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Evidence for chiral symmetry breaking in **Pm and *%u
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High-spin states in the doubly odd=75 nuclei **m and *%u were populated following the
185n>“Mg,p3n) and 1°6Cd(*°Cl,2pn) reactions, respectively. A newl=1 band is reported it*¥u and
new data are presented for the recently reported bariéfm. Polarization and angular correlation measure-
ments have been performed to establish the relative spin and parity assignments for these bands. Both bands
have been assigned the samk,;,,® vh;, structure as the yrast band and are suggested as candidates for
chiral twin bands.
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Static chiral symmetries are common in nature. Well-symmetry breaking would be the existence of degenerate
known examples range from the macroscopic spirals of snajpairs of Al=1 bands of the same parity. However, the de-
shells to the microscopic handedness of certain moleculegeneracy is predicted to persist only over a limited spin
Chiral symmetry is also well known in particle physics, range[1,2]. The pairs of bands will not be degenerate at low
where it is of a dynamic nature distinguishing between thespins near the bandhead where, sifcés small, the total
two possible orientations of the intrinsic spin with respect t0angular momentum lies close to a principal plane and chiral
the momentum of the particle. Recently, the possibility that a&,,in pands cannot be defined. At intermediate spRige-
type of chiral symmetry breaking might exist in some doubly oo meq comparable to the single particle angular moménta,

Oddl’ riaxial nucl_e| Wgs thgtgesteE;,Zt]. FO:j ? triaxial tbecomes aplanar, and the chiral twin states should appear. At
nucleus, possessing short, intermediate, and long axes, rWiagher spins the angular momentum slowly aligns with the
collective angular momentum vect& tends to align along

the intermediate axis, as this axis possesses the largest mrg_tation axis and the degeneracy is again lifted.
' P g A pair of Al=1 bands found in*Pr (Zz=59, N=75),

ment of inertia[3]. For a suitable choice of particle numbers d herh h f' 5] has b
and deformation, the valence proton and neutron Fermi su225€d on therhy;,® vhyyj, configuration[s], has been sug-
gested as a candidate for this chiral doubliig2]. Very

faces lie near the bottom and top of a higlshell, respec- € ) .
tively. In this case, their single particle angular momentumf€cently, additional chiral bands have been reported in

vectors will tend to align along the short and long nuclear Cs, *1a, and 3%Pm [6]. In this Rapid Communication
axes, respectively, perpendicular to each other and to th&e present evidence for a new pair of chiral twin bands in
collective angular momentum. Such a situation is encounthe neighborindN=75 isotone’**®u and new results for the
tered in the masA~ 130 region, withz~60, N~75. Here,  **%m bands.
the proton Fermi surface lies low in thg,, shell (high j, The *%Sn(*Mg,p3n) reaction at beam energies of 130
low Q) while the neutron Fermi surface lies high in the sameand 135 MeV was utilized to populate high spin states in
hy1,» shell (high j, high Q). In addition, nuclei in this mass *%®m. The?Mg beam was delivered by the ESTU Tandem
region are predicted to be soft with respecytdeformation, Van de Graaff accelerator at the Wright Nuclear Structure
and this triaxial deformation may be stabilized by the shapé.aboratory at Yale University. The target consisted of two
driving effects of the unpaired valence particld$. Indeed, stacked foils of 1'%Sn, each of thickness 0.8 mg/ém
total Routhian surfac€TRS) calculations indicate a consid- Gamma-rays were detected using the YRAST Ball afidy
erable triaxiality for such low-lyingrh,,,® vhyq» configu-  which at the time of the experiment consisted of 18 coaxial
rations in 1*Pm and**%Eu. Ge detectors, each with-25% relative efficiency, three
In this case, the total angular momentum vedtoray not LEPS detectors, and four clover detectors-af50% relative
lie along a principal nuclear axis or even in a principal plane efficiency each. A total of 6X10° y— y coincidences were
The three nuclear axes, looked at from the point of view ofaccumulated during a five-day experiment.
the total angular momentum vector, can form either a left- or In the europium experiment, high-spin states {ffEu
right-handed coordinate system which have opposite handegvere populated following thé®®Cd(**Cl,2pn) reaction at a
ness or chirality. The experimental signature of such a chirabeam energy of 150 MeV. The beam was delivered by the
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FIG. 1. Partial level schemes f6f®m and'®%Eu. The newAl =1 bands are shown on the left of each nucleus. The gamma-ray energies
are given in keV, arrow widths are proportional to the total intensity.

