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Very high rotational frequencies and band termination in 73Br
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Rotational bands in73Br have been investigated up to spins ofI 565/2 using the EUROBALL III spectrom-
eter. One of the negative-parity bands displays the highest rotational frequency\v51.85 MeV reported to
date in nuclei withA>25. At high frequencies, the experimentalJ (2) dynamic moment of inertia for all bands
decreases to very low values,J (2)<10\2 MeV21. The bands are described in the configuration-dependent
cranked Nilsson–Strutinsky model. The calculations indicate that one of the negative-parity bands is observed
up to its terminating single-particle state at spin 63/2. This result establishes the first band termination in the
A'70 mass region.

PACS number~s!: 23.20.Lv, 23.20.En, 21.60.Ev, 27.50.1e
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Exploring nuclei at very high excitation energies and a
gular momentum is of fundamental importance for our u
derstanding of many-body systems. Under such extreme
ditions, one of the most interesting quantum phenomen
the termination of rotational bands. This means that a s
cific configuration manifests itself as a collective rotation
band at low spin values, but gradually loses its collectiv
with increasing spin and finally terminates at the maxim
spin in a fully aligned state of single-particle nature@1–3#.
The origin of this phenomenon lies in the limited angu
momentum content of the fixed configuration. Experime
tally, terminating bands were first observed in158Er @4#, then
in theA'110 mass region@2,5# and recently in several othe
mass regions@3#. In a terminating band, the nuclear sha
gradually traces a path through the triaxial plane, starting
collective ~often at near-prolate shape,g'0°) and evolving
over many transitions to a noncollective state at oblateg
5160°), spherical or prolate (g52120°) shape@1#. In the
experiment, this has been most clearly demonstrated in
A'110 andA'60 mass regions@6,7#.

The A'70–80 mass region displays a large variety
structural effects. At low spins, there is a competition b
tween prolate and oblate configurations due to the existe
of the deformed shell gaps at different particle numbers
deformations@8#. At higher spins, there is a shell gap
near-prolate and near-oblate collective shapes at neu
number 38@8#. A further interesting observation is that th
bands in81Sr @9# show features which are generally asso
ated with terminating bands@3,10#, even though they do no
appear to become fully noncollective. It is now an interest
question whether bands can be observed up to terminatio
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the somewhat lighter nuclei in theA570 mass region. This
is the motivation behind the present study of the35

73Br38
nucleus at very high rotational frequencies.

High-spin states in73Br were populated in the reactio
40Ca(40Ca,a3p), using the 185 MeV beam delivered by th
XTU Tandem accelerator of the Laboratori Nazionali di Le
naro. The experiment was performed using an enric
~99.96%! 40Ca target with a thickness of 0.9 mg/cm2. g rays
were registered with 15 cluster@11# and 26 clover@12# de-
tectors of the EUROBALL III array. Charged particles we
detected with the Italian SIlicon Sphere~ISIS! consisting of
40 Si DE2E telescopes@13#. At forward angles, 15 seg
mented detector units filled with BC501A liquid scintillato
were mounted to detect neutrons@14#.

A total number of 23109 ggg events were recorded. Th
a3p exit channel leading to73Br is predicted to 3.4% of the
total cross section, according toPACE calculations @15#.
gg-particle coincidences andggg coincidences were sorte
into two-dimensional Eg2Eg matrices and three
dimensionalEg2Eg2Eg cubes. Examples of doubly gate
coincidence spectra are shown in Fig. 1. These coincide
data were analyzed using theRADWARE package@16#. The
resulting level scheme of the73Br nucleus is presented in
Fig. 2. The sequences A, B, and C have been known fr
previous studies@17,18# up to the states of spins and paritie
I p5(45/21), (47/22), and (49/22), respectively. In this
work, these rotational bands were extended up to states
I p5(65/21), (63/22), and (65/22), respectively, at excita-
tion energiesE'26 MeV. Moreover, a new sequence D w
established, which feeds the 2855 keV, 4020 keV, and 5
keV states of band A.

An analysis of the directional correlations from orient
states~DCO! was performed to assign spins to the new
©2000 The American Physical Society13-1
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observed states. The coincidence data were added up fo
35 most backward-angle detectors, located at an ave
angle of 156° (149°, 155°, 157°, 163°) to the beam and
108 detectors near 90° (72°, 81°, 99°, 107°). A 156° ver
90° gg matrix was created in coincidence witha particles.
From this matrix we extracted DCO ratios defined as

RDCO
exp 5

I 156°
g2 ~Gate90°

g1 !

