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Investigation of antimagnetic rotation in °%Pd
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High spin states have been studied in the nucf@®Rd with the aim of investigating the novel phenomenon
of “antimagnetic rotation.” A cascade of four “rotational-band-like” transitions is proposed as corresponding
to antimagnetic rotation, based on the observed spectroscopic properties and a comparison with calculations in
the configuration-dependent cranked Nilsson-Strutinsky formalism.
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“Magnetic rotation” has been a topic of great interest andandB(E2) values, and utilizes a few parameters such as the
activity in nuclear structure in the past few years. Strdhfy  particle-phonon coupling strength, and the effective charges
bands have been observed in the nuclei of the Pb and Sandg factors.
regions. These bands, while as regularly spaced as the bandsAssociated with, and complementary to, magnetic rotation
observed in well-deformed and even superdeformed nucleis the concept of “antimagnetic rotatiori’11,7]. In this sce-
show very weakE?2 transitions, implying a small deforma- nario, the coupling for thé&~110 case is such that two pairs
tion [1-3]. Lifetime measurements confirmed that the defor-of stretchedwgg, holes point in opposite directions and
mations are of the order af,~0.1, in contrast to the time- gradually align along the direction of the stretcheg,, neu-
honored concept that only well-deformed nuclei develop rotrons (creating a “fork,” with the neutrons forming the
tational band$4,5]. The explanation of this apparent contra- middle prong and the proton holes forming two symmetric
diction was given in terms of the “shears mechanig®,7].  side prongs; see Fig.).1Clearly, such an arrangement also

The regular level spacing of the11 bands indicates that preaks the rotational symmetry with respect to the velctafr
there must be a rotational degree of freedom. In case of thghe total angular momentum and, thus, leads to a rotational
Pb nuclei, a pair ofig>, 13, protons and between one and pand. Angular momentum, then, is generated mainly by
three i3, neutron holes generate the angular momentum:pending” the side prongs. In contrast to thé1 bands, this
The particles are in stretched coupling and so are the holegyrangement is symmetric with respect to a rotation about
Their angular momenta form the two “blades” of a pair of by an angle ofr. Consequently, the signature, is a good
Shears, which gradually close as the total angular momentulahantum number and the resu]ting “fork bands” have a regu-
increases along the band. The particles and holes move jgr A|=2 structure, in contrast with thAl =1 sequences
circular orbitals in the planes perpendicular to their angulaissociated with the “shears bands.” The magnetic moment
momenta. These loops of nucleonic currents are crossegisappears in the symmetric arrangement of the current
when the shears are open. This anisotropic arrangemefops, which nevertheless specify the orientatidfhe term
breaks the rotational symmetry. “Magnetic rotation” alludes “antimagnetic” rotation alludes to the analogy with ferro and
to these currents and the magnetic moment they create, geantiferromagnetism. The experimental signature of “anti-
erating the strong/ 1 radiation. magnetic” rotation, thus, is very small deformatior ,(
Definitive tests of this interpretation have come from the<0.15) and, at the same time, a regular cascade2ofran-
behavior of theB(M1) transition probabilities as a function sitions. This is a novel phenomenon, because in conventional
of spin. As predicted, thB(M 1) values in these bands drop wisdom regular bands appear only if there is enough defor-
in a characteristic manner with increasing sp#5,8. The  mation for collective angular momentum.
interaction between the loops, which determines the moment A most appropriate place to look for these “fork bands” is
of inertia, is due to a slight quadrupole polarization of thein theZ<50 andN>50 region. To create “side prongs” that
nucleus. Calculations based on the tilted axis cranklAgC) are sufficiently long, one would have to have two pairs of
model[6] confirmed this interpretation in a quantitative way gq,, proton holes. For the “middle prong,” one would require
[4,5,9. A more phenomenological treatment of the shearsone (or more hy,,, neutrons. At the same time, the final
mechanism has been put forward by Macchiawllal.[10]  configuration must be associated with a small deformation.
who ascribe the interaction between the loops to the exThis restricts the choice, basically, t8§=50-55: having
change of quadrupole phonons. Their prescription provides &oo many” neutrons beyondN =50 would lead to deforma-
consistent picture for the observed energies, anditiM 1) tions larger than suitable for magnetic rotation general,
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scheme provide many checks of the placement and ordering
of transitions, and serve to bolster confidence in the correct-
28 52 3.0 ness of the proposed level scheme. The same holds true for
- the multipolarity assignments which are based primarily on
the analysis of the so-called DCO ratios. In our procedure,
coincidence gates are placed on spectra from the forward-
=23 angle (32° and 37°) detectors, and theays measured at
90° and at backward angles (143° and 147°) are sorted
10.6 55 6.9 along the two axes of the matrices. The ratidg,
=1,(backward)!,(90°), can be used to make reliable spin
assignments by comparing the ratios of the nelines with
those of previously-knowry rays whose multipolarity is al-
ready firmly established. Supporting evidence for the spin

