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The mean lifetimes of ten states i™Nd excited via the reactiod®Pd(*’S,20n) at E3, =135 MeV were
measured by means of the recoil-distance Doppler-shift method. The spectra obtained by setting a gate on the
shifted component of a transition directly feeding the level of interest were analyzed within the framework of
the differential decay-curve method. The intraband transition strengths are compared to calculations within the
particle plus rotor model which reveal differences in the quadrupole deformatiandy of the bands studied.
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[. INTRODUCTION eliminate the problem of the side feeding in the analysis.

The neutron-deficient®Nd has been the subject of nu- Thus, the first aim of the present work was to measure pre-
merous experimental investigations. Most of the works coneisely electromagnetic transition strengths within the ND
centrated on the highly deforméHID) band in this nucleus bands in**Nd. Our second aim was to perform new PTRM
which is associated with an excitation based onithg in-  calculations and to obtain, on the basis of the comparison
truder orbital descending from above thie=82 shell gap. with the data, in particular with the newly obtained transition
By means of Doppler-shift attenuation meth@SAM) and  strengths, information on the quadrupole deformatien ¢)
recoil-distance Doppler-shifRDDY) lifetime measurements of each of the bands studied. Preliminary results of the
(see, e.g., Refl1]), it was establishefi2—5] that this band present study were published in REE1].
is characterized by a quadrupole deformation of
B>,=0.35—-0.40 €,=0.33-0.38. The low-lying[normal de- Il EXPERIMENT
formed (ND)] states have also been extensively explored
[6,7]. The transitions feeding into them from the HD states The reaction Pd(?S,2on) at a beam energy ofE
were found in Refs[8,9]. These studies resulted in a rather =135 MeV was used to populate excited states'ifNd.
complex level scheme where the lowest quasineutron rotaFhe beam was provided by the XTU tandem of the Labora-
tional bands of positive parity are thé04]7/2,[400]1/2, and  tori Nazionali di Legnaro, Italy. The target and stopper foils
[402]5/2 ones. The lowest negative-parity bands are charasvere mounted in the Cologne plunger apparaftlig] in
terized by the Nilsson quantum numbef514]9/2 and which the change of the target-to-stopper distance is realized
[541]1/2. Below the band crossings, these structures are re&y moving the target. The constancy of the preset distance is
sonably described by calculatiof§,7] within the particle  controlled by a feedback system using a piezoelectric device.
plus triaxial rotor mode(PTRM) of Ref.[10]. More details about the plunger setup can be found in Ref.

Obviously, the observation of HD and ND states in the[12]. The target consisted of a 0.93 mg/&selfsupporting
same nucleus is a manifestation of shape coexistence. TH&%Pd foil and the mean velocityv) of the recoils when
question arises whether all ND states are characterized by theaving it was 1.82)% of the velocity of lightc. After the
same quadrupole deformation or on the contrary, their deforflight in vacuum, the recoils were stopped in a 12 mgfcm
mations differ. Hints for shape coexistence among the NDgold foil. The deexcitingy rays were registered with the
states were presented in R¢¥]. They are based on the GASP array[13] in its configuration Il (without the inner
different values of the deformation parametets and y  ball of BGO crystals This array consists of 40 large volume
which provide the best PTRM fit of the level energies andCompton suppressed germanium detectors. The detectors
y-ray branching ratios. The DSAM lifetime measurements ofwhich are positioned at approximately the same angle with
Ref. [4] revealed that at higher spins the baidl1]1/2 is  respect to the beam axis can be grouped in seven rings. For
characterized by a larger deformation,£0.28) than the the present coincidence RDDS experiment, the rings of in-
[404]7/2 ground-state bande{=0.24). To investigate the terest are those where appreciable Doppler-shifts can be ob-
problem further, at lower spins, we have performed a coinserved, i.e., ring Imean angle with respect to the beam axis
cidence RDDS experiment in order to determine lifetimes inof 34.6°), ring 2 (59.4°), ring 6 (120.6°), and ring 7
some of the low-lying ND bands. Within our approach, the(145.4°). Each of these rings consists of six detectors. Data
gates are set on transitions feeding the level of interest twere taken at 18 target-to-stopper distaneeganging from
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FIG. 1. Spectra measured at the indicated distances and obtained .
Distance x [pm]

by setting a gate on the shifted component of the 623.5 keV tran-
sition which feeds the 15/2level of the[514]9/2 band(see also

