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Abstract. For a level scheme investigation of 1**Gd an experiment with the y-spectrometer EUROBALL III
has been carried out and lifetimes have been measured with the vy-spectrometer GASP using the Doppler-
shift attenuation method. The high-spin states have been populated in these experiments by means of the
L00Mo(*8Ti,4n) reaction at 215 MeV and the '**Cd(®¢S,6n) reaction at E = 182 MeV, respectively. The
known quadrupole band has been modified and a new one has been established. Reduced E2 transition
probabilities B(E2) were determined for seven members of these quadrupole bands. They show values
between =~ 60 and 130 W.u. and this considerable enhancement gives evidence for a significant nuclear
deformation. A (7Th11/2)2 ® (uh11/2)72 configuration may be assigned to one of the quadrupole bands
according to total Routhian surface calculations. The spin dependence of the B(FE2) values has been
explained by IBM calculations involving high-spin quasiparticle excitations.

PACS. 21.10.Re Collective levels —21.10.Tg Lifetimes — 21.60.Fw Models based on group theory — 27.60.4j

90 < A <149

1 Introduction

High-spin rotational bands, built on states of large qua-
drupole deformation, have been extensively studied in the
mass regions with A ~ 130 and A = 150. For the A ~ 130
region nuclear deformations of By =~ 0.35-0.40 (highly
deformed bands) and for the A &~ 150 region of (2 ~
0.50-0.60 (superdeformed bands) have been found [1]. One
of the major open problems is to explore the transition
between these two regions. Therefore, the band structures
of the nuclei 427 144Gd situated in the transition region
have been investigated. In 44Gd five strongly populated
superdeformed bands have been observed [2]. However, in
143Gd only one weak superdeformed band has been estab-
lished [3] indicating that the superdeformed bands move to
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higher excitation energies with decreasing neutron num-
ber, so that they are not populated anymore in the lighter
Gd nuclei. The fact that highly deformed bands are ab-
sent in the heavier Gd isotopes whereas they exist in the
light ones, is probably related to the development of triax-
ial shapes. In '*2Gd three low-lying quadrupole bands of
positive parities have been found [4], the ground band and
two bands based on 10" isomers of l/h1_12/2 and Th?, /o Con-

figurations [5], respectively. The latter one was observed
up to I = 34 and shows two band crossings at hw =~ 0.38
and 0.50 MeV caused by the hg/, and 43,5 neutron or-
bitals, respectively, according to total Routhian surface
(TRS) calculations [3]. Bands with similar features have
been observed in 4%144Gd. The alignment of the 13/,
neutrons is predicted to drive the nuclear shape associated
with the long stretched E2 cascades of 27 144Gd into a
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well-deformed, triaxial minimum (82 = 0.25, v = 26.5°).
For 139Gd a highly deformed shape (82 = 0.35) already
exists at low spins [6,7].

To understand the development of the shape of the
Gd nuclei also the low-spin states have to be considered.
For the low-spin states in the neutron-deficient Gd iso-
topes the deformation decreases with increasing neutron
number and a spherical shell structure develops when the
shell closure at N = 82 is approached. The shape tran-
sition is clearly visible when the level schemes of 42Gd
and '4Gd are compared. In *?Gd [4] a ground band is
observed which has a structure resembling that of a vi-
brator or a rotor with a modest deformation. In contrast,
144Gd [8] shows up to a spin I ~ 18, a structure which re-
quires an explanation in terms of shell-model excitations.
The transition from deformed to spherical-like structures
appears to occur rather suddenly between N = 78 and
80. In order to investigate the development of the nuclear
shape for the stretched E2 bands of 42 144Gd, lifetime
measurements are required. In the present work lifetimes
for *4Gd have been determined. New structure informa-
tion on the quadrupole bands in '*4Gd from an experiment
with the y-spectrometer EUROBALL III and lifetimes of
several of their levels, obtained from a DSAM experiment
at the y-spectrometer GASP, are presented in sect. 3. For
the interpretation of the results TRS calculations as well
as calculations in the framework of a model employing col-
lective quadrupole d-bosons of IBM and high-spin quasi-
particle excitations have been performed as discussed in
sect. 4.

2 Experimental methods

High-spin states in '#4Gd have been studied in the Mo
(48Ti,4n) reaction at 215 MeV with EUROBALL III at
the XTU tandem accelerator of the Laboratori Nazionali
di Legnaro, Italy and as a result a number of irregular
dipole as well as stretched quadrupole bands have been
extended in comparison with previous investigations [8].
The EUROBALL III array was equipped with 14 CLUS-
TER detectors, 25 CLOVER detectors and 24 individual
escape-suppressed Ge detectors (tapered detectors) [9].
The %Mo target consisted of two self-supporting metal
foils with a total thickness of 1.05 mg/cm?. Events were
recorded when > 6 unsuppressed Ge detectors fired in co-
incidence. Approximately 6.3 - 10° high-fold v-events have
been collected. The energy and efficiency calibrations of
the EUROBALL III array have been carried out with
56Co, ¥3Ba and '°2Eu sources.

A ~-v-v cube has been sorted for the construction of
the level scheme of 44Gd. The presort of the data and
the sorting into the cube have been carried out with the
software package “Ana” [10]. In the presort the energy
and time calibration has been carried out for all detectors
used in the experiment. In the cube sort the composite
detectors have been treated in the following way. Events
from a CLUSTER detector were accepted i) when one Ge
crystal fired, ii) when two neighbouring crystals fired or iii)

when two neighbouring crystals and one non-neighbouring
crystal fired. In cases ii) and iii) the energies of the neigh-
bouring detectors were added up (addback mode). In case
iii) the non-neighbouring detector was considered to have
detected a second v-ray from the target. Events from a
CLOVER detector were accepted i) when one Ge crys-
tal fired or ii) when two crystals fired in which case the
energies were summed. For the Doppler-shift correction,
carried out during the presort, the angles of the individ-
ual detectors with respect to the beam direction are used.
From this it results that the correction for addback events
is not exact since in case of a Compton-scattered y-ray for
both detectors involved in the event the angle of the detec-
tor in which the first hit occurs should be used. However,
the error introduced in this way is < 0.3 keV for 1 MeV
~v-rays and hence about an order of magnitude smaller
than the Doppler broadening.

For the interpretation of the complex band structure
of the nucleus *4Gd, which lies close to the semi doubly
magic nucleus '*6Gd, the investigation of electromagnetic-
transition probabilities is very important. In this work the
results of a lifetime study using the Doppler-shift atten-
uation method (DSAM) for the 20 to 287 states of the
quadrupole bands are presented. The 14Cd(3¢S,6n) reac-
tion at F = 182 MeV has been used to populate the states
of interest. The beam was provided by the XTU tandem
accelerator of the Laboratori Nazionali di Legnaro, Italy.
The target consisted of a 1.2 mg/cm? Cd foil (enrichment
99.19%) backed by a 1.2 mg/cm? Ta and a 55 mg/cm?
Bi layer. The average velocity of the produced compound
nuclei was v/c = 2.5%. The y-rays were detected using
the GASP array which consists of 40 bismuth-germanate
(BGO) suppressed Ge detectors and an 80-element BGO
ball. Coincidence events were accepted when the number
of responding Compton-suppressed Ge detectors was > 2
and the BGO fold > 8. A total of 1-10° y-ray coincidence
events have been collected. The Ge detectors of GASP are
placed symmetrically with respect to the beam direction
as follows: two each at 32° and 148°, four each at 36° and
144°, two each at 58° and 122°, four each at 60° and 120°,
four each at 72° and 108°, and eight at 90°. The energy
and efficiency calibrations of the GASP array have been
carried out with *6Co, 133Ba and ®2Eu sources.

These data have been used for the lifetime analysis
since under the experimental conditions the average an-
gular momentum of the entry states of the 6n channel
leading to 4Gd is ~ 35k according to Monte Carlo simu-
lation calculations and the calculated effective side-feeding
times for high spins do not exceed ~ 0.3 ps [11]. The data
have been used before for a DSAM study of lifetimes in
the superdeformed bands of *°Gd populated in the 5n
channel [12].

