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Abstract

A study of high spin states in the odd-neutron isotof&%u and?3’U is reported. Striking differences were found in the
high-spin properties of rotational bands built on th@1[631] ground states in these two nuclei. These differences mirror those
observed in the even—even Pu and U immediate neighbors and appear to be related to the strength of octupole correlations.
0 2005 Elsevier B.V. All rights reserved.

PACS: 27.90.+b; 23.20.Lv; 21.10.Re

Octupole correlations play an important role in de- actinide region[1-7], where two distinct collective
termining the low level structure of nuclei throughout modes have been identified. An octupole vibration has
the periodic table. This is particularly the case in the been associated with sequences of negative parity lev-

els starting at excitation energies of 0.5 MeV or more
with respect to the ground state. These are understood
E-mail address: janssens@anl.gdiR.V.F. Janssens). in terms of rotational bands built on octupole phonon

0370-2693/$ — see front mattér 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleth.2005.05.039


http://www.elsevier.com/locate/physletb
mailto:janssens@anl.gov

52 S Zhuet al. / Physics Letters B 618 (2005) 51-59

excitations. Many of the band members with quantum ing that the large octupole strength in these specific Pu
numbers/— decay through characteristic E1 transi- nuclei also manifests itself in the properties of their
tions towards both th&/ 4+ 1)* and (/ — 1)* yrast ground stater decay[12].

states. The case 68U is a good example: three octu- It is the purpose of the present Letter to explore
pole bands with respective principal guantum numbers the strength of the octupole correlations in this re-
K =0, 1 and 2 have been identified by Ward et/8]. gion further by comparing the behavior of the odd

In nuclei where these correlations are much stronger, 23°Pu nucleus with that of its isoton@’U. Odd-A
these negative parity states lie even lower in excitation nuclei offer the potential for new insight at the cost
energy, and stable octupole deformation may occur. of added complexity with respect to even—even nu-
In nuclei around®Ba and??“Th, bands with lev-  clei since the coupling of the odd particle to the core
els of alternating spin and parity, connected by strong is likely to be affected by the presence of octupole
electric-dipole transitions (i.e(/ + 1)™ — I~ and correlations. For example, microscopic investigations
I~ — (I — 1)™T), are recognized as the best experi- of odd-mass nuclei with the inclusion of octupole
mental evidence for the rotation of octupole-deformed deformation suggest a dependence of the correlation
nuclei. It has been shown empirically that rotation can strength on the principal qguantum numbe@rof the
stabilize the octupole shag8,4,6]. Furthermore, in single-particle orbital occupied by the odd nucleon
odd-mass nuclei, the most striking evidence for octu- [8,13]. Partial, preliminary results off°Pu and*3’U
pole deformation is provided by the presence of so- have been presented earljérl4]. In these two nuclei
called parity doublets, i.e., pairs of states nearly de- it has now been possible to follow octupole excita-
generate in excitation energy with the same spin, but tions up to high spin and notable differences between
opposite parity[8]. the behavior in the two isotones have been found. The
The energy displacement between the positive and findings shed new light on the issues raised above,
negative parity states in such collective sequences canin particular, on the possible evolution with rotational
be used as an empirical measure of the strength of thefrequency from an octupole vibration to octupole de-
octupole correlations. This displacement has been in- formation.
vestigated by, among others, Jolos and von Brentano  High-spin states if3°Pu were populated with the
[9,10] who showed that it depends strongly on an- so-called “unsafe” Coulomb excitation technique pi-
gular momentum. These authors also suggested thatoneered in Ref[5], while 23’U was produced via a
nuclei exhibiting dynamical octupole effects at low one-neutron pickup reaction on 48U target. The
spins might develop static octupole deformation at 98% isotopically enrichetf°Pu target{ 0.3 mg/cm?
sufficiently high angular momentum. Thus far, ex- thick), electroplated on a 50 ryign? Au foil [15], was
perimental evidence for such an evolution in octu- bombarded with a 1300-Me%?’Pb beam. For the in-
pole character has only been proposed in one in- vestigation of23’U, the same&®/Pb beam was used,
stance. Wiedenhdver et 4F] reported that the sharp  butatan energy of 1400 MeV. TR&8U target, isotopi-
i13/2 proton alignment observed 224324py isnot  cally enriched ta> 99%, was 48 mgen? thick. The
present within the same frequency range in the lighter 27Pb beams were delivered by the ATLAS supercon-
238,239.24p nuclei, implying at the minimum a signif-  ducting linear accelerator at Argonne National Labo-
icant delay in the alignment process (octupole defor- ratory. Gamma rays were detected with the Gamma
mation has been shown to delay alignment processes,sphereg[16] array of 101 Compton-suppressed HPGe
see Ref[11]). Furthermore, at the highest spins, the detectors. For th&3’U measurement, the detection ef-
yrast and the octupole bandsa#24%Pu appeared to  ficiency for low-energy photons was greatly improved
merge into a single sequence of levels with alternat- by taking advantage of the recently installed capabil-
ing spin and parity, and large intrinsic dipole moments ity to operate the timing discriminators in leading edge
were inferred from the measuré&dE1)/B(E2) ratios. rather than in constant fraction mode fofray ener-
In addition, parity-doublets appeared to occufifPu gies below 200 keV. This capability was not available
[7]. Thus, the experimental evidence suggested that aat the time of thé3®Pu measurement and, in the latter
transition from an octupole vibration to stable octu- case, the discriminators were operated in the custom-
pole deformation may have occurred. It is worth not- ary constant fraction mode.
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Fig. 1. Summed double-gated spectra for octupole partner haffitsure (a)) and/ (figure (b)) in23%Py and summed triple-gated spectra
for octupole partner bands (figure (c)) andd (figure (d)) in237U. Most of the connecting E1 transitions are clearly seen in the figures.
Cross-coincident transitions from projectile-like binary reaction partners are marked by an asterisk.