I 90°
g2 ~Gate156°

g1 !
, ~1!

where I 156°
g2 (Gate90°

g1 ) denotes the efficiency-corrected inte
sity of theg2 transition observed at 156° when gating ong1
at 90°. According to the calculations for the DCO ratios
Kraneet al. @19#, values of about 0.5 and 1 are expected
stretched and pure transitions of multipole order 1 and
respectively, if the gate is set on anE2 transition. The DCO
ratios of transitions in73Br are plotted in Fig. 3. There ar

FIG. 1. g-ray spectra generated by setting various double g
in the cube.~a! Sum spectrum obtained from gating on 584, 80
994, 1166, 1315, 1466, and 1651 keV transitions. The inset~i! is the
result of gating on 584 and 1651 keV transitions, and the inset~ii !
is the result of gating on 1825, 1959, and 2809 keV transitions.~b!
Sum spectrum obtained from gating on 504, 574, 735, 884, 10
1181, and 1312 keV transitions. The inset~i! is the result of gating
on 884, 1312, 1637, and 1995 keV transitions and the inset~ii ! is
the result of gating on 1995, 2362, 2563, and 2785 keVg rays.~c!
Sum spectrum obtained from setting gates on 916, 719, 851,
1072, and 1216 keV transitions. The inset~i! shows the spectrum
obtained from gating on 2061, 2354, 2721, 2737, 3162, and 3
keV g rays.
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two clearly separated groups of transitions around DCO
tios of 0.6 and 1, which are assigned as dipole and qua
pole transitions, respectively. The DCO ratio very close to
for the 455 keVM1 transition is related to the spin differenc
DI 50 between the initial and final states~see Fig. 2!. On the
basis of the DCO ratios we confirmed the character of
previously known transitions. We furthermore firmly derive
an E2 character for the 1651 keVg ray in band A, for the
1471 keV, 1637 keV, 1780 keVg rays in band B, for the 462
keV and 1593 keVg rays in band C, and for the 1210 keVg
ray depopulating the lowest observed state in band D. He
band D has the same signature and parity as band A.

The rotational bands in73Br display very highg-ray en-
ergies~see Fig. 2!. For example theg-ray energy on the top
of sequence C is 3696 keV. This corresponds to a rotatio
frequency of\v5Eg /251.85 MeV. This is the highest fre
quency ever observed in a rotational cascade in nuclei w
A>25. For comparison, the highest rotational frequenc
reported so far are\v51.82 MeV in the 60Zn nucleus@7#
and\v51.4 MeV in the 109Sb nucleus@20#.

A collective parameter which is very sensitive to th
changes in the nuclear structure is the dynamic momen
inertia, J (2)5(dEg /dI)21. In Fig. 1 a gradual increase i
the g-ray energy spacings as theg-ray energies increas
within the bands can be clearly seen. This implies a co
sponding decrease of the dynamic moments of inertiaJ (2),
which are presented in Fig. 4~a!. For \v<1 MeV, the ir-
regularities ofJ (2) are signaling band crossings. For ea
band there are mainly two irregularities inJ (2) which could
be caused by proton and neutrong9/2 alignments. In contrast
for frequencies higher than'1 MeV, the dynamic moments
of inertia of the bands converge and decrease to appr
mately 40% of the value of a rigid rotor. This smooth dow
sloping of the dynamic moment of inertia may indicate th
starting at\v'1.0 MeV, the configurations of bands A an
C do not change up to the highest rotational frequency,
that the rotational band is gradually losing its collectivit
For band B a negative spike inJ (2) occurs at \v
51.28 MeV and is caused by the decrease of the transi
energy which indicates a band crossing. This behavio
reminiscent of 158Er where a band terminating atI 5461

crosses the more collective yrast band atI'40 @4#. In Fig.
4~b! the kinematical moment of inertiaJ (1)5I /v is shown.
The latter stays close to the rigid-body value. For high ro
tional frequencies the relationJ (1)@J (2) indicates that pair-
ing correlations play no important role.