Several -y matrices have been sorted for the lifetime
analysis of transitions in '*4Gd. The presort of the data
and the sorting into the matrices have been carried out
with the software package “Ana” [10]. In the presort the
energy and time calibration has been carried out for all
detectors used in the experiment. The low-lying states in
145Gd have lifetimes larger than a few ps and thus the
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Fig. 1. Partial level scheme of '**Gd based on the 10" isomer
at 3434 keV. Uncertain spin-parity assignments are given in
brackets. The widths of the arrows are proportional to the
intensities of the transitions.

corresponding ~ transitions showed no Doppler shift and
were used for a reliable energy calibration. Seven matrices
have been produced by sorting energies from any detector
into one axis and the energies from detectors placed under
a certain angle into the second axis of the respective ma-
trix. Here, the detectors placed at angles differing by ~ 2°
(58°, 60° and 120°, 122°) or 4° (32°, 36° and 144°, 148°)
have been sorted into one matrix each. Furthermore, one
matrix has been produced where the energies from any de-
tector have been sorted into both axes, to provide gated
spectra of good statistics representing the sum over all
angles. In order to enhance '#*Gd in the matrices, events
with a fold F' = 8-19 have been selected utilizing the ~v-ray
multiplicity information from the inner BGO ball.
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Fig. 2. Doubly gated concidence spectra for bands 4 and 5 in
144Gd. The gates are indicated.

3 Experimental results
3.1 Level scheme of **Gd

A partial level scheme above the 107 isomer at 3434 keV
displaying the quadrupole bands in '#4Gd resulting from
the analysis of the EUROBALL III data is shown in fig. 1.
Spectra of the two quadrupole bands are shown in fig. 2.
Table 1 contains spectroscopic information on the ~y-ray
transitions assigned to the quadrupole bands in *4Gd.
A new band has been established, called band 5, which
de-excites into the known quadrupole band 4 [8]. Some of
the transitions in band 5 and those connecting it to band 4
have been previously observed but have been placed differ-
ently [8]. The order of the 579.0 and 737.0 keV transitions
is based on intensity arguments. The transitions above the
237 level are ordered according to their intensities. The
spin assignments are based on the previously measured
DCO ratios [8] for the 561.3 keV (Rpco = 0.7040.14) and
792.7 keV (Rpco = 1.18 +£0.20) transitions. In the exper-
imental geometry, stretched quadrupole transitions have
DCO ratios of 1 and stretched dipole transitions of 0.68.
Therefore, the 561.3 keV 7-ray is considered as Al = 1
transition and the band as stretched F2 cascade. A spin of
21 was proposed for the level de-excited by the 561.3 keV
transition since no transition to the 18 level was observed
which would be energetically favoured if the spin was 19.
A positive parity was assigned to band 5 considering the
measured lifetime of the I = 23 level (cf. table 2). Assum-
ing E'1 and M1 characters, respectively, for the 465.7 keV
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Table 1. Energies, v-ray intensities, DCO ratios and spin assignments of transitions in '**Gd above the 10 isomer.

E, (keV) Assignment ,® r,® Rpco'® Multipol. | Band
465.7+0.3 23T — 22% 25404 | 22404 5
524.8 + 0.3 187 — 16T 55+1.0 1.25 4+ 0.37 E2
561.3 + 0.2 21T — 20t 98+1.1 | 97+1.1 | 0.70+0.14 5
579.0 £ 0.2 197 — 18* 88410 | 9.7+1.1 | 1.05+0.21 E2 5
646.1 £ 0.2 187 — 16T 272 +2.7 1.16 +0.18 E2
679.3 £0.2 18t — 16T 12.6+1.3 1.07 £ 0.19 E2
737.0+£0.3 21t — 19% 61+15 | 7.0+1.7 5
754.34+ 0.1 207 — 18% 44.0+3.1 | 44.04+3.1 | 1.07T£0.16 E2 4
792.74+ 0.3 23t — 21t 164+1.9 | 18.0+2.1 (E2) 5
836.5+ 0.3 267 — 24% 105+1.4 | 12.3+1.6 | 0.9440.18 E2 4
870.6 + 0.2 (257) — 247 29+04 | 26+04 Side
888.4 + 0.1 22t — 20t 25.84+2.0 | 27.3+2.1 | 1.04+0.16 E2 4
928.5+0.2 | (28%) — 26" | 7.54+0.7 | 6.24+0.6 (E2) 4
932.94+05 | (277) — (257) | 1.440.3 Side
944.04+0.3 | (297) — (277) | 3.54+05 (E2) 5
955.74+0.3 | (317) — (297) | 2.6+0.5 (E2) 5
964.7 + 0.2 24T — 22% 19.242.9 | 18.9+2.9 | 0.93+0.13 E2 4
966.0 + 0.3 (25%) — 23" | 11.441.1 | 11.9+1.2 (E2) 5
1017.4 £ 0.1 12T — 10" 100 £ 9 E2
1020.740.3 | (271) — (25T) | 79417 | 7.5+£1.6 (E2) 5
1035.4 + 0.2 147 — 12F 27.0+ 2.7 0.91+0.15 E2
1046.7+ 0.5 | (347) — (32%) | 1.7+0.3 (E2) 4
1056.8 +0.3 167 — 14T 6.5+0.8 0.86 +0.23 E2
1089.8 + 0.2 167 — 14F 18.6+1.9 0.984+0.17 E2
1096.6 £ 0.3 | (327) — (30T) | 2.44+0.4 (E2) 4
1119.3+£0.2 | (307) — (28%) | 49407 | 3.1+04 (E2) 4
1149.6 £0.5 | (297) — (271) | 09404 Side
1161.5 + 0.2 147 — 12F 26.3+ 2.6 1.07 +£0.18 E2
1182.8 +0.3 16T — 14T 6.84+0.8 1.124+0.35 E2
1215.9 + 0.2 167 — 14T 13.4+1.3 1.09 +0.24 E2
1336.9+ 0.4 167 — 147 3.3+0.7 E2

(a) Intensities obtained for the '°Mo(*¥Ti,4n) reaction at 215 MeV.

(

b

(C) Adopted from ref. [8].

Table 2. Lifetimes and B(F2,I — I — 2) values in the quadrupole bands 4 and 5 of '**Gd. The uncertainties result from
statistical contributions and from uncertainties related to the cascade- and side-feeding pattern.

) Intensities obtained for the *#Cd(?%S,6n) reaction at 182 MeV.

| Band | Im | 7 (ps) | B(E2) (W.u.) | Applied analysis procedures®
4 20" | 0.56 +£0.11 132132 ng754 b; g1017 b, f
4 | 22% | 0.48+0.09 68119 ng888 b, f; g1017 b, f, sum
4 247 | 0.3440.07 64117 ng965 sum; g754 b, f, sum, f-b
4 | 26% | 0.4240.09 105129 gl017 + 754 f-b; g754 b, sum
4 28% | 0.4740.13 56122 g1017 4 754 + 888 sum; g754 b
5 | 23t | 0.68+0.11 76113 gl017 b, f
5 25" | 0.37+0.11 58128 g793 b, f; g754 f-b

(a) The used abbreviations are explained in the text.
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transition, de-exciting band 5 into band 4, reduced tran-
sition probabilities of B(E1) = 5.377% . 107* W.u. and
B(M1) = 0.051507 W.u. are obtained. Although E1 tran-
sitions are often hindered, it is unlikely that the 465.7 keV
transition has an FE1 character because the hindrance
would be quite large. However, the B(M1) value is typi-
cal for transitions between signature partners. Therefore,
a M1 character was assigned to it.

Furthermore, a weak structure de-exciting into the 24
level of band 4 has been observed.

The differences between the new level scheme and that
previously published [8] result mainly from the fact that
the =~ 965 keV transition was found by the evaluation of
~v-v-7y coincidences to be a doublet consisting of the 964.7
and 966.0 keV lines. These transitions are not in coin-
cidence with each other and hence have been placed in
parallel into the new level scheme. The 966.0 keV tran-
sition is a member of the newly established quadrupole
band 5. In band 4 the order of the 964.7 and 888.4 keV
transitions has been exchanged with respect to the pre-
vious level scheme on the basis of intensity and lifetime
arguments.

