, if the levels at 1732 and 1843 were
0.2 mg/cn? each. Emittedy rays were detected with also assumed to have positive parity, then it is the 601 keV
the GASP spectrometer [20] consisting of 40 Compton-y ray which would be an/2 transition. These arguments
suppressed HPGe detectors and an inner ball with 88upport our assumption of negative parity for & band
Bismuth germanate elements. Approximateély x 108  in 32Rb. Furthermore, the similarity of th&f1 bands in
highfold (F = 3) events were collected and sorted off-line ?Rb and®Rb suggests equal parity for both bands.
into £, — E, matrices as well as afi, — Eg E, cube. A striking feature of theM1 bands is the regularity

The low-lying excited states itfRb and®*Rb up to an of the level spacingll « hw,iw = E,(AI = 1)] which
excitation energy of, = 2 MeV and a spin of =~ 104  can be seen in the upper panels of Figs. 3 and 4, respec-
have been known from previous work [21,22]. Comparedively, indicating the rotational character. Nevertheless,
to these earlier measurements, the present coincidence éRe emission of\/1 radiation is strongly favored over the
periment has led to a substantial extension of spectroscop@mission ofE2 radiation. This magnetic character of the
information for both nuclei, with excited levels observedrotation is demonstrated by the ratios of transition proba-
up to an excitation energy of, =~ 7 MeV and a spin bility B(M1)/B(E2) for each level in the band. These ra-
of I = 174. Spin and parity assignments are based orios are shown in the lower panels of Figs. 3 and 4 for
y — v directional correlations of oriented states (DCO)%’Rb and®Rb, respectively. They reach values up to
[23] and deexcitation modes. In both nuclei, several nevabout 20(xy /e b)?, which are comparable with the ratios
level sequences have been found. In this Letter we corin other regions of magnetic rotation. TBéM1)/B(E2)
centrate on the most interesting feature, the sudden devehtios decrease smoothly with increasing rotational fre-
opment of regular magnetic dipole bands at excitation enquency/w in a range ofiw =~ 0.4-0.7 MeV, manifest-
ergies around 3 MeV. Partial level schemesd®b and ing the shears mechanism. Hence, we have found the
84Rb including theM 1 bands and their deexcitation to low- main characteristics of magnetic rotation.
lying states are shown in Figs. 1 and 2, respectively. We have interpreted th&f 1 bands in®>Rb and®*Rb in

The analysis of’Rb has revealed a cascade of fivethe framework of the TAC model. The paramekeof the
strong M1 transitions on top of thd” = 11C7) level ~ QQ interaction is adjusted such that in a calculation for
at E, = 2.616 MeV. Weak crossoveE?2 transitions up

to the highest spin are observed as well. *iRb a 6861 (7).
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FIG. 1. Partial level scheme &#Rb with the width of they  FIG. 2. Partial level scheme 8tRb with the width of they
transitions proportional to their measured intensities. transitions proportional to their measured intensities.
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FIG. 3. Comparison of experimental spins (upper panel) andrFIG. 4. Comparison of experimental spins (upper panel) and
B(M1)/B(E2) ratios (lower panel) if?Rb with TAC model B(M1)/B(E2) ratios (lower panel) irf*Rb with TAC model
predictions as a function of rotational frequency. The lowerpredictions as a function of rotational frequency. The lower
panel includes TAC calculations for different values of the panel includes TAC calculations for different values of the
triaxiality parametery. triaxiality parametery.

the even-even neighb®Kr the experimentaB(E2,2" —  for 3*Rb. Hence, we have carried out TAC calculations
0*") [24] value is reproduced. Inthe casé®tiRb this value for different y values, which are included in the lower
is scaled according ta = A=5/3. Pairing is taken into panels of Figs. 3 and 4. As can be seen in the figures, the
account by using values ad, = 1.08,A, = 0.94 and best approximation to the experimental data is obtained
A, = 0.86,A, = 0.79 for 32Rb and®Rb, respectively, by choosingy = 20° andy = —15° for 32Rb and®Rb,
calculated in MeV according to Ref. [25]. The chemi- respectively. These values were finally adopted in the
cal potentials (in MeV) were chosen to reproduce the apfollowing discussion.

