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Spin-Dependent Triaxial Deformation in Neutron-Rich Mo Isotopes
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The Eurogam-2 array has been used to stydgsays emitted following the spontaneous fission of
a >Cm source. Analysis of Doppler-broadened line shapes corresponding to decays from excited
rotational states in neutron-rich Sr, Zr, and Mo fission fragments has enabled the first measurements of
state lifetimes in these nuclei at arouhd= 10. The results are consistent with a predicted rotation-
induced change in the triaxiality of the yrast states of the Mo isotopes that contrasts with the more
stable behavior observed in the Zr and Sr nuclei. [S0031-9007(96)01010-1]

PACS numbers: 21.10.Tg, 21.20.Ky, 23.20.Lv, 27.60.+

Atomic nuclei are known to exhibit a variety of shapeswith rotation, since the electric quadrupole transition ma-
whose deviation from sphericity can be well described asrix elements in a rotational band are simply related to the
combinations of quadrupole and higher-order multipolemagnitude of the quadrupole deformation of the intrinsic
deformations. The shape that a particular nucleus takesuclear state. To date, experimental information on the
up results from a delicate balance between the collectivehapes of the neutron-rich nuclei néar= 40 has been
(macroscopic) and single-particle (microscopic) energiedimited to low spins. Here we discuss the first measure-
the relative magnitudes of these energies and their depements of state lifetimes in these nuclei at spins 10.
dence on deformation determining the possible shapes thatIn this work the spontaneously fissioning isotaff&Cm
the nucleus may adopt. Also, because nuclear rotation pewas used as a source of neutron-rich fission fragments
turbs the microscopic structure of the nucleus, it may bevhose electromagnetic decay properties were to be stud-
that the shapes favored by a particular nucleus will changeed. The source consisted of about 5 mg of curium oxide
with spin. This threefold sensitivity of the nuclear shape(giving a fission rate of about X 10* per second) em-
to the single-particle structure, the collective behaviorpedded in a pellet of potassium chloride. The Eurogam
and the total angular momentum provides a severe test §8] phase 2 array of Compton-suppressed germanium de-
current theoretical approaches to low-energy nuclear strudectors was used to detect therays emitted from the fis-
ture. The neutron-rich strontium, zirconium, and molyb-sion fragments. To obtain a spectrum that emphasized a
denum nuclei provide fertile territory for the exploration particular even-even nucleus, the data were sorted off-line
of this threefold sensitivity. It has been established thatwith a condition requiring the presence of the 2-0, 4-2, and
as the neutron number is increased from the valley of steé6-4 transitions in the ground-state rotational band. Fhe
bility, the onset of quadrupole deformation occurs. Therays belonging to events satisfying this triple-gate condi-
transition from a spherical to a deformed shape is suddetion were used to increment a one-dimensional spectrum.
for Sr and Zr isotopes, but is gradual for higlzenuclei. Partial level schemes for the neutron-rich even-even nu-
Furthermore, increasing proton number fr@m= 40 has  clei 8Sr, 1001021047y - gnd 102104106108\ for intermedi-
the effect of softening the nuclear energy surface to triaxiate spins have been deduced in previous work [4]. In the
ality. This is evidenced firstly by recent measurements [1tourse of this analysis, several new transitions have been
that have demonstrated the existencé’o of a two-  added to the yrast bands of these nuclei and more reliable
phonon vibrational state, which shows tH%tMo is soft  relative intensity measurements have been made, taking
to triaxial deformation; and secondly by the energy levelsnto account the previously unobserved broad components
of the neutron-rich Ru isotopes [2], which suggest the pres{see below). The-ray energies of the transitions relevant
ence of a more rigid triaxial shape. It remains to exploreo the lifetime analysis (including the new transitions) and
the role of rotation in this region. the assumed spins of the initial and final states involved

The measurement of the mean lifetimes of rotationain the decays are listed in Table I. The sequences of yrast
states provides the means to probe the variation of shaperay energies in these nuclei reveal gradual increases in
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TABLE I. The quadrupole moments and state lifetimes deduced from our line shape analysis.
Also listed are the spin angl-ray decay energy for each state used in the decay simulation.
The errors quoted foQppy are purely statistical in origin, and a further systematic error of

5% exists due to uncertainties in the stopping powers. The DPM lifetimes are computed from
Oppm and within any one band do not represent independent measurements. The first error
on the lifetime represents the statistical uncertainty in the measurement, and the second is a
result of a 10% uncertainty in the stopping powers. Quadrupole moments from Refs. [6] and
[8] are also quoted.