Fig. 3. The unshifted and flight peaks corresponding to the depopu-_ /G: 2. Lifetime determination of thé”=15/2" level of the
lating transition of 498.3 keV are clearly distinguished. [541]1/2 band(see also Fig. Busing data collected with the detec-

tors of ring 7. The numerator and denominator on the right-hand
) ) ~ side of Eqg.(1) are shown in the middle and bottom of the figure,
23 to 3000um. After corrections for energy shifts and gain respectively. Ther(x) curve calculated with them is shown on top.
matching of the detectors the data were sorted into 28&ne average value of the derived lifetimeis displayed with its
4kx 4k -y coincidence matrices. Each matrix accumulatesstatistical uncertainties. See also text.

coincident events where twg rays are registered by detec-

tors belonging to a particular two-ring combination at apresent here only the main points. Let us consider a two-step
given distance. A total of 1:710° unfolded doubles were cascade where the levielfeeds via the transitioB the level
collected. Normalization factors for the different distancesof interesta depopulated by the transitioh Both transitions
were determined by using events corresponding to pairs afan occur during the flight in vacuuff) or after coming to
strong coincident transitionsee also Ref.12]). Spectra for  rest (U). At every distance, the lifetime , of the levela
further analysis were obtained by setting a gate from abovesan be derived using the following expression:

on the shifted component of a transition feeding directly the
level of interest. An example of such spectra at three differ-

d
ent distances is shown in Fig. 1. Ta(x):{BFvAU}/ (v) gx1BF ,AF}), 1)

where the quantities in braces are coincidence events corre-
sponding to a gate set on the flighit) peak of the feeding
The data were analyzed according to the differentiattransition B. The numerator represents the area of the un-
decay-curve methodDDCM) developed in Refs[14,15. shifted (U) peak of the transitiorA in the gated spectrum.
Referring the reader for more details to these works welrhe denominator is the time-derivative of the area of fhe

IIl. DATA ANALYSIS
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peak of the transitiorA obtained from the same spectrum.
This derivative is determined by fitting piecewise with sec-

TABLE |. Lifetimes determined in the present work. In columns Ond order polynomials the aregBg,Ag} as a function of
1 and 2, the excitation energy and spin/parity of the investigatedne distancex and multiplying with the mean recoil velocity
levels are shown, respectively. The depopulatingay transition (V) thex derivative of the fitted curve. In the present analy-
used in the data processing is displayed in column 3. The deduce¥iS: at each distance the gates were set in four coincidence
lifetimes and their uncertainties in parentheses are presented in cdPatrices where the gating detector rings are varied and the

umn 4. See also text and Fig. 3. gated detector ring is kept fixed. The resulting spectra were
summed up to increase the statistics. The lifetime is derived
= |7 E, 7 (A7) by fitting a straigh_t line through_ the points (_)f théx) curve
[keV] [keV] [ps] _calculated according to E¢l) within the region of sensitiv-
ity where the numerator and denominator are reliable. Its
Band[541]1/2 final value is determined by averaging the results obtained
809 112 316.0 25.82.3 using all analyzed data setahose maximal number is)4
1117 13/2 358.1 11.71.1) We note that corrections of the data for relativistic, effi-
1281 15/ 472.4 3.1%34) ciency, and solid angle effects can be neglected in the
1599 17/ 4823 2.7652) present analysis. The deorientation effect was shidv@hto

not affect the results of the analysis of coincidence RDDS
measurements when it is performed in the framework of the

Band[514]9/2 DDCM. As an illustration, we show in Fig. 2 the determina-
838 15/ 498.3 6.183 tion of the lifetime of the 15/2 level of the[541]1/2 band
using gated spectra measured with the detectors positioned at
Band[404]7/2 145.4° (ring 7).
520 11/2 519.5 9.6858)
827 13/2 581.4 3.4634) IV. RESULTS
1151 15/2 631.0 1.5424)
1492 1712 665.0 0.9935) In total, ten lifetimes of excited states f¥Nd were de-
1799 19/7 648.6 1.0122) rived for the first time in the present work. They are dis-

played in framed boxes in Fig. 3 and presented in Table I.
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TABLE Il. Reduced electromagnetic transition probabilitgfsrL) derived in this work. They are shown
in units of e?b" for electric transitions and ofiZb-~* for magnetic ones as well as in Weisskopf units
(W.u.). The label of the investigated band is displayed in column 1. The level and depopulating transition
energies are shown in the next two columns followed by the spin/parity of the inifialgnd final ({)
levels. The multipolarity of the transitionsL as well as mixing ratio$ are displayed in column 6. The

vy-ray branching ratios and values are taken from Reff7].