=25 assignments is provided, in many cases, by the presence of
_— }D/pr\ 75 crossover transitions. The averaged valudra$ 1.0(3) for

I=11

3
ngg}z Vhiiz v(gmds,z)

3
ngt Vhiie  V(gdss)

known E2 transitions in1%Pd and 0.61) for the known
o M&/ dipole transitions.

. The level scheme has overall good agreement with the
V(&2ds,) most recent high-spin workl4], but has been significantly
FIG. 1. The composition of the total angular momentum within e'xpanded. The 'e"‘?' Sequgnce qf Interest frqm the.pomt of

view of antimagnetic rotation is in the negative-parity cas-

the configuratiorj4,1] given at different spin valuesee text The b y
calculations were performed along the deformation path of this congade and consists of transitions of 1071-, 1388-, 1582-, and

figuration. The individual contributions of valence particles and 1752-_keV(marked "Bl |n“F|g. 2)'"A COlngldenge spectrum .
holes are shown only in the bottom panel, where the precession (ﬁhowmg these and other 'f‘?arby transnms IS pres_ented 'r.‘
angular momenta around the axis of rotatirhich at termination ~ F19- 3. This sequence exhibits the regular increase in transi-
coincides with the symmetry ayiss illustrated. In the upper two tion energy with spin which is characteristic of a rotational
panels, the contribution of the two pairs of theg, holes and all band. The moments of inertig") and.7(?), associated with
active v(gs»,ds,) particles is shown without specification of the this sequence show a smooth behavior expected of “regular”
contribution of each particlénole). rotational bandgsee inset, Fig. 2 In addition, the DCO
ratios for these transitions are consistent with B2
“collective rotation” appears to set in rapidly beyord multipolarity—the values for the ratidy, are 0.92), 0.8(1),
=54 in this region[12]), while being too close ttN=50 0.7(3), and 1.@5), respectively, for the 1071-, 1388-, 1582-,
would not readily bring about thé;4, neutrons into the and 1752-keV transitions. However, as described later, the
picture. lifetimes of these transitions correspond to very small defor-
Based on these considerations, the nucléd®dZ mations associated with the underlying structure. Also, al-
=46, N=54) is expected to be among the nuclei mostthough this sequence &?2 transitions begins with the 809-
likely to exhibit antimagnetic rotational behavior. In this keV (11"—97) transition, the “rotational-band-like”
Rapid Communication, we present results of an investigatioproperties expected for antimagnetic rotation appear only at
of “antimagnetic” rotation in this nucleus. higher spingafter the band crossing; see discussion bglow
High-spin states in'°®Pd were populated following the In order to understand the features of this structure, cal-
2Ge(®*Cl, ap2n)!®Pd reaction at a bombarding energy of culations have been performed using the configuration-
135 MeV. The experiment was carried out at the ATLAS dependent cranked Nilsson-Strutinsky formalism. These cal-
facility at Argonne National Laboratory and the Gammas-culations are analogous to those performed for other nuclei
phere detector array was employed in its “stand alone’in the A~ 100 region(see Refs[15—17 for detailg. In this
mode. A "°Ge target(of 1 mg cmi ? thicknes$ was evapo- formalism, the configurations are determined by the number
rated onto a 15 mgcnt thick gold foil. A thin  of particles in theN shells of the rotating bas[46,1§. The
(40 pgcm 2) Al layer was evaporated between the targetenergy of each configuration at each spin is minimized in the
and the backing to avoid migration of target material intodeformation spacest,e4,7%) which allows the development
gold. At the time of the experiment, the Gammasphere spe®f the shape within specific configurations to be traced as a
trometer consisted of 101 Compton-suppressed Ge detectofsinction of spin. The pairing correlations are neglected in the
The trigger level for the device was set to accept a minimuntalculations. Since the single-particle parameters are not very
of three Compton-suppressed Ge detectors in prompt coincwell known in theA~ 100 region, standard Nilsson potential
dence. The total data set consisted of approximateli@®  parameters of Ref.18] have been employed.
“triple coincidence” events. The results of the calculations are presented in Fig. 4 and
The level scheme fot®Pd obtained from this experiment compared with experimental data. The calculations indicate
is shown in Fig. 2. It has been constructed using standarthat the configuratiof4,1] terminating at =25 can be as-
analysis procedures; tlaDWARE analysis packagel3] was  signed at high spin to the observed band B1, thus suggesting
employed. The selectivity afforded by “double gating” and that this band has been seen up to termination. The level of
the presence of many crossover transitions in the levehgreement between experiment and theory is similar to the
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FIG. 2. Level scheme of®Pd obtained in this work. The wid