In order to assign configurations to bands A, B, and C
have used the configuration-dependent cranked Nilss
Strutinsky ~CNS! approach@21,22# based on the cranke
Nilsson potential. Since we are interested in the high-s
properties, the pairing correlations have been neglecte
the calculations. The calculations minimize the total ene
of a specific configuration for a given spin with respect to t
deformation parameters («2 ,«4 ,g). Thus, the total energy
and the shape trajectory@the evolution of the minimum of
the total energy in the («2 ,g) plane as a function of spin# are
obtained for each configuration. The configurations of int
est can be described by excitations within theN53p3/2,

s
,

5,

2,

8

3-2



i-
s-

VERY HIGH ROTATIONAL FREQUENCIES AND BAND . . . PHYSICAL REVIEW C62 014313
FIG. 2. Level scheme of73Br
deduced from the present exper
ment. For the band-head discu
sion see Ref.@18#.
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f 5/2, p1/2, and theN54g9/2 orbitals. Thus, there are no hole
in the f 7/2 subshell and no particles in the orbitals above
spherical shell gap at 50. In the Ref.@8# it was shown that at
the deformation of«250.35 the lowest neutron intruder o
bital from the h11/2 subshells comes down and crosses
Fermi surface at\v51.4 MeV. However, the CNS calcula
tions including one neutron in theh11/2 orbital result in bands
which behave very differently from the observed bands.

Furthermore, the highestN53p1/2 orbital will not become
occupied in the low-lying configurations of73Br; therefore
we can omitp1/2 in the labeling. Note also that all orbital
are treated on the same footing in the cranking calculatio
which means that, for example, the polarization of the cor
taken care of.
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In the following, the configurations will be specified wit
respect to a28

56Ni28 core as having seven active protons a
ten active neutrons. They will be labeled by the shortha
notation@p1p2 ,n1n2#, wherep1(n1) stands for the numbe
of protons~neutrons! in the (p3/2, f 5/2) orbitals andp2(n2)
stands for the number of protons~neutrons! in g9/2 orbitals.
In addition, the sign of the signaturea of the last occupied
orbital ~given as a subscript! is used if the number of occu
pied orbitals in the specific group is odd.

Considering that bands A, B, and C extend to high sp
of I 5(65/2) or (63/2), we will first outline the possible pro
ton and neutron configurations using their maximum sp
I max

p,n as criteria. The maximum spin is defined from the d
tribution of particles and holes over thej shells at low
3-3
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spin. Including two protons in theg9/2 orbital, there are five
( f 5/2p3/2) protons, which lead to a maximum proton spin
I max

p 527/2 or 29/2 for the proton subsystem depending
signature. The maximum proton spin becomes 33/2 for p
ton configurations with threeg9/2 protons if the last proton
occupies the favored (a511/2) g9/2 signature. Including
three neutrons in theg9/2 orbital, the maximum neutron spi
I max

n is 15 or 16 depending on the signature for the se
( f 5/2p3/2) neutrons. Adding one more neutron to theg9/2 or-
bital, the maximum neutron spin isI max

n 518. The occupation
of additionalg9/2 orbitals adds only marginally to the max
mum spin, but costs a lot of energy. Thus, it is reasonabl
expect that such configurations will be considerably ab
the yrast line in the spin range of interest. There are five
of all possible combinations, where the proton and the n
tron spins add to a maximum total spin ofI max>63/2. The
calculations show that one of these configuratio
@431 ,7231#, does not build any collective band for sp
values I'30. Therefore, only four configurations, name
@431 ,64#, @512,64#, @522,64#, and@431,7131#, are left as
possible candidates for the observed bands.

In Fig. 5 the calculated energies relative to a rigid ro
reference (E2ERR) of the above-mentioned configuration
are compared with the experimental data. The CNS calc
tions indicate that these configurations are indeed the low
lying ones capable of building angular momentum up to
values observed. Since pairing correlations have been
glected, the calculated energies are expected to be rea
only at high spin ofI>15. In the calculations, the configu
rations are following a parabola-type energy curve. As s
in Fig. 5, the@431,64# configuration has its minimum aroun
spin I 561/2,while band A seems to approach the minimu
at 65/2. Among the considered configurations, the@512,64#
configuration is calculated to be lowest up to spinI 557/2,
which reproduces the experimental situation with band
Moreover, the minimum in (E2ERR) occurs at similar spin
values, 57/2 in band C and at 53/2 in the@512,64# configu-
ration. Based on this comparison of theoretical and exp

FIG. 3. DCO ratios for transitions in73Br. The gate is set on an
E2 transition.
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mental energies we assign the@431,64# and @512,64# con-
figurations to bands A and C, respectively.