In excess of 19 three or higher fold coincidence The level structure of3°Pu known prior to this
events were accumulated with each target and storedwork has recently been summarized in RE0].
onto magnetic tapes for further analysis. In the case For the purpose of the present analysis, however,
of the 23%9Pu target, the contribution of the Au back- the results of studies using inelastic excitation with
ing to the y-ray yield is substantial. The data were a 11’Sn beam[21] and fusion—evaporation with the
sorted into three-dimensional (EE,—E,, cube) and  238U(«, 3n) reaction[22] are most relevant. The qual-
four-dimensional (E-E,—E,—E,, hypercube) his- ity of the present data is illustrated in panels (a) and
tograms using the Radware analysis softwHré]. (b) of Fig. 1, and the relevant level scheme is given in
These histograms contained only rays emitted Fig. 2 The yrast structure, composed of the two signa-
within a £20 ns prompt time window with respect ture partner bands andb assigned to the /2*[631]
to the beam. The double- and triple-gated coinci- configuration of predominamls,» parentage, has now
dence spectra were extracted using the generalizedbeen extended to levels with assigned quantum num-
background subtraction algorithm of Rgi8] and bers (5527) and (532%). The angular correlation
provided the basis for the construction of the level analysis supports the stretched-E2 character of all in-
schemes presented below. Information on the multi- band transitions, with the exception of the highest
polarity of the transitions was obtained from an an- level in each sequence where statistics on the correla-
gular correlation analysis. To this effect, a number tion coefficients proved insufficient. In addition, eight
of coincidence histograms corresponding to specific new inter-band transitions linking bandsandb have
angle combinations between the Gammasphere de-also been identified. More importantly in the present
tectors were obtained and analyzed, as described incontext, the octupole excitations built on theandb
Ref.[19]. signature partners, tentatively proposed in Ret],
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Fig. 2. Propose§39Pu level scheme with the transition energies given in keV. Baratsdd are the octupole bands under discussion in this
Letter.

have now been firmly established and expanded con-due to the more limited statistics available in this case
siderably towards higher frequencies (bardsnd d as the thickness of the available targets was limited by
in Fig. 2). Moreover, they have been firmly linked to health safety considerations.