3.2 Lifetimes of quadrupole band levels in 1**Gd
3.2.1 Analysis of DSAM lineshapes

The analysis of experimental DSAM lineshapes was car-
ried out using updated versions of the Monte Carlo codes
COMPA, GAMMA and SHAPE [13,14]. The main fea-
tures of the used approach are the following:

— The kinematical spread of the recoils produced in the
reaction is calculated on the basis of a statistical model
taking into account step by step the evaporation of light
particles from the compound nucleus.

— The slowing-down and multiple scattering of the re-
coils in the backed target can be calculated for several
stopping layers using the special Monte Carlo approach
discussed in appendiz D.

— Any number of y-ray detectors as well as their solid
angles and geometrical arrangements can be defined.

— Side-feeding cascades from each entry state to each
level of interest can be considered in the Monte Carlo
simulation calculations (cf. appendiz A). The number
of levels and branches taken into account in the cascade
feeding is not limited.

— Any condition of y-vy coincidence gating (“up”, “be-
low”, “narrow gate on transition below —NGTB”,
etc.) can be taken into account by the use of Monte
Carlo techniques (cf. appendiz B).

— Qwerlapping Doppler-broadened lines (up to seven in a
multiplet in the present case) can be treated using the
lifetimes as lineshape parameters.

One of the features of this approach is its versatility,
which has been achieved by the division of calculation
and fitting procedures in three independent blocks. For
compound nuclear reactions induced by charged particles,

the distribution of the initial recoil velocities Vy and their
direction angles 6y with respect to the beam direction
are calculated by the Monte Carlo code COMPA. The
calculation starts with the simulation of the slowing-down
of the projectiles of given bombarding energy in the target
taking into account the dependence of the cross-section
on the projectile energy. As a result, the velocity and
position of the compound nucleus within the target are
found for each event. Subsequently, the light-particle
emission is simulated, taking into account the fission
barrier and competition with statistical v transitions. The
output file of the code COMPA contains an array with
the parameters of typically 100000 recoiling final nuclei
before their slowing-down and v-ray emission providing
the high statistical accuracy of the calculations. The
recoil parameters are the following: Vj and 6y of each
recoil, the geometrical position within the target as well
as the excitation energy and angular momentum of the
recoiling nucleus (entry state point).

In the second step of the calculation, the code
GAMMA simulates for each event the slowing-down and
multiple scattering of the recoils when they move through
the target and stopper materials, the emission of v cas-
cades from the entry state point and the ~-ray absorp-
tion in the detectors by means of Monte Carlo methods
utilizing the output of the code COMPA. The registra-
tion of y-quanta is simulated simultaneously for all de-
tectors (taking into account their sizes and geometries),
positioned at different angles 6; relative to the beam di-
rection for twenty values of the lifetime 7; of the nuclear
levels (typically the lifetimes range from 0.01 to 10 ps in
a logarithmic scale). In the present experiment using the
~-spectrometer GASP seven detector rings at the angles 6,
to 07 are considered. The result of the simulation for each
recoil history is a definite value of the relative Doppler
shift y = AE,/E.,, which is stored in a spectrum of forty
channels ranging from y = —Ugmax/¢ t0 ¥ = +Vomax/C
for each pair of §; and 7; values. In the calculations of
these Doppler lineshapes not only side-feeding cascades
from each entry state but also the cascade feeding along
the known levels is taken into account. The software al-
lows to take into account gates of any width placed on
any transition of interest (cf. appendix B), as well as any
coincidence condition for any y-detector geometry, includ-
ing a summation of all rings. In the most simple case of
a gate on a transition below, e.g., it is sufficient to accept
the recoil histories of the events if the relative Doppler
shifts of the recoils lie in a given interval which corre-
sponds to the energy range of the gate. The results of the
code GAMMA are stored in an output file containing 20
forty-channel spectra I(y, ;) for each detector ring at 6;.
This array allows for a lineshape analysis for any ~-ray
energy as well as for any instrumental lineshape.

The code SHAPE is intended for the fit of DSAM line-
shapes resulting from the experiment. The spectra I(y, ;)
for each detector ring at 6;, generated by the code GAM-
MA, are transformed into a set of 20 theoretical line-
shapes I(E,, ;) for each value of 6;. These lineshapes
are calculated for the -ray energy F. of interest taking
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into account the response function of the detector sys-
tem (instrumental lineshape). In this way the theoretical
Doppler lineshape for any value of 7 can easily and very
fast be determined by a simple interpolation procedure
using the previously calculated spectra I(E.,, 7;). The life-
time value of the investigated level is found by a x? fit
of the experimental y-ray lineshapes using the theoreti-
cal lineshapes. In case of a single peak, the code SHAPE
performs a least-square fit with the lifetime, peak position
and peak area as variable parameters. For two and more
overlapping peaks, a simultaneous analysis is possible us-
ing lifetimes, positions and relative areas as parameters.
Up to seven overlapping peaks can be fitted simultane-
ously which may have DSAM or instrumental lineshapes.
For each -ray a separate set of input Doppler lineshapes
has to be calculated with the code GAMMA. If a contam-
ination line results from another reaction channel also the
appropriate recoil kinematics and entry state population
distribution has to be calculated with the code COMPA.

3.2.2 Results of lifetime analysis

The spectra for the lineshape analysis deduced from the
~-v matrices for various detector angles are less clean than
the y-v-v coincidence spectra used for the level scheme
analysis. Furthermore, the statistics from the GASP ex-
periment is much smaller than that of the EUROBALL ex-
periment. Hence, the lineshape analysis using the “gating
above” technique [15,16], which would allow for a DSAM
analysis free of the side-feeding problem, could not be ap-
plied for the high-spin states. Under these conditions the
following procedures have been used:

1. Models to calculate time distributions of the side
feeding with Monte Carlo methods have been devel-
oped and the relevant parameters were determined
by the investigation of ~-ray multiplicity spectra
for 1427146Gd and the lineshape of the 836.5 keV
267 — 247 transition of band 4 in 4Gd [11] (cf.
appendix A).

2. Special methods for the lineshape treatment have been
developed and used. In particular for the transitions
de-exciting the 281, 267 and 24T levels of band 4, spec-
tra resulting from the summation over all 40 Ge detec-
tors of the GASP spectrometer (“sum” spectra) have
been used for the lineshape analysis. Because all detec-
tors were summed, the resulting DSAM lineshapes are
symmetric. For the 26* [11] and 24" levels difference
spectra obtained by subtracting spectra of the back-
ward detector ring from those of the corresponding
forward detector ring (“f-b” spectra) have been ana-
lyzed. In this case the unshifted components of the line
of interest as well as all unshifted background lines are
removed and the resulting lineshape corresponds to
an anti-symmetric reflection at a vertical line located
at the unshifted y-ray energy of the transition.

3. For the 24", 22% and 20" levels the “narrow gate on
transition below” (NGTB) procedure [17] has been
used in a generalized variant, which allows to place a

gate of any position and width [18] (cf. appendix B).
This method allows under particular conditions (espe-
cially if the effective lifetimes are small in comparison
to the stopping times of the recoils) practically to
bypass the side- and cascade-feeding problem and
can, in spite of a fairly small sensitivity, be used to
complement the “wide gate below” technique.

Lifetime values for each investigated level were ob-
tained by carrying out two to five different lineshape
analysis procedures. The “gate below” (g),“NGTB” (ng),
“-b” and “sum” methods have been applied. For the
first three methods spectra have been produced for the
backward (b) ring using the 144° and 148° detectors and
the forward (f) ring using the 32° and 36° detectors.
The instrumental lineshapes for these spectra were found
to be the same in the present DSAM experiment using
the GASP array. The results of the lifetime analysis
are presented in table 2 and the applied methods and
transitions used for gating are listed. The quoted uncer-
tainties result from statistical contributions (given in the
subsequent subsections) and from uncertainties related
to the cascade- and side-feeding pattern. The statistical
uncertainties are obtained by a x? analysis [19] taking into
account the variable parameters of all peaks in the fitted
multiplet. Systematic errors arising from the uncertainties
of the stopping power for the recoils (= 10%, ref. [12])
are not included, since they influence all 7 and B(E2)
values in the same way and the physical interpretation
is only little affected. Intensities, important for taking
into account cascade feeding, have been evaluated from
the fit of the lineshapes together with the lifetimes in
the “sum” spectra. Therefore, no corrections for angular
correlation effects are required. The used intensities are
included in table 1 as resulting from the *'*Cd(3¢S,6n)
reaction at 182 MeV. The intensities obtained from
the thin-target experiment using the 19°Mo(*®Ti,4n)
reaction at 215 MeV could not be used since the entry
state population distributions are different for the two
reactions, although the relative intensities obtained in the
two experiments in general do not contradict each other.
The parameters to simulate the side-feeding pattern,
universal for all levels of interest, have been determined in
ref. [11]. The corresponding time dependence of the side
feeding was calculated for each level (cf. appendix A).