Band Eew E, I\ 7 ol B(oL) B(oL) [W.u]
[keV] [keV]
Band[541]1/2 809 316.0 11/2 7/2° E2 0.982 555 24333
1117 3581 132 9/2° E2 0.955'0:553 237° %
M1 2.38(83)x10°2  1.33(46)X10 2
3085 13/2 11/2 §=0.35(5)
E2 4.39(1.89%x 10 2 10.94.7)
1281 4724 152 11/2 E2 1.090' §332 269" 33
1599 4823 17/2 13/2 E2 1.120 3453 27775
Band[514]9/2 838 498.3 152 11/2° E2 0.314° 3322 78%¢
190.6 15/2 13/2 M1 0.277°5:92¢ 0.15579513
Band[404]7/2 520 519.5 11/2 7/2* E2 0.163" 3955 41"3
2740 112  92* M1 6.89°043x10° 2  3.85 333x 102
827 5814 13/2 9/2° E2 0.318 3355 7979
307.4 13/2 11/2° M1 5.07"332x10°2  2.83"331x 1072
1151 631.0 152 11/2° E2 0.484" 3982 1202
323.6 15/2 13/2° M1 8.29°193x10°2  4.63 8% 1072
1492 665.0 17/2 13/2° E2 0.581733%8 1447
3415 17/2 15/2° M1 0.1083%5% 6.02"322x 102
1799 6486 19/2 15/2 E2 0.558 5159 13832
307.0 19/2 17/2 M1 0.368 0522 0.206' 9535

The relative uncertainties of the lifetimes are typically of the[6,7]. In these works, particle plus triaxial rotor model
order of 10% and increase to 30% at higher spins due to the®TRM) calculations were performed which allowed the as-
deteriorating statistics. The effect of the finite slowing downsociation of the different observed bands with the excitation
time of the recoils in the stoppécf. Ref.[17]) is of impor-  of the odd neutron in specific Nilsson orbitals. However, the
tance for lifetimes below 2 ps and contributes also to thdack of detailed data on electromagnetic transition strengths
larger quoted errors of the shortest lifetimes. The eliminatiorat low spin has limited the possibilities for comparison of
of the problem of the unknown feeding by gating from abovethese calculations with the experiment. In particular, the re-
ensures a high degree of reliability for the results. sults of Ref[6] leave undecided the question of whether the

The reduced transition probabiliti@ oL) deduced from shape of'*Nd is prolate or is characterized by deviations
the lifetime data are presented in Table Il. Thereby, knowrfrom axial symmetry. The conclusions of Réf], where
spectroscopic information on theray transitions depopulat- calculations of total Routhian surfacéERS) were also per-
ing the levels of interest was us¢ske caption to the table formed, indicate that some of the low lying bar{s41]1/2,
[402]5/2, [404]7/2) are prolate while others([514]9/2,
[400]1/2) are characterized by a value of the asymmetry
_ shape parameter= —22°. A value of the quadrupole defor-
1 As already mentioned, the study of the level scheme of,ation parametee,=0.23 was found to provide an optimal

Nd at low and moderate spins was completed in RefSreproduction of data but a somewhat higher deformagion
=0.26 was associated with tig41]1/2 intruder band origi-
nating from thehg,, subshell.

These findings are a good starting point for a further study
of 133Nd within the framework of the PTRM with the aim to

V. DISCUSSION

TABLE Ill. The energy E21+ of the even-even core and the
pairing gapA used in the PTRM calculation II.

Band [541J1/2 5141972 [404]7/2 describe also the presently measured intraband transition
Ea: [MeV] 0.140 0.240 0.150 strengths. For this purpose, we used the computer codes
GAMPN, ASYRMO, PROBAMO, and E1PROBAM presented in
A [MeV] 1.061 1.065 1.084 Refs. [18,19 under the same limitations on the single-