Band B is observed up toI 5(63/2). The calculations sug
gest that the@522,64# configuration can be assigned to th
band at low and medium spin. It is the signature partner
the @512,64# configuration assigned to band C. These co
figurations reproduce well the slope of experimentalE
2ERR) curves for bands B and C, but underestimate
signature splitting between them. The@522,64# configura-
tion is crossed at spin 57/2 by the@431,7131# configuration
~see Fig. 5!. The predicted crossing is indeed observed
band B at spin (55/22) ~Fig. 2!. Thus, the latter configuration
can be related to band B above the band crossing. In
calculations, the band built on the@431,7131# configuration
terminates at the maximum spin of the particle configurati
i.e., at 63/2. This can be seen in the shape trajectories, w
are presented in Fig. 6. Whereas the trajectories relate
bands A and C include collective near-prolate deformatio
over the whole spin range, the configuration assigned to b
B after the band crossing at 55/2~empty triangles! undergoes

FIG. 4. ~a! The observed dynamical moment of inertiaJ (2) as a
function of rotational frequency for bands A, B, and C.~b! The
observed kinematical moment of inertiaJ (1) as a function of rota-
tional frequency for bands A, B, and C. The horizontal dotte
dashed line indicates the rigid-body value for a deformation of«2

50.3 andg50.
3-4
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a shape change from a collectiveg'130° shape to a non
collective oblateg5160° shape between spins 55/2 a
63/2. Thus, the band built on this configuration terminate
the maximum spinI max563/2. Since this coincides with th
maximum spin observed in band B, we have observed
band up to its termination. Our interpretation of band B
quires a relatively strong interaction between two configu
tions which differ in their occupation of thej shells for both
protons and neutrons. This might appear unlikely but o
could also note that a high-spin crossing in a terminat
band in 108Sn has been interpreted@24# as built from con-
figurations which differ in an analogous manner.

In band A a branching at spinI 5(53/2) is experimentally
seen~see Fig. 2!. The configuration assigned to this ban
shows a shape change fromg'215° to g'15° ~see Fig.
6! betweenI 553/2 and 57/2. This suggests that in ea
minimum, there is a smooth configuration and the calcula

FIG. 5. Comparison between the experimental~lower panel! and
calculated~upper panel! energies relative to a rigid rotor referenc
The parameters forA580 nuclei from@23# were used in the CNS
calculations. The calculated energies are normalized so that th
ergy of the @512,64# configuration for spinI 557/2 fits the ob-
served energy of band C. Terminating states are indicated by l
open circles and collective states of maximum spin,I max, by large
open squares. In the spin rangeI 541/2–57/2, the configuration
@512,7231# and @522,7131#, terminating in noncollective oblate
states atI 545/2 andI 557/2, are calculated to be somewhat low
than the configurations shown in the figure. They are neverthe
not included, because their maximum spins are below the maxim
spins observed in the experiment.
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yrast configuration jumps from one minimum to the oth
with increasing spin. Thus, the two states at~53/2! might
belong to these different minima. A similar branching is al
observed for the band C, but appears even more difficul
describe in the calculations even though the irregularities
the shape trajectories~Fig. 6! suggest the possibility of com
petitions between different minima in all configuration
shown in Figs. 5 and 6. However, these branchings rem
an interesting experimental result and a challenge to the

In summary, we observed in the73Br nucleus the highes
rotational frequency in a cascade in nuclei withA>25. One
out of the four observed rotational bands could be follow
up to its termination. Moreover, we give arguments on
particle structure of this band. According to the calculatio
the other two high-spin bands are not terminating; inste
they stay collective beyond the maximum spin defined fr
the distribution of particles and holes over thej shells at low
spin. These results establish the phenomenon of band te
nation in theA'70 mass region for the first time. The pre
dicted decrease in the quadrupole moment along the te
nating band should be observable via Doppler shift lifetim
measurements. Further studies will be important in orde
obtain greater insight into the systematics of the phys
observables in connection with band termination in this m
region.
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FIG. 6. Calculated shape trajectories in the («2 ,g) plane for the
configurations assigned to the bands A, B, and C. The range o
angular momentum is given next to the configuration. The trajec
ries are not regular at low spin due to the strong competition
coexistence between different minima in the potential energy
faces corresponding to positive or negativeg values.
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