Detailed information on the lineshape analysis is given
in the following subsections. Since the lineshape analy-
sis was started at the top of the level scheme and step
by step the lifetimes of the lower-lying levels were deter-
mined the presentation of the analysis is ordered corre-
spondingly. For all subsequent figures displaying lineshape
analysis results the sum of all fitted peaks as well as the
fit for the line of interest are drawn as full curves. For
a second line of interest in a multiplet the fit is drawn
as dashed line and for contamination peaks the fits are
drawn as dotted lines. Spectra resulting from matrices
for individual-detector rings have an energy calibration
of 1 keV per channel, whereas for sum spectra, resulting
from the matrix containing events from all detectors, the
energy calibration is 0.7 keV per channel.
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Fig. 3. (a), (b): results of the DSAM lineshape analysis for the
966.0 keV 257 — 237 transition. The energies of the contami-
nation lines (dotted lines) have been found independently and
were fixed in the fitting procedure. (c): x? plots; the dashed
line corresponds to a two-dimensional fitting of the “f-b” g754
spectrum, in which 7 of the 24" level was varied (cf. fig. 4).

3.2.3 Lifetime analysis for the I™ = 23%,25% and 26T, 28"
levels

The lifetime evaluation for the 28+ and 257 levels in bands
4 and 5, respectively, suffers from problems related to the
uncertainties in the cascade-feeding intensities. The feed-
ing intensities from the respective preceding levels can
only be evaluated very roughly due to the small statis-
tics and the large Doppler broadening of the correspond-

ing v lines. The used intensities result from calculated
side-feeding intensities (cf. ref. [11]). It has furthermore
been assumed that the lifetimes of the 27 and 307 levels
are =~ 0.2 ps considering the observed dependence of the
B(E?2) values on the spin.

Results of the DSAM lineshape analysis for the
966.0 keV 25T — 23T transition are presented in
figs. 3a, b. The gate has been placed on the 792.7 keV tran-
sition de-exciting the 237 level to exclude the contribution
of the more intense 964.7 keV 24* — 227 transition which
shows a large Doppler effect (see below). Several contam-
ination peaks with instrumental lineshapes obscure the
lineshape of the 966.0 keV transition in forward and espe-
cially backward directions. The energy of this « line has
been determined in the thin-target experiment (cf. table 1)
and has been fixed in the fitting procedure together with
the energies of the contamination lines. The independent
evaluation of the lifetime of the 257 state from gates, posi-
tioned below the 217 level is practically impossible except
for the special case of the “f-b” method. In the correspond-
ing normalized difference spectrum, shown in fig. 4c, gated
on the 754.3 keV line, only the 964.7 and 966.0 keV com-
ponents are present. Moreover, since the Doppler effect is
for the 966.0 keV line larger than that of the 964.7 keV line
(mainly due to the difference in the cascade feeding) and
since the unshifted components are removed in the “f-b”
spectrum, the contributions of the lineshapes of the 964.7
and 966.0 keV transitions turn out to be comparable (cf.
fig. 4c) and a lifetime determination is possible for both.
In the x? diagram of fig. 3c the dashed line corresponds
to the two-dimensional fit of the “f-b” g754 spectrum, for
which 7 of the 24™ level was varied. The statistical error
for the lifetime of the 257 level, obtained by considering
all x? curves is £0.06 ps.

A similar situation as described above exists for the
28+, 261 and 231 levels. The statistical error of the life-
time of the 287 level is only £0.07 ps as compared to the
value of £0.13 ps given in table 2. In case of the 836.5 keV
transition de-exciting the 26 state a two-dimensional fit
of the “f-b” spectrum gated on the 1017.4 and 754.3 keV
lines, using the lifetime and the side-feeding intensity as
fitting parameters, gave 7 = 0.42 + 0.09 ps. (cf. ref. [11]).
The result of the analysis of the “sum” spectrum gated
on the 754.3 keV line (cf. fig. 5a) is 7 = 0.41 + 0.09 ps
and that for the “b” spectrum gated on the 754.3 keV
line is 7 = 0.43 & 0.11 ps, the weighted average being
7 =0.42 £ 0.06 ps. In case of the 237 level the statistical
error is £0.06 ps.

3.2.4 Lifetime analysis for the I™ = 207,22% and 24" levels

In fig. 4 the DSAM lineshape analysis of the 964.7 keV
24T — 227 transition using the “wide gate below” tech-
nique is presented. All spectra were produced by gating
on the 754.3 keV line. In portions (a) “forward” and (b)
“backward” spectra are shown. The energy, lifetime and
relative intensity of the 966.0 keV line (dashed line) as well
as the energies of the contamination lines (dotted lines)
have been determined independently and were fixed in
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Fig. 5. DSAM lineshape analysis of the 836.5 keV 267 —
247" transition. (a): lineshape observed by setting a “wide gate
below” on the 754.3 keV line. The solid lines correspond to
a value of 74+ = 0.41 ps. Positions of contamination lines
(dotted lines) have been fixed in the fit. (b): the same as (a),
but observed in a narrow gate below on the 964.7 keV line,
corresponding to a lifetime 7o4+ = 0.35 ps. (c): x? plots; the
dashed line corresponds to the NGTB fitting, whereas dotted
lines are related to g754 spectra.

the fitting procedure. In portion (¢) the normalized “f-b”
spectrum is presented. The full “f-b” curve through the
data points represents a two-dimensional fit, for which 7
was varied for the 247 and 257 levels. An intensity ratio
1(966.0 keV)/1(964.7 keV) = 0.36 has been calculated
for the spectrum obtained by gating on the 754.3 keV
transition taking into account the branching ratios of the
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transitions de-exciting the 217 and 23% states and it was
fixed in the fitting procedure. In portion (d) the analysis
of the “sum” spectrum is presented.

For the 20T, 22% and 247 levels a NGTB proce-
dure [18] has been used in addition to the usual “gating
from below” technique. In fig. 5 the application of the
NGTB technique is illustrated for the 24™ level based on
the lineshape analysis of the 836.5 keV 26T — 24T transi-
tion. In portion (a) a “sum” spectrum obtained by setting
a wide gate on the 754.3 keV transition located in the level
scheme below the 836.5 keV transition is shown. The solid
lines represent a fit for a lifetime value 7(267) = 0.41 ps
taking into account cascade and side feedings. The ener-
gies of the contamination lines (dotted lines) have been
fixed during the fit. In portion (b) a “sum” spectrum is
presented which was obtained by setting a narrow gate on
the lower transition of 964.7 keV with a width of £2.5 keV
as compared to the maximum Doppler shift of £25 keV
(for details see appendix C). The full line represents a
fit for a lifetime 7(247) = 0.35 ps. The reduction of the
Doppler effect is connected with the influence of the life-
time of the 24 level. In the x? plots shown in portion (c)
the dashed line corresponds to the NGTB fitting, whereas
the dotted lines represent other analysis methods applied
to spectra gated on the 754.3 keV line (cf. table 2). The
full x2 curve represents the mean value of all methods used
for the lifetime determination of the 247 level (cf. fig. 4).

In fig. 6 the DSAM lineshape analysis for the 888.4 keV
227 — 207 transition is presented. In portions (a), (b)
“f” and “b” spectra, gated on the 1017.4 keV line are
shown. In portions (c), (d) the lineshapes of the 964.7 keV
24T — 22% transition observed in narrow “f” and “b”
gates on the 888.4 keV line are presented. A small contri-
bution from the 966.0 keV 257 — 23T transition, arising
from the weak 465.7 keV branch de-exciting the 237 level,
has been subtracted. These spectra can be compared with
spectra obtained by setting wide gates on the 754.3 keV
line (cf. figs. 4a, b) and the reduction of the Doppler ef-
fect is obvious. The x? analysis of the lineshape fits gives
a lifetime 7(22%) = 0.48 + 0.06 ps.