propriate particle number in each nucled$Rb: A, = The experimental and calculated dependence of the spin
45.45, 1, = 47.70; 3Rb: A, = 45.10,A, = 48.00). In  on the rotational frequency for thg1 bands in*’Rb and

the calculations, the lowest-lying four-quasipartilgp)  **Rb is shown in the upper panels of Figs. 3 and 4, respec-
configuration forZ = 37 and N = 45, 47 turns out to tively. The calculated curve follows well the experimental
be W(fp)-ﬂ(gg/z)—l/(gg/z), which has been adopted. This behavior although lying about one spin unit above the ex-
configuration has negative parity which is consistent withperimental curve. Table | summarizes the absolute transi-
our experimental findings. The “shears” mechanism igion probabilitiesB(M 1) and B(E2) calculated within the
generated by two protons in thg,, orbital and one un- TAC model. TheB(M1) values decrease from values of
pairedgy/, neutron. An equilibrium deformation @b =  more than 1u% to about 0.3u% in the considered fre-
0.16 ande, = 0.14 is obtained irf?Rb and®Rb, respec- quency range while th@&(E2) values increase by some
tively. Total Routhian surface calculations performed with20%. Because of the different values gf deformation

the ultimate cranker code [26] confirm these minima in theused for®?Rb and® Rb, the B(E2) values in these nu-
potential energy surface. As illustrated by Fig. 5, both nu<lei differ by almost a factor of 2. In the lower panels
clei turn out to be very soft with respect jodeformation.  of Figs. 3 and 4 calculateB(M1)/B(E?2) ratios are com-
Assuming a typical value of 300 keV for the zero point pared to the observed ones. The calculdtéd1)/B(E2)
energy of they degree of freedom the wave function is ratios for the proposed configuration fhRb are in ex-
expected to extend far to both sides of the minimum ofcellent agreement with the experimental values.3*Rb

the potential energy. Since the potential curves are verthe behavior of the experimentat(M1)/B(E2) ratios
asymmetric, one expects the mean valueydo be dif- is fairly well described in the calculation up thew =
ferent from the position of the minimum of the potential 0.7 MeV. The upbend in the experiment@lM1)/B(E2)
energy, being more positive fdfRb and more negative ratios aboveiw = 0.7 MeV cannot be described with the
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the B(M1)/B(E?2) ratios with increasing frequency up to
hw = 0.7 MeV, which is evidence for the shears mecha-
hw=0.5MeV nism. These characteristics are well reproduced by TAC
1.0 l calculations on the basis of the lowest-lyingp config-
’ uration:w(fp)-w(gé/z)-v(gg/z). The agreement between
experiment and calculations proves the applicability of the
concept of magnetic rotation to these bands. We present
the first evidence of this novel rotational mode in the mass
region aroundd = 80, confirming the predictions of the
TAC model. It seems, the shears mechanism resulting in
regularM1 bands can evolve despite the relatively short
spin vectors of thgy/, orbitals, as compared to those of
the i1, and i3/, orbitals generating the shears bands
50 30 o 30 60 in heavier nuclei. Magnetic rotation may be limited to
vO a small range, because small variations of the proton and
neutron numbers lead to drastic changes of the nuclear de-
FIG. 5. Total energy(y) relative toE(y = 0) of the config-  formation in the mass 80 region.
uration 7 (fp)-m(g5/2)-»(g9/2) @s a function ofy deformation The authors wish to thank the operating crew of the
for the nuclei*>Rb and*Rb, calculated within the TAC model. y1\J tandem at LNL Legnaro. This work was supported
by the German Ministry of Education and Research

chosemgp configuration. It may indicate a change of the (BMBF) under Contract No. 06DR827.
configuration caused by a breakup of an additional pair of

protons or neutrons, which is consistent with the slight

upbend of the experimental functiditiw) in the upper

panel of Fig. 4. Quasiparticle Routhians deduced from
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