the lower octupole states established earlier through  The information on th&3’U level structure avail-
decay studief20] and the EL1 linking transitions have able prior to the present work results mainly from
been observed. Sums of coincidence spectra double-decay and light-ion transfer measurements. It is sum-
gated on in-band transitions in tkeandd sequences  marized in the compilation of Ref23], and serves as

are shown in panels (a) and (b)fify. 1 strong inter- a starting point for the present study. Representative
band transitions depopulating states in bandp to spectra foP3’U are also shown ifffig. 1. Because of
I =41/2~ towards band, and levels up to 22~ in the reaction used, coincidence spectra%tity con-

bandc towards band: are clearly visible. In contrast  tain transitions in the binary reaction partri@Pb.
with the case of37U discussed below, the search for Panel (c) inFig. 1was produced from a hypercube by
rotational bands built on other known configurationsin summing coincidence spectra requiring the 583-keV
239py[20], especially those associated with thygs)2 transition in2%8Pb together with a number of dou-
intruder orbital, proved unfruitful. This is presumably ble gates placed on transitions in a newly discovered,
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Fig. 3. Proposed level scheme fo’uU. The energies of the transitions are given in keV. Bandsdd are the octupole bands under discussion
in the present Letter.

negative-parity band of®’U labeled as band in the guences are now traced to high spin, i.e.,/&7 and
level scheme oFig. 3 Panel (d) was produced in the (59/27). In addition, inter-band transitions linking the
same manner, but for another negative-parity sequencetwo sets of levels have been identified all along the two

labeled as band in 237U.1 band structures. The signature partner bandsad#,
As can be seen iRig. 3 a total of eight rotational ~ based on the 27[622] configuration ofi11/> parent-
bands, labeled through#, are assigned t&’U. All age, have also been delineated to high frequencies, and

of them were found to be in strong cross-coincidence here as well most levels are characterized by deexcita-
with the first two298pPb yrast transitions at 2615 and tions towards both the next in-band member and the
583 keV. Taking advantage of the high detection ef- state lower by one spin unit in the signature partner
ficiency for low-energyy rays, it proved possible to  sequence. Just as in tR&°Pu isotone, the signature
link every observed structure to the low-lying levels partner bands built on the’2[631] ground state con-
identified previously[23]. Sequences and f form figuration were observed to high spin #3’U: band
a pair of signature partner bands with negative par- a was delineated up to (32%) and its partner, band
ity based on the /27[743] configuration associated b, up to (552%), while 8 transitions linking the part-
with the vj15/5 intruder state. Known previously only  ner sequences were placed as well. Another analogous
up to (927) and (1527), respectively, these two se- feature between the two isotones is the observation of
two bandsc andd feeding into the ground state sig-
nature partner bandsandb through transitions of E1
"1 agditional evidence for band assignments 35U can be charac.ter, as es_tablished from the_ gngular correlation
found in a separate study of t¥88Pb+ 238U reaction described analyfls' In two mstances_El transitions of both types,
in Ref. [14]. ie, 1" —> I+t andI~ — (I — 1)* have been
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observed. As can be seenhig. 3, the 212~ level

of bandd decays through 278 and 539 keV transitions
towards both the 22" and 192" states of band,
while y rays of 202 and 488 keV link the 23~ level

in bandc with the 252% and 212* banda members.
This observation, together with the noted similarity
with the band structures #¥°Pu, supports the assign-
ment of bands andd as rotational bands built on an
octupole excitation withk = 1/2.