In fig. 7 the DSAM lineshape analysis of the 754.3 keV
20" — 18* transition is shown. In the portions (a), (b)
“f” and “b” spectra, gated on the 1017.4 keV line, are
displayed. In portion (c) the lineshape of the 888.4 keV
22F — 207 transition, obtained by setting a narrow gate
on the 754.3 keV line, is presented. The lineshape repre-
sents a reduction of the Doppler effect in comparison to
that of the same transition, as obtained by gating on the
1017.4 keV line (cf. fig. 6b). In the x? plots (fig. 7d) the
dashed line corresponds to the NGTB fitting and the dot-
ted lines represent the lineshape analysis using the spectra
gated on the 1017.4 keV transition.

In all considered cases the results of the NGTB proce-
dure are in excellent agreement with those obtained using
the “wide gate below” technique. This fact indicates that
the cascade and especially the side feedings have correctly
been taken into account.
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Fig. 8. Aligned angular momenta of the quadrupole bands 4
and 5 in *4Gd (lower portion) and those of the quadrupole
bands in *243Gd (upper portion) ws. rotational frequency.
In the calculation K = 8, 17/2 and 8 has been assumed for
142,143,144 respectively.

4 Discussion

In fig. 8 the aligned angular momenta of the quadrupole
bands 4 and 5 in **Gd (lower portion) and those of the
quadrupole bands in '#2:143Gd [3,4] (upper portion) are
shown. These bands are considered to start at states with
I™ = 10%, 25/2% and 18%, respectively, for 142:143:144Gq.
In 42Gd two coexisting 10" isomers [5], have been found
having (7hi1/2)? and (vhq1/2)~2 configurations, respec-
tively, with collective structures built on them. The se-
quence based on the (7Th,11/2)%0+ isomer has been ex-
tended to I = 34 [4] and its total aligned angular mo-
mentum has been included in fig. 8. The quadrupole band
of 143Gd has been established up to I = 73/2 and is
considered to have a (why; 2)?v[400]1/2 configuration [3].
Band 4 in *Gd develops above the I™ = 18 state. A
(wh11/2)2 ® (l/hll/g)_2 configuration may be assigned to
band 4 (see below). To calculate the aligned angular mo-
menta and rotational frequencies for the quadrupole bands
in 12143.144Gq K values K = 8, 17/2 and 8 have been
used, respectively. The K value of band 4 in '#4Gd will
be discussed below. Band 4 in '*4Gd and the quadrupole
bands in '42143Gd show a similar behaviour with two
band crossings each at rotational frequencies iw ~ 0.37



R.M.

T T T T T
150 ® Band4
i O Band5
+ "Eu
S 100+ g
I % ,,,,, T ]
. ; ﬂ. ]
m 504 4
4 x 4
0 T T T T T
18 20 22 26 28 30

24
I (h)
Fig. 9. Experimental B(E2) values of bands 4, 5 in ***Gd and
the strechted E2 band in *3Eu vs. angular momentum. The

dashed line represents calculated B(E2) values for band 4 (cf.
sect. 4.1).

and ~ 0.49 MeV, respectively. The corresponding align-
ment gains are ~ 5.0 and ~ 5.4h. A quadrupole band
with a similar alignment behaviour has also been observed
in 1*3Eu [20]. The band crossings may result from the
breakup of hg/, and i3/ neutron pairs, respectively [3].
Since the strongly downsloping i3/, neutrons polarize the
shape towards larger deformation, it is not easy to con-
clude whether first the alignment of the i;3/, neutrons
and subsequently that of the hg,/; neutrons occur or vice
versa. However, it is expected from the calculations pre-
sented in ref. [3], that for the long stretched E2 cascades
in 1427144Gd the nuclear shape will move into a well-
deformed, triaxial minimum (82 = 0.25, v = 26.5°) at
high spins. To prove this interpretation, lifetime informa-
tion is required for the stretched E2 bands in 42 144Gd.

In fig. 9 the B(E2) values for the bands 4 and 5 in
144Gd are plotted as a function of the angular momen-
tum. For comparison also B(FE2) values for the stretched
E2 band of 1*3Eu [20] are shown in fig. 9. It can be seen
that they have the same magnitude as those of '*Gd.
The B(E2) values for the bands in 4Gd vary between
~ 60 and 130 W.u. and show hence already for the low-
spin members of these bands a considerable enhancement
giving evidence for a significant nuclear deformation. The
weighted-average B(E2) value for band 4 in 4Gd is
73 W.u. corresponding to B(E2) = 0.33 e*b.

Total Routhian surface (TRS) calculations have been
carried out to assign a configuration to band 4 in 44Gd.
As result, experimental and calculated excitation ener-
gies and total aligned angular momenta are compared for
band 4 of 144Gd in fig. 10 for the three lowest-lying config-
urations. The excitation energy is lowest for the curve with
0 =0.20 and v = 17°. The total aligned angular momen-
tum is best reproduced by the curve for this configuration
although it goes smoothly through the band crossings. The
calculated total aligned angular momentum has to be un-
derstood as an average value, since many close lying band
crossings exist which cannot be described by the crank-
ing approximation. For the calculation of B(E2) values of
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triaxial nuclei the following formula has been used [21]:
5
B(E2;1 —T1+2) = FQ%Q K 20/ -2 K)? &*b?,
T

where
Q2 = 0.0133 ZA%/33 cos(y + 30) eb

for 19 = 1.2 fm. The lowest-lying configuration has a
B(E2) value B(E2) = 0.38 ¢*b? in very good agreement
with the average experimental value for band 4. The cal-
culated angular-momentum contributions are I, = 14 and
I, = 8 for I = 22 indicating that a (7rh11/2)2 ® (th/g)_2
configuration may be assigned to band 4. Since for an al-
most prolate shape the (7why; /2)2 configuration has a van-
ishing K value, K = 8 may be assigned to band 4. The
above configuration assignment is different from our pre-
vious ﬂh?l/Ql/hﬁl/zyhg/g assignment with 8y = 0.22 and
v = —23° [8], however, this configuration has a B(FE2)
value B(E2) = 0.97 e*b? which is too large in comparison
to the experimental result. The third low-lying configu-
ration with 8 = 0.22 and v = —97° has a B(F2) value
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B(E2) = 0.15 e*b? considerably smaller than the experi-
mental value.

Band 5 may be considered as the unfavoured sequence
of band 4 since the aligned angular momenta and lifetimes
of both bands are similar (cf. figs. 8 and 9).

4.1 Band 4 in **Gd and successive band crossings

The enhancement of the B(FE2) values in bands 4 and 5
points to the existence of a quadrupole collectivity in the
states forming these bands. The experimental energies and
FE2 transition probabilities do not allow for an unambigu-
ous conclusion as to whether the nucleus in these states
is well deformed or soft with respect to deformations. On
the one hand, the moments of inertia as calculated from
energy differences according to the I(I + 1)/2J law (I,
J are the angular momentum and the moment of inertia,
respectively) can be considered as an indirect argument
for a deformation. The values of J are of the order of
50 MeV~! comparable to the rigid-body moment of iner-
tia for A = 144: J,, =~ 56 MeV !, being reasonable as at
high angular momenta the pairing correlations disappear.
On the other hand, the energy levels of these bands are
almost equidistant and the B(E2) values (60-130 W.u.)
do not reach the values generic for well-deformed nuclei
(~ 200 W.u.), i.e. these data serve as an argument against
a strong deformation in these states.

Here an interpretation of the structure of these ex-
citations is proposed assuming that they are generated
by an interplay of excitations with definite angular mo-
menta, and as such excitations the collective quadrupole
d-bosons of IBM and high-spin quasiparticle excitations
are employed. This approach is phenomenological and
does not fix explicitly the quasiparticle structure of the
states (which is superimposed on the collective excita-
tions). However, taking into account that the heads of
these bands possess high spins (I > 18), they have to
involve not less than four quasiparticles.