Daresbury Laboratory Tandem Van de Graaff acceleratoreported previously6,11]. Partial level schemes foF%m
The decay gamma-rays were measured using the Eurogaamd '38Eu, showing the newAl =1 bands on the left of each
Phase | detector array which consisted of 45 large volume Gkevel scheme, are presented in Fig. 1. A double gated spec-
detectors[8,9]. A total of 5.7<1C® unfolded y—y coinci-  trum of the **%u bands is shown in Fig.(8. The yrast
dences were recorded. This data set had been utilized pre\tands have previously been assigned the positive parity
ously to establish the high spin structure '8fEu [10]. 7h12® vhqq,, configuration[10,12.

A doubles and triples analysis of these data sets resulted The new bands consist &fl =1 M1/E2 transitions with
in the observation of new\| =1 bands in both™®®m and Al=2 crossovelE2 transitions. They are connected to the
138y, A preliminary analysis of thé>*®Pm result has been yrast 7wh;,® vhyy,, band by bothAl=1 M1/E2 and Al

TABLE I. The results of 3D TAC calculations for theh,;,,® vh,y,, configuration in**%m (top) and
138y (bottom). The deformation parameters used wese0.194, €,=0.028, andy= —25° for *m and
€,=0.202, €,=0.032, andy= — 24° for 1%Eu. These were obtained from TRS calculations at a frequency
of Aw~0.25 MeV for thewrh,,,® vhy4,, configuration for these two nuclei. The angkeand ¢ measure the
tilt of the angular momentum vectorout of the principal plane.

ho ] P | B(M1)/B(E2)
(MeV) (deg (deg (h) (un/eb)?
0.200 53.43 71.50 9.86 15.0
0.250 59.04 50.00 10.75 6.0
0.300 62.79 37.00 11.75 3.3
0.350 68.40 25.00 12.03 2.2
0.375 70.28 21.50 13.84 1.3
0.400 75.89 8.50 14.99 0.8
0.425 89.00 0.00 18.51

0.200 57.17 31.00 10.53 2.9
0.225 59.04 24.50 10.95 25
0.250 60.91 20.50 11.45 2.1
0.275 64.66 10.00 12.07 1.6
0.300 66.53 4.00 12.59 1.3
0.325 66.53 0.50 13.00 1.3
0.350 68.40 0.00 13.50 1.2
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function of angular momentum for the yragfosed symbolsand
1 chiral twin partner bandéopen symbolsin **m and**%u. The
02 L - 1 solid lines are the results of 3D TAC calculatidry.

Asymmetry Ratio, A

and new bands in**m. The average values found for
04 - 1 knownM1 andE2 transitions in**m are—0.055(35) and
. . . . . 0.17547), respectively. Values of A=-0.08(16),
(b) 200 400 Energ""‘;,°[kev] 800 1000 —0.01(12), —0.18(22) were measured for the 364 keV chi-
ral inband, and 595 and 684 keV interbadd=1 transi-
FIG. 2. (a) Background subtracted spectrum of the chiral bandtions, respectively, which are consistent with magnetic di-
in 13Eu with double gates set on the 164, 299, 351, and 383 ke\pole assignments.
transitions. CirclegsquaresindicateM1 (E2) transitions. Closed The transition energies in the new bands are similar to
(open symbols indicate transitions in the chirgyrash band. those in the yrast bands. In addition, their alignments are
Closed triangles indicate interband linking transitiofig.The mea-  essentially the same as those of the yrast bands throughout
sured asymmetry rati, for transitions in**%m, symbols as in the observed frequency range. Finally, the measured inband
Fig. 2@@). The dashed lines show the error limits for averages of thq_:,(M 1;1—1—1)/B(E2;l—I1—2) values are similar to those
known E2 (upper paiy and M1 (lower paij transitions. Also  of the yrast band, as shown in Fig. 3. Based on these simi-
show_q are the new 364 inband, and 595 and 684 keV 'merban%rities, the new bands are assigned the sant®e,
transitions. ® vhyy, configuration as the yrast bands.