As stated above, a key indicator of strong octupole
correlations in odd-mass nuclei is the presence of par-
ity doublets: the stronger the correlations, the smaller
the energy difference between quantum states with

same spin and opposite parity. Thus, the assumptionE 200

that23%Pu is a rigid octupole rotor in its/2+ ground
state would translate into an excitation energy for its
1/2~ doublet partner of-0 keV. Instead, the exper-
imental energy difference is 470 keV. Even though in
237y the lowest negative parity state identified in the
experiment is the /2~ level, the extrapolated exci-
tation energy of the 2~ state is of the same order:
~ 496 keV. In both nuclei, these energy differences
are twice as large as the value found4dTh [2], one

of the oddA nuclei exhibiting the strongest octupole
correlations. Hence, in th&’U and 23%Pu isotones,
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Fig. 4. (a) Excitation energy of levels as a function of spin in the pos-
itive- and negative-parity bands 887U, 23%u, and?23Th. Band-
head energies are displaced by 1 Mé¥%Pu) and 2 MeV #23Th)

for display purposes. (b) Energy staggerisig) as a function of
spin in odd4 nuclei 237U, 239y and?23Th, as well as for the
even—even nuclét38U, 240py and?20Ra. Dashed lines are drawn

the negative parity bands appear to be associated witht© 9uide the eye.

an octupole vibration at low spin. With increasing an-
gular momentum, howevet3?Pu levels of same spin
and opposite parity come closer and closer in excita-
tion energy: the 48" and the 432~ states are 47
keV apart, the two 42 levels are separated by only 17
keV and the 532 states lie within 8 keV of each other.
This is illustrated irFig. 4(a), where the markedly dif-
ferent behavior at high spin f7U can be noted as
well. In the latter case, the energy differences remain
of the order of 200 ke\Fig. 4(a) also indicates that the
high spin behavior noted f@#%Pu mirrors that exhib-
ited throughout the entire range by the two “octupole
deformed” bands (see below) #°Th [2].

Another way to visualize sizeable octupole strength
is to examine the behavior of the energy staggering
factor,S(I), which is defined as

(U+DE;1+1E11
21 +1 ’

S()=E; - @)

acter. As shown irrig. 4(b), the staggering factor for
each of the two bands of intertwined positive and neg-
ative parity states iR23Th is close to zero and similar
in magnitude to that seen, for example 2fRa, one
of the best examples of static octupole deformation.
The behavior of§(I) for the two sets of bands /U
is quite different and follows closely that seen for the
yrast and the first negative parity band4#U [5]:
the values ofS(7) decrease with spin before leveling
off, a behavior reflecting the presence of band cross-
ings associated with alignment gains discussed below.
Remarkably, the staggering factor in th8-24®u iso-
topes is intermediate between the Th and U cases: the
S(I) values are large at low spin, but become small
and comparable to those seen in nuclei with octupole
deformation for sping > 244.

As pointed out by several authof2,3,13,24,25]
K = 1/2 bands offer a convenient method to identify

and is a measure of the extent to which the sequencesreflection asymmetry by determining the value of the

of opposite parity are interleaved in spin and can be
regarded as a single rotational band of octupole char-

decoupling parameters they are expected to follow
the relationshig (K™ =1/2%) = —a(K* =1/27)in
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a rigid octupole rotor limit. The strong-coupling for-
mula,

hZ
+

S+ D+ a(=1)I*Y2(1 +1/2)]

~BlIU + D +a(-1)"2(1 +1/2]% (2)

can be used to extract decoupling parameterfom

a fit to the level energies o = 1/2 bands. The ex-
tracted decoupling parameters for tke= 1/2* and

K =1/2- sequences iR>°Pu area = —0.45(2) and

a = 0.31(1), respectively, in marked contrast to the
corresponding valuegs = —0.30(1) anda = 0.03(1)
obtained for?3’U.2 Thus, the decoupling parameters
are of the same (small) magnitude, but opposite sign in
239y, in line with expectations when strong octupole
correlations are present. fi’U, however, the Corio-
lis effects appear to be negligible in the negative-parity
band ¢ = 0), illustrating further the contrasting situa-
tion between the two isotones.