neutron orbitals involved as in Rgf7] (15 for both parities
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in the vicinity of the Fermi level First, the single-particle positive-parity band heads. The agreement for the negative-
orbitals corresponding to the modified harmonic oscillatorparity band heads is worse but probably could be remedied
(MHO) potential are found for fixed quadrupole deformationby alternating the spin-orbital splitting of tH® ;,, and hg,
(€,7). Then, they are coupled to a rigidsymmetric in gen-  subshells. The calculated band-structures in Fig. 3 are easily
era)) rotor to obtain wave functions characterized by a gooddentified with the corresponding experimental ones. How-
angular momentum. Thereby, the attenuatioaf the Cori-  ever, a more detailed comparison reveals that some features
olis interaction is treated as an adjustable parameter. Thgre not sufficiently well reproduced. These are for instance
moments of inertia are also adjusted by the varying the enme calculated level spacings which expand stronger than ob-
ergyE,: of the 2/ level of the even-even core while the pair served with increasing spin. The calculated absolute intra-
correlatlons are treated within the BCS approach. band transition strengths also deviate from the experimental
We performed two types of calculations. In the first vari- ones. They are too large within tHd04]7/2 and[514]9/2
ant(calculation ), the aim was a good overall description of bands and too small within thH&41]1/2 band. The relative
the level energies and transition strengths. The results, comyray branching ratios are in most of the cases reasonably
pared to the experimental data in Fig. 3, are obtained witlyescribedfor the calculation of thévi 1 transition strengths,
the optimal values 0k,=0.27, y=—18°, E;+ =170 keV,  the neutrorg; factor was reduced to 0.7 from its free value
and{=0.7. A value ofA=1.122 MeV was obtained by the It is interesting to mention that the PTRM calculation cor-
BCS calculation for the paring gap. Thereby, the standard setctly reproduces thé=1 transition strength from thé™
[20] of Nilsson parameters and u were used. A deviation =9/2 level of the[514]9/2 band to the ground stateee
from axial symmetry ¢+#0) was found to be essential for Fig. 3). To the experimental valu¢6,7] of B(E1,9/2"
the correct reproduction of the relative positions of the—7/2")=2.5x10"° e?b corresponds a calculated value of
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2.1x10°° e’b. However, the experimentaB(E1,3/2 slopping behavior of this intruder orbital. A smaller defor-
—3/2")=1.4x10"8 2D transition strength from th¢”  Mation (e,=0.24) characterizes th&14]9/2 band and the
=3/2" level of the[541]1/2 band is somewhat underesti- [404]7/2 band which is presented in Figbj. In the latter
mated by the calculation which vyields a value of case, calculation Il is for sure better with respect to the re-
6.5x10 10 2. production of theB(E2) transition strengths and the branch-

The results of calculation I, and especially the comparisod ratios. A VMI treatment of the moment of inertia at
of the obtainedB(E2) transition strengths with the experi- Prolate deformation¢=0°) could certainly improve the de-
mental ones, indicate that the low-lying bandsf#iNd are ~ Scfiption of the level spacings in tHd04]7/2 ground-state
characterized by different quadrupole deformations. This i®&nd. Finally, we note the excellent agreement between the
not surprising since the corresponding single-neutron orbitaldéformation parameters, derived in calculation Il for the
depend in a very specific way on the deformation and therd404]7/2 and[541]1/2 bands and those determined experi-
fore exercise different shape-driving force on the core. Tdnentally in Ref.[4] for the same bands at higher spin. In
shed more light on this problem, we have carried out a sed?ractice, the two sets of parameters coincidee Sec.)l
ond calculation(l), where the properties of each band with These results confirm that the effect of shape coexistence
measured intraband transition strengths were individually inP€rsists up to higher spin in the bands considered.
vestigated as a function of the quadrupole deformation.

While the attenuation of the Coriolis interaction was kept the VI. SUMMARY AND CONCLUSIONS

same as in calculation({=0.7), the parameteis,; andA The lifetimes of ten excited states iH3Nd were mea-

were also somewhat varied. Their optimal values are dissyred using the recoil-distance Doppler-shift method in co-
played in Table Ill. The final results are shown in the twojncidence mode which ensures the high reliability of the re-
parts of Fig. 4. In Fig. @), the descriptions of the negative- gy|ts. The data analysis was performed using the differential
parity bands obtained in calculations | and Il are compared tQecay-curve method. The deduced electromagnetic transition
the experimental data. Clearly, calculation Il reproduces betstrengthsB(o\) and other spectroscopic propertidsvel

ter the level energies and the absollB¢E2) transition energies and branching ratjosf the low-lying bands are
strengths although it is not superior with respect to thecompared to calculations within the particle plus triaxial ro-
branChing ratios. We note that in addition to the deViationtor model. This Comparison reveals differences in the quad_

from axial symmetry, some hexadecapole deformatien ( rupole deformationg and y of the investigated bands.
=0.03) was found to be essential for reproducing the level

staggering in thé541]1/2 band and especially the inversion
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