ths of the arrows are proportional to the relative intensities of the

transitions. For the transitions proposed as corresponding to antimagnetic rofa¥i®), intensities relative to the 665-keV line are given
in parentheses next to the transition energies. In general, the uncertainties in transition energi@$ akeV and in the intensities 10%.
The moments of inertia7* and 7, for the AMR transitions are shown in the inset.
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one seen for terminating bands in neighboring nuéseie
Sec. 7.5 of Ref[16] for detaily. The experimental &
—Egr.p) curve for band BXsee the bottom panel of Fig),4
whereEg p=0.013 (1 +1) is the standard rotational refer-
ence, shows the band crossing lat 15%. This crossing
might be due to either a paired band crossing or an unpaired
band crossing between thé,1] and[3(1),0] configurations.
Due to uncertain spin-parity assignments of the side struc-
tures “B2” and “B3,” no attempt was made to assign con-
figurations to them.

Under this configuration assignment, the angular momen-
tum in band B1 is built by gradual alignment of two pairs of
proton ggq;, holes, oneh;q, neutron, and threegg,,,ds/,)
neutrons along the axis of rotation. Figure 1 illustrates how
the angular momentum is built from the contributions of va-
lence particles and holes. Already at spimn 114, the hyyp
neutron is almost completely aligned along the axis of rota-
tion and higher spin states are predominantly built by align-

FIG. 3. The lower panel shows double-gated coincidence specd?1€Nt Of protonggy, holes. This is consistent with antimag-
trum for the transitions in band B1. The upper panel shows thé€tic rotation which is mainly generated by “bending” the

experimental “difference spectrum{see text obtained by sum-

side prongs, formed by pairs of stretchedy,, holes along

ming a number of single gates; the coincidence gates are indicatdfie axis of rotation. These holes account for almost half of

in both cases.

the angular momentum available in the configuration. This is
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P P S IR I E B FIG. 5. Shape trajectory in the:{,y) plane for the[4,1] con-
o 4 &8 M2 16 20 24 28 figuration. The deformation points are given in steps bf<arting
Angular momentum . . o
from the state witd =97. The corresponding transition quadrupole
momentsQ, (eb) calculated according to Eq&7),(68) of Ref.
[16] are shown in the inset.