Amongst all the multi-quasiparticle configurations
with high spins there are sequences of states with small
energy differences and similar internal structure. States
of (7Th11/2)2 ® (th/g)_2 configuration, mentioned above,
and states involving the decoupling of a neutron hg /o pair
can be considered as examples. Energy differences between
states of such configurations are determined by interac-
tions between quasiparticles in the same shell states and,
therefore, they are much smaller than the differences be-
tween shells. The level energies depend on the proton and
neutron spin, but to simplify the calculation the states
with total quasiparticle spins I, = 18, 20, ... can be
treated as equidistant with a constant energy difference de.

To allow for a superposition of collective and high-spin
quasiparticle states we introduce a basis |[I4I.I), where
I, and I. are quasiparticle and collective angular mo-
menta, respectively, and [ is the total angular momentum
of the state (I = I4 + I.). The collective angular mo-
mentum . is formed by d-bosons, the I.-operator being
I. = (d*d)™ /4/10. To find the wave functions requires the
diagonalization of a model Hamiltonian, which comprises

a collective Hamiltonian h., (its eigenfunction is |I.)), a
quasiparticle one hq, (its eigenfunction is |I4)) and inter-
action terms.

As a first attempt the Hamiltonian of the SU(3)-limit
of IBM1 [22] has been taken and for h. only the wave
functions of the ground-state band are used (|07), [27),

..,|10™)). Therefore, h. depends only on one parameter
Jo, the SU(3) moment of inertia:

I2
he = =5
N

As mentioned above, the quasiparticle description has
been simplified assuming that the excitation energy of the
states increases with the spin I, i.e. the eigenvalues of hq
have the form

oe
halte) = [ + 5 (1 ~ 1) 11,
where Io = 18 and € and de are parameters.
As interaction terms dipole-dipole
quadrupole-quadrupole (V) interactions
into account. The dipole-dipole interaction is

and
taken

(Vp)

are

b

V:
P Jc

(Ig-1.).

Vp is similar to the Coriolis term in the deformed nuclear
Hamiltonian. Therefore the parameter Jc can be regarded
as a moment of inertia. The term (h. + Vp) is diagonal
in this representation of the basis, hence for aligned (I =
I, + I.) and anti-aligned (I = I; — I.) states one obtains

(he + V)| Iy, I, I=1,£ 1) =

L(I.+1) _ 1 [ IL B
{2% T (IQICHC Iy L, I=I,+1.).

Thus, the important role of Vp consists in lifting the
energies of anti-aligned states with spins I < 18T above
the energies of the aligned ones (I > 18*).

The quadrupole-quadrupole interaction Vq is

VQ = HQq Qe

providing the coupling between configurations with differ-
ent values of I, and I, i.e. the diagonalization of the total
Hamiltonian is reduced to a diagonalization of Vq. Q. is
a quadrupole operator in the SU(3)-limit of IBM

VT

Qe=d"s+sTd— 7(d+d)<2>

and Qg is a standard quadrupole operator in the quasi-

partical space. Matrix elements of Vi are factorized in the
form

e 11T
(I4TTKQq - Qel Ty 1) = (~1)+1'e+1a { 2 Iy I, }

X k(1G] |Qal ) (]| Qe| Le)-
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Table 3. Amplitudes of the main components of the wave functions for band 4. The following parameters have been used in
the calculation: € = 7.45 MeV, de = 1.0 MeV, Jo = 1.7 MeV ™!, Jo =68 MeV ™!, t = 0.3 MeV, e* = 12.53 ¢ - fm?.

Im Wave function amplitudes

181 0.98(1840c) —0.17(1842:) —0.11(2042c)

20" 0.65(1842.) —0.73(2040c) 0.17(2042c)

22+ 0.70(2042:) —0.68(2240.) 0.16(2242¢)

24 0.73(2242:) —0.65(2440c) 0.15(2442¢)

26" 0.76(2442:) —0.62(2640c) 0.14(2642:)

28+ 0.79(2642:) —0.58(2840c) 0.13(2842¢)

30" | —0.10(2644c) 0.82(2842:) —0.55(3040c) 0.12(3042c)
321 | —0.10(2844.) 0.85(3042:) —0.51(3240c) 0.12(3242c)
341 | —0.11(3044.) 0.88(3242:) —0.46(3440.) 0.10(3442c)

The reduced matrix element (I’||Q.||I.) is calculated with
SU(3) wave functions of IBM and the matrix element
(I5]1Qql|1q) depends on the structure of the quasiparti-
cle states. Since a phenomenological aproach is used the
detailed structure of the states is disregarded and a new
parameter ¢ is introduced:

= “(<Ié||Qq| |Iq>)averaged~

Thus, the theoretical energies of the states under consid-
eration are determined in this approach by 5 parameters:
Jo, €, 0g, Jc, t. To find theoretical B(E2) values, wave
functions have to be calculated, which are superpositions
of the basic functions

> ol I Led),

I I,

wT) =

Al

trix elements of the E2 transition operator T'(E2). Here
only the collective part of the E2 operator is taken into
account assuming that the quasiparticle part is small in
comparison with the collective one. In this approximation
the E2 operator is proportional to Q.:

being amplitudes. They are used to calculate ma-

T(E2) =e"Q. .

Thus the set of fitted parameters is supplemented by one
more parameter e*, the effective charge, giving 6 param-
eters. The value of e* used in table 3 is chosen so that
the B(FE2) values for band 4 are reproduced on average
for a total number of IBM s- and d-bosons equal to 10.
This number is somewhat larger than the canonical value
(half of the valence nucleon number), since high-energy
excitations are considered.

To describe the large B(E2) values for the 20T — 18T
transition and the subsequent decrease of B(FE2) it is as-
sumed (and parameters are fitted in such a way) that each
state with spin I, excluding the band head (I = I, = 18%),
consists of two almost equal components with Iy = I — 2
and I, = I. In other words, before a rotational band on
each state with I, = I can start to develop, a band cross-
ing occurs and in a state with I 4+ 2 appears a component
with I} = I + 2. The main components of the wave func-
tions are given in table 3. Such a mechanism, which can

Table 4. Comparison between the experimental and calcu-
lated excitation energies and B(FE2) values for band 4 in ***Gd.
The same parameters as given in the caption of table 3 have
been used.

I E (MeV) IF - IF | B(E2) (W.u.)
Exp.  Th. Exp. Th.
18" | 7.351  7.35
20 | 8105 8.06 | 207 — 18T | 132732 103
22% | 8994  9.04 | 22t — 20" | 68%1¢ 84
247 | 9.958 10.03 | 24t — 22F | 64T17 79
26" | 10.795 11.02 | 267 — 24T | 105720 78
28+ | 11.723  12.00 | 28% — 267 | 56122 76
30T | 12.842 12.98 | 30" — 28* 73
327 | 13.939 13.95 | 327 — 30% 69
347 | 14.986 14.92 | 34T — 32 66

be called a successive band crossing, permits to account
for the lowering of the B(FE2) values (from = 100 to 70
W.u.) and to reproduce the excitation energies of the band
4 states as can be seen in table 4. The mean deviations
in the energies are 0.1 MeV. In the suggested approach
the second theoretical energy eigenvalues (E(I3)) for each
spin I are found to be close to the first eigenvalues for
the states with I + 2: E(I3) < E((I + 2)1), except for
E(183) = 9.5 MeV which is much larger than E(20;) =
8.1 MeV. Therefore the intensities of the (I 4+ 2); — Iy
transitions have to be much smaller than those for the
(I +2); — I, transitions and so such states (I3) are not
excited by transitions from band 4. The calculated B(E2)
values for band 4 are compared in table 4 and fig. 9 with
the experimental ones.

The present explanation of energies and B(E2) val-
ues in band 4 should be considered as qualitative, since 6
parameters have been used to describe 14 empirical val-
ues of energies and transition probabilities. Band 5 can
be described in the same way. It is believed that a more
microscopical approach including calculations of quasipar-
ticle configurations, their energies and the effective inter-
actions between quasiparticles and bosons could decrease
the amount of fitted parameters. However, the results of
the present phenomenological analysis can be useful for
such microscopical calculations, since a new mechanism
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is suggested, viz that quasirotational bands with strong
E?2 transitions are formed through the mixing of various
quasiparticle configurations interacting with collective ex-
citations.