In the framework of the rotational model, the ratio
of the transition dipoleDg) and quadrupole moments
(Qo) can be extracted from the experimental/E2
branchings using the expressions

3
B(EL J; — Jp) = ZnDS(J,~K,~10|Jfo)2,

5
B(E2 J; — Jy) = e" 03(Ji Ki201J K 7)2.

For the two isotones under discussion, the present dat
allow an extraction of the E/E2 intensity ratios only

in a limited number of cases because of the presence
of doublets and other contaminant transitions in the
spectra. Nevertheless, the data are sufficient to com-
pute an average ratio of momems= (Dg/Qo); the
measured value® (?3%Pu) = 3.1(2) x 102 efm/eb

and R(2¥7U) = 2.0(2) x 103 efm/eb. Theser val-

ues in turn lead to an estimate of tli#% moments

2 |nertia parameterg; obtained from the best fit fok = 1/2%
bands in23%u (%+: 6.11(2) keV; 37 5.18(1) keV) are very
close to the corresponding values4#U (%+: 6.36(3) keV;%_:
5.15(3) keV). Note that if37U the fit included only the low spin

levels in order to avoid any potential difficulty arising from changes
in the level energies associated with alignments.

i
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by adoptingQo moments deduced from an interpo-
lation between the quadrupole moments derived from
the measuredB(E2, 0T — 2*) values[26] in the
even—even neighbor$824Py and?36.239, respec-
tively. Since theQo moments are similaf3%Pu has
a larger E1 strength which translates intd>a mo-
ment of 0.035(2) efm Qo = 11.4(2) eb) which is
40% larger than the corresponding quantity?¥U,
Do = 0.020(2) efm (Qo = 11.0(2) eb), but smaller
than the average momeny ~ 0.076(2) efm reported
in Ref.[7] for 23824y,

All of the observations above clearly point toward
octupole correlations of larger strength3#Pu than
in its isotone?3’U. In fact, the two odd nuclei appear
to follow closely the behavior of their respective even—
even neighbor$3®-24Py and36:234, It was proposed
in Ref. [7] that the strength of the correlations in the
two even Pu isotopes may be such that a transition
from an octupole vibration to a stable octupole defor-
mation occurs at the highest spins, in agreement with
the theoretical description by Jolos and von Brentano
[9,10]. It is worth noting that, in both odd nuclei un-
der consideration, the octupole excitations are based
on thesame neutron orbital and the marked difference
in behavior then must reflect changes in the respec-
tive cores. This in turn points to a significant role for
the additional two protons in Pu in polarizing the nu-
clear shape. However, these protons cannot be solely
responsible for the increase in strength; the neutron
number has a significant impact as octupole correla-
tions have been shown to be weaker in both the heavier
isotopes?4224py [7] and the lighter nucleud®%Pu
27].

As shown in Refs[11,28], strong octupole correla-
tions or stable octupole deformation impact the mag-
nitude of the alignment gaif. and its evolution with
rotational frequency. The relevant information is pro-
vided for the?3°Pu and?3’U bands irFig. 5a) and (b),
and for the?38U and?*°Pu yrast and octupole bands in
Fig. 5(c). In all cases a common reference, suitable for
all nuclei in the regioifi7,27], has been subtracted. The
difference between U and Pu isotones is striking here
as well. The Pu yrast bands show a small and gradual
alignment increase of2i over the entire frequency
range. The negative parity excitations experience the
initial (2—3)7 alignment increase characteristic of the
octupole phonon and no further rise at higher fre-
quency. In contrast, a strong alignment occurs in every
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8t (a) *°Pu S handn} @ these three Pu isotopes have a considerable impact on
B bandd) © their structure and that a transition from an octupole
o vibration to stable octupole deformation may occur at
4k St NN high spin. As pointed out in Ref7], several proton
and neutron particle—hole configurations obeying the
o p g ying
LR S conditionsAl = 3, A2 = 0 are close in energy to the
— 0 s Fermi surface{0.5 MeV) in the immediate odd—even
£ st @ anday neighbors of°%Pu. They might be expected to play a
7 W Bande o role in the ground state configuration and affect the
= $mnde, sensitivity to octupole correlations, although the most
Qé 4t Agiﬁdg}im advanced microscopic calculations, such as those of
= A Banan L2 Ref.[30] using a “beyond mean field” approach, have
é‘o thus far not revealed a polarization of the shape to-
< . wards octupole deformation of appreciable magnitude.
8- (©) o E;”t; Clearly, the issue requires further theoretical investiga-
mar
$o o= tion.
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