FIG. 4. Excitation energy relative to dil + 1) rigid rotor ref-
erence as a function dffor the experimentalbottom) and calcu-
lated (top) bands with w=—,a=+1. The shorthand notation
[p1(p,),n], wherep, is the number of proton holes iy, orbitals, ~ observed “oscillatory pattern” is quite clear for the 1071-
p, is the number of proton holes in thé=3 orbitals, anchis the ~ and 1382-keVy rays.(It is difficult to say anything about the
number of neutrons inhy;, orbitals relative to a spherical 1582- and 1752-keV transitions because of the rather poor
1%%n core, is used for configuration labeling. For configurationsstatistics for these transitions in the angle-sorted spectra.
with no proton holes in theN=3 orbitals, p, is omitted. The  The combined lifetimes of the transitions of interest are,
detailed structure of thd4,1] ‘and [3(1),0] configurations is  thys, consistent with a small associated deformatimry sig-
(9912 ® V(119104972 0sid1s2 ANA  7(9o)25AN=3)s2  pificant deformation would result in much shorter lifetimes
©1(9720512)10, r€Spectively. In these structures, the subscripts o, vhose indicated by the present data; for example, for an
show the aligned spin at termination. Calculated terminating states . . o
are encircled. associated deformation &f,=0.2, the 1071-keV transition

would haver~0.3 ps).
larger than in the case of the proposed antimagnetic band in The calculated shape trajectory in the,(y) plane as a
10%Cd [19], where such contribution accounts only for ap- function of spin for thd4,1] configuration and the associated
proximately one-fourth of the available angular momentumtransition quadrupole momen@ (e b) are shown in Fig. 5.
suggesting that the structure observed here is a better eXhe B(E2) values for the transitions of interest are 7.6-21.4
ample of antimagnetic rotation. Weisskopf units and the associated lifetimes range between

An important consideration in identifying this structure ~0.3 ps and~1.0 ps. These lifetimes are in agreement
with antimagnetic rotation is the size of tB§E2) transition  with experimental estimates discussed above. Combined
probabilities. Unfortunately, because of the limited statisticswith the experimental moments of inertji&? extracted for
for the lines of interest in the present experiméhese lines  the transitions of interest, one obtaig$?)/B(E2) ratios in
are only a few percent of the intensity in th&%Pd channel, the range of 230-11262MeV~1(eb) 2. The typical ratio
which itself represents less than 10% of the total reactiofor a well-deformed collective rotor would be
cross section a full DSAM analysis was not feasible. Nev- ~104°MeV ™~ %(eb) 2, i.e., more than an order of magnitude
ertheless, one can discern the presence of combined lifetimgsaller. This implies that the nucled§®Pd exhibits a rota-
(state+ sidefeedingcomparable to the stopping times of the tional sequence although it is nearly spherical and, as argued
recoiling 1%Pd nuclei in the target backing (~1.2 ps) for  earlier, this sequence provides a good case for antimagnetic
thesey rays. This is indicated by a characteristic “oscillatory rotation. Indeed, this value is comparable to that obtained for
pattern” in the “difference spectrum{obtained by subtract- the purest magnetic rotof%Cd [21]. In comparison, this
ing the gated spectrum from the backward detectors fromatio for 1°°Cd is ~165:°MeV (e b)~? [19].
that corresponding to the forward detecidr®ne such “dif- Evidence for antimagnetic rotation if°%Pd is, thus,
ference spectrum” is shown in the upper panel of Fig. 3. Theprovided by(a) the observation of a “rotational-band-like”

cascade of transitions in which the angular momentum
is mainly (=50%) generated by “bending” the side prongs,
1y rays emitted from partially slowed recoils will show a typical formed by the pairs of stretchedgg, holes, along the
Doppler-shifted line shape with a peak at the unshifted energy and @xis of rotation;(b) the small deformation associated with
high- or low-energy tail depending on the angle of detection. Thethese transitions, as evidenced by the limited lifetime infor-
forward-backward subtraction, then, results in an oscillatory patterdnation available from this experiment, and in agreement
with a width equal to twice the full Doppler shif20]. with expectations from theoretical results; afg,very large
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estimated 7®/B(E2) ratios (in the range of 230-1120 overall agreement with that presented therein. However, the
#°MeV~(eb) ?). Clearly a full DSAM measurement of central issue of antimagnetic rotation has not been addressed
lifetimes of the lines of interest would be most desirable.in Ref.[22].

Still, the combination of factors enumerated above provides

good evidence for this very interesting and novel phenom- This work was supported in part by the National Science

enon.
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