The new bands lie about 300 keV higher in excitation
=2 E2 transitions, the relative spins and transition multipoleenergy than the corresponding yrast band up to the limit we
character being assigned based on the results of an angulaave currently been able to observe them. Both of these new
correlation(DCO) analysis, while the bandhead spins wereAl =1 bands are offered as candidates for chiral twin bands.
assigned based on the systematics of Raf. Together with the results reported in Ref$,6,11], candi-

Furthermore, in thé*®m case, the polarization sensitiv- date chiral twin bands have now been suggested in the five
ity of the YRAST Ball clover detectors was exploited to N=75 doubly odd isotone$*®Cs, *3.a, *Pr, *%m, and
allow a confirmation of the electromagnetic character of sev-13&u.
eral of the new transitions. The asymmetry rafie- (N, A traditional interpretation for the new bands, based on
—N))/(N, +Ny) is sensitive to the electric or magnetic na- principal axis cranking, would invoke the unfavored signa-
ture of the transitions, wher&l, (Nj) is the number of ture of thewh,,, orbital coupled to both signatures of the
added-back photopeak counts which scatter between two elh;,,, orbital. However, the signature splitting of theh; 4,
ements of a clover detector orthogolfpéralle) to the reac-  orbital measured in odd-proton neighbors is between 400 and
tion plane defined by the beam axis and the direction of th&00 keV[13-15, significantly larger than the observed en-
emitted gamma-ray. For this definition, magnetic transitionsergy splitting of about 300 keV for both**Pm and *¢Eu.
should have negative values, while electric transitions shoul&imilarly, quasiparticle excitations and gamma-vibrational
have positive values oA. Figure Zb) shows the measured states lie at considerably higher excitation energies in this
values ofA for variousE2 andM1 transitions in the yrast region[16,17).
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In an ideal chiral symmetry scenario, the band pairs areal twin bands. As can be seen in Fig. 3, the calculated ratios
expected to be degenerate over a certain spin rahgg as a function of angular momentum reproduce both the mag-
The actual situation however is expected to be more complinitude and trend of the experimental data. At higher rota-
cated and dynamic. For example, if the barrier between théional frequencies w~0.42 MeV for Pm and-~0.35 MeV
left- and right-handed orientations were finite, the bands ofor Eu, the calculated tilt angles approaéh-90°,4~0°,
different chirality would mix, thus lifting the degeneracy of jmplying that the rotation is again about a principal axis, thus
the levels. The 300 keV energy difference has been '”tersignaling the end of the chiral structure.
preted this way, as a tunneling between the two minima |, summary, newAl=1 bands have been observed in
[6,11]. _ _ . doubly odd **"m and'*®%u. Based on DCO and polariza-

Table I and Fig. 3 summarize the results of calculationgjon asymmetry measurements, the relative spins of the lev-
using the three-dimensional tilted axis cranking mo@® g5 and electromagnetic character of the transitions have been
TAC) [2] for_l?’GI?m and **Eu, modeling the behavior for assigned. The measuréd(M1;1—1—1)/B(E2:l—|—2)
triaxial nuclei with total angular momentum away from a y5),es agree with calculations for triaxial nuclei with aplanar
principal plane. For the 3D TAC calculations, constant det| angular momentum. The new bands have been assigned
formation anq pairing parameters were used, obtained fror,q samewh, ;% vhy1,, configuration as the yrast bands.
TRS calculation$18] at a frequency ofw~0.25 MeV for  Thege pands, together with similar bands observed in
the why1,® vhy4 configuration for these two nuclei. The 130cs, 132 3 [6] and 13%Pr [5], are considered good candi-
table shows the frequendsgpin range in which the chiral y5tes for the predicted chiral twin banid.
solutions exist, i.e., where both tilt angleg, ¢) are essen-
tially different from 0° or 90°. The calculateB(M1;l —I This work was partly supported by the U.S. DOE under
—1)/B(E2;l—1—2) ratio should be compared with the av- Grant Nos. DE-FG02-91ER40609, DE-FG05-96ER40983,
erage ratios for the two dipole bands, since the 3D TACand DE-FG02-88ER40417 and by the DFG under Grant No.
calculations cannot account for the mixing between two chifi393/1-1.
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