5 Conclusions

For a level scheme investigation of '#*Gd experimental
data obtained with the ~-spectrometer EUROBALL III
have been used. The high-spin states were populated
by means of the 19°Mo(*¥Ti,4n) reaction at 215 MeV.
The known quadrupole band 4 has been modified and a
new quadrupole band 5 was established. Lifetimes have
been measured with the ~y-spectrometer GASP using the
Doppler-shift attenuation method. The **Cd(*%S,6n) re-
action at £ = 182 MeV was used in this experiment.
Reduced transition probabilities B(E2) were determined
for seven members of the quadrupole bands 4 and 5.
They show values between ~ 60 and 130 W.u. and this
considerable enhancement gives evidence for a significant
nuclear deformation. A (7rh11/2)2 ® (Z/hu/g)_2 configu-
ration may be assigned to the quadrupole band 4 ac-
cording to total Routhian surface calculations with de-
formation parameters § = 0.20 and v = 17°. The spin
dependence of the B(E2) values has been explained by
calculations using the collective quadrupole d-bosons of
IBM and high-spin quasiparticle excitations. On the basis
of these calculations a new mechanism is suggested, viz
that quasirotational bands with strong E2 transitions are
formed through the mixing of quasiparticle configurations
interacting with collective excitations. This effect has been
called a successive band crossing.
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ALPT accelerator combination of the Laboratori Nazionali di
Legnaro for providing the beam. The work was in part funded
by IB of BMBF at DLR, Germany, under the German-Russian
WTZ contract RUS 99/191, by the EU under the contract ER-
BCHRXCT930364 and by the Volkswagen Foundation under
contract number I/71 976.

Appendix A. Side-feeding time distributions
in the 114Cd(3°S,6n)!**Gd reaction at
E = 182 MeV

The side-feeding time distributions dP/dt¢ for the popu-
lation of discrete states depends on the location of the
entry state population distribution with respect to those
of the levels of interest. The entry state population distri-
bution for 144Gd, populated in the *'#Cd(36S,6n) reaction
at £ = 182 MeV is shown in the upper portion of fig. 11.
It has been obtained by a Monte Carlo simulation of 10°
events with the code COMPA, taking into account the
slowing-down of the projectiles in the 1 mg/cm? thick tar-
get. The location of the entry states depends particularly

dP/dt

Fig. 11. Upper portion: entry state population distribution
for '**Gd, populated in the 'Cd(*°S,6n) reaction at E =
182 MeV. Lower portion: Monte Carlo simulations of side-
feeding time distributions dP/dt for the 20" to 28" mem-
bers of band 4 in ***Gd. The calculations have been performed
for all levels with the same set of parameters to describe the
de-excitation of the entry states to the states of interest. In
the inset experimental and calculated (solid line) relative side-
feeding intensities are presented.

on the competition between fission and neutron evapo-
ration. The parameters for the description of the fission
barrier have been deduced in an investigation of ~-ray
multiplicity distributions measured for various reactions
populating the nuclei 1427146Gd [11,23]. The side-feeding
cascades between the entry states and the considered lev-
els have been simulated with the program GAMMA. In the
de-excitation of the entry states statistical F1, M1 and E2
transitions and stretched E2 bands with rotational damp-
ing have been taken into account. Because the considered
nuclei are situated close to the semi doubly magic nucleus
146Gd, furthermore, the influence of superdeformed bands
and the existence of a large amount of particle-hole exci-
tations in the entry state region, which generate bands of
magnetic dipole transitions, are considered. The relative
densities of the magnetic dipole and superdeformed bands
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have been taken from the investigation of the multiplicity
distributions and from the DSAM lineshape analysis of the
837 keV 261 — 247 transition in band 4 of **Gd, which
is &~ 50% populated by side feeding [11]. Results of Monte
Carlo simulations for the side-feeding time distributions
dP/dt for the 20" to 28" members of band 4 in *Gd are
presented in the lower portion of fig. 11. All simulations
have been performed with the same set of parameters. In
the inset experimental and calculated relative side-feeding
intensities are presented. The increase of the side-feeding
intensity at I = 26 results from the fact that the crossing
of the normal and superdeformed yrast lines occurs near
this spin value. The good description of the side-feeding
intensities and the fact that the Doppler lineshape analy-
sis gives the same lifetimes when the NGTB (narrow gate
on transition below) and WGTB (wide gate on transition
below) methods are applied, indicate that the side-feeding
time distributions are described with sufficient accuracy
by the Monte Carlo simulation calculations.

Appendix B. Monte Carlo simulation of
gating

Generally lineshapes are calculated using an exponential
decay law dP/dt = 7= 1e~*/7 and, if no gating condition
is imposed, cascade feeding can be taken into account by
a superposition of lineshapes corresponding to the expo-
nential decay law of each level. This approach has, e.g.,
been used in refs. [14,19]. In the framework of this scheme
it is difficult to take into account gating conditions be-
cause they change the correlation between the velocity of
the recoil and the time at which the -ray of interest is
emitted. One way to include gating conditions into the
lineshape analysis is to consider the integral convolution
of the time-velocity probability functions for the cascade
transitions [15,24].

By the use of Monte Carlo methods, as in the new
version of the code GAMMA used in the present work, a
simple description is obtained since each cascade is sim-
ulated and the time is considered as a random number.
For the time at which the gating transition is emitted, ob-
tained by summing the times of the cascade transitions,
the velocity and the direction of the recoil are simulated.
This information is used to calculate the y-ray energy of
the gating transition in a given detector. Subsequently it
is checked whether the gating condition is fulfilled taking
into account the instrumental lineshape.

For this purpose the ~-ray energy is converted into a
channel number E, ~ Ng, using

Neh = Neng (1 + cos(Py ) v(t)/¢) + ANrandoms

where v(t,) is the recoil velocity at the time of detection
t,, of the y-ray in the detector, ¥, , the angle between the
flight direction of the recoil and the point at which the
~-ray hits the detector and N, is the unshifted position
of the «y line. The quantity ANpandom is used to describe
the influence of the instrumental lineshape and is simu-
lated as ANyandom = Tap &, Where o,, = FWHM/2.3548

Gating from above Gating from below
TN TN
N N —

T Ti
i oy 1 i —_—
Tl’\
o — v
Gate
T Cascade is I
. | followed .
1 — 1| ifeventis 1—3F— Eventis
Iy, <,) acceptedat  I(y, 7)) | 1, 4 collected
(I time t_ 0 —— attimet,
Gate if accepted

at time t

Fig. 12. Schematic depicture of the level schemes used in the
Monte Carlo simulation calculations for the GTA (gating on a
transition above) and NGTB (narrow gate on transition below)
methods.

is the width assuming a Gaussian instrumental lineshape
and ¢ is a Gaussian-distributed random number. Assum-
ing a gate interval of N, — Ny then an event is accepted
if Np < Ny < Ng.

The further treatment of the accepted events depends
on the applied gating method. The logical scheme for gat-
ing on a transition above the transition of interest (GTA
method) is illustrated in the left portion of fig. 12 The
level of interest is labelled as 1 and the array I(y, 1) (cf.
sect. 3.2.1) is calculated with GAMMA for the transition
1 — 0. The level depopulated by the gating transition
is numbered n and the highest-lying level in the cascade
has the number N, being equal to the number of levels
in the considered path. The side-feeding cascade reaches
this level at the time tg. The simulated time at which

N
a y-quantum de-excites the level n is t, = ts + > ¢,
1=n
where t; = 7; In(1/¢), ¢ being an evenly distributed ran-
dom number in the interval ¢ € (0,1). For the event ac-
cepted at the time ¢, the cascade is followed until the
time at which a y-quantum de-excites the level of interest

n—1
t1 =t,+ >, t; + 71 In(1/¢) and the corresponding rela-
=2

i=
tive Doppler shift y = cos(dy,,) v(t1)/c is collected in the
array I(y, ) for 20 standard values of 7.