Nucleus Raman Moller DPM results
Q [eb] Qleb]  Qppm[eb] E, (keV) I — Iy 7 (P9

EHST 3.12(18) 3.14 3.17(20) 8125 12— 10 0.67(08)(07)
689.4 10— 8 1.55(19) (15)
566.3 8—6 4.28(54) (43)
WZreo 3.01(19) 3.36 3.19(10) 846.6 12— 10  0.54(03)(05)
738.6 10— 8 1.08(06) (10)
625.6 8— 6 2.55(17) (25)
2Zr,  4.01(40) 3.51 3.52(17) 862.8 12— 10  0.40(05)(04)
759.5 10— 8 0.77(09) (08)
630.9 8—6 2.01(23) (20)
W0 Zre 3.68 3.72(16) 898.7 12— 10  0.29(03)(03)
765.5 10— 8 0.67(07) (07)
624.4 8—6 1.91(21) (20)
2Mogy  3.-26(19) 3.29 2.44(17) 842.0 12— 10  0.95(13)(10)
7715 10— 8 1.49(21) (15)
691.0 8—6 2.66(37) (27)
PMog  3.29(13) 3.54 2.84(14) 7334 10— 8 1.42(14) (14)
641.8 8—6 2.84(31) (28)
%Mogs  3.62(10) 3.70 2.85(13) 889.9 12— 10  0.53(05)(05)
784.3 10— 8 1.00(09) (10)
655.0 8—6 2.55(23) (26)
1%®Mogs  3.68(42) 3.46 2.79(20) 867.1 12— 10  0.63(09)(06)
776.3 10— 8 1.11(16) (11)
662.1 8— 6 2.52(36) (25)

the moments of inertia fofiw = 0.2—0.4 MeV, proba- information directly from they-ray spectrum about the
bly a result of the crossing between the strongly interfeeding distribution, so the feeding of this state is simu-
acting ground-state band and a band built on a pair ofated by a two-state feeding model in which the lifetimes
alignedh,;, neutrons. Atspins of = 10, symmetrically  of both feeding states are varied in the fit. For all other
Doppler-broadened line shapes are observed inyth@y  states there is some information regarding the feeding dis-
energy spectra of these fission fragments. The broad lingibution contained in the line shape of the decay into the
shapes correspond to decays from states that have lifstate, although a large fraction [(40—60)%] of the popula-
times comparable to (or faster than) the stopping timeion of the state is provided by unobserved “side-feeding”
(1-2 ps) of the fission fragments in the source pellet, theéransitions. Measurements gfray multiplicities follow-
broadening being due to the variable Doppler shift thaing spontaneous fission suggest that a yrast state at inter-
is observed for the time distribution of decays from suchmediate spin is fed predominantly by a combination of fast
states. statisticaly rays, and the transition from the next-highest
The Doppler-profile method (DPM) [5] combines a sim- yrast state. Although slow side-feeding components have
ulation of the stopping of the isotropically directed fissionbeen observed [1], they constitute only a few percent of the
fragment with a simulation of the electromagnetic decaydecay intensity. The time distribution of the side feeding
to generate a line shape that can be compared directly witlvas simulated in the fitting procedure by a two-state model
the data and thereby extract state lifetimes. In modelingvith a variable feeding time. To reduce the effect of possi-
the electromagnetic decay of the excited fission fragmentle contamination of the line shapes with sharp lines from
consideration must be given to the time distribution of thethe heavy fragments, the rotational band (betwgen 6
intensity feeding the states whose lifetimes are to be deteend I = 12) was assumed to correspond to the rotation
mined. For the highest-spin state, whose decay produces a nucleus of constant intrinsic quadrupole momedt (
an observed line shape, it is not possible to extract anyVithin this model, the mean lifetimer(in ps) of a state of
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spinl, decaying within a rotational band by a stretcligd moment deduced from the present DPM analysis to the

vy ray of energyE, (in MeV), is given by quadrupole moment at low spin &99 * 0.04 = 0.05
1 for the Sr and Zr nuclei, an@.80 = 0.04 = 0.04 for the
— = 1.217{1,0,2,0/ — 2, 0>2Q2E§, Mo nuclei, where the first uncertainty is purely statistical
.

and the second represents the result of including a 10%

where(7,0,2,0[I — 2,0) is a Clebsch-Gordan coefficient Systematic error on the stopping powers [7]. In the case
andQ is measured ie barns. Q was used to vary the state Of '**Zr, there is no determination of the quadrupole
lifetimes in a manner consistent with this assumption, thénoment at low spin with which to compare our result. A
best fit to the data resulting in a solution f@r Although ~ comparison of the present DPM results with the ground-
Q may vary somewhat with spin, this procedure gives theState quadrupole moments calculated by Médeal. [8]
most consistent treatment of the data. Nevertheless, @ives very good agreement for the Sr and Zr nuclei
should be born in mind that the value @ extracted in ~ (including '*Zr), whereas the DPM results for the Mo
this analysis represents an effective quadrupole momemuclei are significantly lower than their predicted values
over the rangé = 6 and = 12. (see Table 1). Given that the band crossifige(= 0.2—
Table | lists the quadrupole moments for eight nuclei0-4 MeV) is gradual, these results suggest that the Zr
in the neutron-rich mass-100 region determined from théuclei and**Sr hold their shape under rotation and that
line-shape analyses. In all cases the deduced mean fedf€e Mo isotopes experience a deformation change between
ing times to the highest-spin states whose decays prd-~ 0-and/ ~ 10. _ _
duced observed line shapes were fast, less than 0.5 ps,Although a possible reason for the different behavior
as would be expected if the predominant feeding meche@f the Mo isotopes could be a change in the magnitude
nism was via high energy statistical transitions. The sideof the quadrupole deformationsf) with spin, a more
feeding times to th&* and 10" states were also found probable origin is connected with triaxial instability. Self-
to be short, less than a third of the inband feeding timeconsistent mean-field calculations [9] suggest that the
Figure 1 shows two examples of fitted line shape spectrd¥0 isotopes are significantly softer in their ground-state
those corresponding t83Mo and!%zr. triaxial deformation than the Zr isotopes. To examine the
From Table | it can be seen that the results can béheoretical problem at nonzero spin, we have performed
separated into two groups. In the first, comprising thefotal Routhian surface (TRS) calculations [10]. The
Zr nuclei and®¥Sr, the DPM results agree well with cranked Strutinsky approximation was used to obtain
measurements at lower spin, quoted in the compilation ofh® shape evolution with angular momentum. At each
Ramanet al.[6]. In the second group, the Mo isotopes, frequency, the shape of the nucleus was minimized
the DPM results are consistently about 20% lower thar10,11] with respect to the quadrupole and hexadecapole

those at low spin. The mean ratio of the quadrupoledeformations and to the parameter which gives the
deviation from axial symmetry.

The energy surfaces f& Zr and'°>Mo (Fig. 2) are pre-
sented as representative examples for the purposes of our
discussion. A pronounced minimum at axially symmetric
prolate shape is obtained f¥ Zr at spin zero, and the sur-
face is practically unchanged &t = 0.38 MeV (I = 9).

In contrast td*?Zr, 192Mo is very soft with respect ty de-
formation with a minimum extending from = —20° to
y = +20°. As the!®>Mo nucleus rotates, a pair &f;;
neutrons align their angular momentum with the rotation
axis and cause the minimum in the surface to move to posi-
tive y atiw = 0.38 MeV. The total quadrupole moment
Q has contributions from two spherical-tensor components,
Q-0 andQy. Atzero spin the minimum lies at = 0, and
the energy surface is symmetric abgut= 0, resulting in
a contribution only from the),, term. However, as the
nucleus rotates, the minimum moves towards posiiye
resulting in a contribution to the quadrupole moment from
. ‘ ‘ . the (negative)D,, term, and giving a reduction @ with

740 760 780 800 increasing spin. From the calculations it is difficult to de-

Energy (keV) termine generally whether the shift is to negative or posi-

FIG, 1. Line shapes corresponding to the decay of the yraslf.\,’e & sinC(_e the corresponding minima are close in energy.
I™ = 10" states in'®Zr and'®®*Mo. The data are represented Since a shift in the nuclear mean shape towards negative
by the histogram and the fit by the solid line. v would result in an increase in the quadrupole moment
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1025 =038 triaxial deformation can produce change<drthat are at

e = least as large as those observed experimentally.

] In summary, we have used the DPM to extract infor-
mation on the quadrupole moments of neutron-rich fission
fragments nead = 100 at I = 10. These are the first
such measurements, and when compared with measure-
ments at low spin they indicate a reduction in the intrinsic
quadrupole moment of the Mo fragments betwdesn 0

) and/ = 10. The Zr isotopes an&Sr have quadrupole
i moments consistent with low-spin measurements. Our
é TRS calculations suggest that the origin of the change in
A Mo ©=0.38 the quadrupole moments of the Mo isotopes may lie in
> (&\* i their softness toy deformation. The aligning;,,» neu-

trons can drive the shape towards positjveleformation

and thereby reduce the effective quadrupole moment.
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with spin, our measurements suggest that the yrast states

in 102.104106.108\M0 near/ = 10 have positivey deforma- + _ : & MG
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