If a wide gate on a transition below the transition of
interest is set (WGTB method) then the same procedure
as above is used but no gate condition is set so that all
events are accepted. The conditions for a wide gate are:
i) if a Doppler effect exists then the gate width must be
equal to the full width of the lineshape and ii) if the life-
time is much larger than the stopping time then all events
correspond to the stopped component and the gate can
have any width. The realization of the narrow gate on
transition below (NGTB) technique [17] is shown in the
right portion of fig. 12. The procedure is similar to the
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GTA method but for an event for which the gate condi-
tion is fulfilled the time is calculated as tg = t1+70 In(1/¢),

N
where t; =t + > t; and for the lifetime 7q of the level

i=1

de-excited by the gating transition 20 standard values are
used. Thus in this case the array I(y, 7o) is calculated for
the transition 1 — 0 using the lifetime of the level de-
excited by the gating transition below and after the fit of
the lineshape for the 1 — 0 transition the lifetime of the
level below is obtained. The event is collected at the time
ty if it has been accepted at the time ¢g.

Appendix C. Sensitivity of the NGTB
method

In the NGTB (narrow gate on transition below) method
ideally only the stopped component of the transition below
should be selected for gating, but in practice this condition
is difficult to realize, especially if spectra summed over all
detector angles are treated. An increase of the gate width
is useful and important to increase the statistical accuracy
but it generally results in a decrease of the sensitivity with
respect to the lifetime evaluation. In fig. 13 the sensitiv-
ity of the NGTB method is illustrated for the 837 keV
267 — 24% transition of band 4 in '**Gd if gates of vari-
ous widths are set on the 965 keV 24T — 227 transition.
If individual-detector rings are used, the slope of the rel-

ative Doppler shift F(7) = %

lifetime 7 of the level de-excited by the gating transition
can be used as a measure of the sensitivity. If 90° detectors
or sums of symmetrical detector rings, particularly sums
of all rings, are used to increase the statistical accuracy,
then F'(7) = 0 and it cannot be used anymore as a mea-
sure of the sensitivity. In this case the slope of the relative
width of the Doppler lineshape can be used as a mea-

NG

sure of the sensitivity. It is defined as W(r) = ATy
where D, is the dispersion of the lineshape. The dashed
lines in fig. 13 correspond to the limiting cases of using a
wide gate and an infinitely narrow gate, respectively. The
solid lines correspond to the experimental conditions used
in the analysis with a gate width of 1378 + 3 channels
(965 £ 2.5 keV). The gate width is about 2 - FWHM and
changes the sensitivity of the NGTB analysis only little
with respect to the ideal case since the lifetime of 0.34 ps
of the 24 % lower level lies in the optimal range of lifetimes.

as a function of the

Appendix D. Recoil velocity distribution at
the time of ~-ray emission

To calculate the velocity and direction of a recoil at the
time t; at which the 7-ray of interest is emitted, the
slowing-down and multiple scattering of the recoils in the
target-stopper combination is simulated with the program
GAMMA. In the present experiment the '*Cd target was
backed by two layers of stopper materials, viz Ta and Bi
(cf. sect. 2) as depicted in the left portion of fig. 14. The
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0.254
0.204
+ B
© b i
N 0154 -
i’ 1 " /7 Narrow gate
0.104 7 BN-=0) E
005 ' AN =34 ch |
0.00 +—— e
0.01 0.1 1 10
©(247) (ps)
0.30 i
1 Wide gate (3N > AN
I oo N> N,) ]
0.204
N
X 0.151
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Fig. 13. Sensitivity of the NGTB (narrow gate on transition
below) method for the 837 keV 26" — 24 transition of band 4
in "*Gd if gates of various widths are set on the 965 keV
247 — 227 transition. The slopes of the F/(7) (upper portion)
and the W (7) (lower portion) curves are measures of the sen-
sitivity. Dashed lines represent the limiting cases of using a
wide gate and an infinitely narrow gate, respectively. The solid
lines represent the experimental conditions with a gate width
of three channels. The dotted lines are calculated for other gate
widths.

recoiling final nucleus is produced at the position (depth)
Ry in the target and is flying with an initial velocity Vy
under an angle 6y with respect to the beam direction.
Initially, the recoil time ¢(V') along the track and the pro-
jected range Ry, (V) are calculated as a function of the
recoil velocity V for the target material, as illustrated in
the right portion of fig. 14:

W= [ [Lw)] av
0

and

Ron(V) = m /v veosa(v) |5 ) Cav,
0

x
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Fig. 14. Left portion: schematic diagram of the scattering process for a target backed by two stopping materials. Right portion:
recoil time along the track (left-hand scale) and projected range (right-hand scale) as a function of the recoil velocity V for
the target material. For the time of the y-ray emission ¢(Vo — V') the velocity V and the projected range Rp:(Vo — V') can be

extracted.

dE

where 52 (V) is the recoil stopping power, being the sum
of electronic and nuclear components:

w]+ (@

and cosé(V) is the mean value of the cosine of the
multiple-scattering angle ¢.

The time t; = (V) — t(Vp) is used to extract the re-
coil velocity V' at the time of +-ray emission and with
this information the corresponding projected recoil range
R, (V,V) is deduced as depicted in the right portion of

fig. 14. If Ry (Vo, V) > Luargee—Ro h)on) the recoil is scat-

cos 0y

tered into the 1st stopper material and new time ¢(V') and
projected range Rp.(V) functions have to be calculated,
where the velocity vector has at the border between the
two layers the value V}, but it has generally a different di-
rection due to multiple scattering. This procedure is the
same for the 2nd stopper material and is stopped when
the v-quantum is detected.

The main problem in the framework of this scheme is
how to take into account the multiple scattering of the re-
coils. If only electronic stopping is considered, the slowing
down process can be regarded as smooth and the direction
of the recoil velocity V is conserved. The consideration
of multiple scattering during the stopping process leads
to the following distribution of the correlation function
p(v, @) for the velocity v of the scattered recoil which has
a scattering angle ¢ with respect to the vector V:

9?p(v, ¢)

v

dFE
dz

dEV [

Py = )|

n

=06(v—=V)-d(¢),

where §(z) is a -function. The multiple scattering of the
recoils connected with the nuclear stopping mechanism
leads to a spread of the vector v around V', moreover v
and ¢ should be correlated. The multiple-scattering ef-
fect can be taken into account in Monte Carlo simulation
calculations of the recoil trajectories including ion-atomic

collisions but for high initial recoil velocities, where the
total number of interactions is very large, this method be-
comes ineffective. Under these conditions good results can
be obtained by using an approximation in which the cor-
relation function p(v, ¢) is separated in two factors [13,25,
26]:

3*p(v, ¢)

S(v—V)- dp(Vc,l(‘;o, d)).

dp(V,Vo,9)
d¢

0vdo

The angular distribution function can be cal-
culated from the diffusion equation as a superposition of
Legendre polynomials, but in practice it is only possible
to calculate the first [27] and, under some conditions, sec-
ond [25] moments. The first moment, which is usually re-
ferred to as mean cosine Blaugrund approximation [27],

can be calculated as

fV)
Vo)

where G is a parameter depending on the atomic masses
of the recoiling nucleus and the stopping material and

=[] [
)

The calculation of cos ¢p1(Vo, V) is sufficient, to take into
account multiple-scattering effects in the F(7) method
but for the correct calculation of Doppler-broadened line-
shapes at least a suitable model function for %}M
has to be introduced [13]. This function should reveal the
Gaussian asymptotic behaviour at V' — V:

(dP(V, Vo,¢>)> [ ¢ }
~exp |5
d¢ model 20 (‘/7 VO)
(Gaudsmit-Saunderson limit) and satisfy the condition
that cos@(Vp, V) calculated with the model function is

cos ¢e1(Vo, V) with  f(V) = e~ G 10V

“tav

v| T
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Fig. 15. Simulation of the distribution of multiple-scattering
events Np,s. as a function of the scattering angle ¢ for dif-
ferent values of cos ¢gi1(Vo, V) in the framework of the model
described in the text.

equal to cos ¢p(Vp, V). In the program GAMMA the fol-
lowing function is used:

dp(V, Vo, ¢) N
( dd) )model =N

with 20%(V,Vp) = 1 — cos ¢p1(Vp, V)

In the Monte Carlo realization sin(¢/2) = z is simu-
lated as x = o &, where £ is a Gaussian-distributed ran-
dom number. If x < 1 then the event is accepted and
¢ = arccos(1 — 222), otherwise a new random number will
be chosen. Simulated distributions of multiple-scattering
events are shown in fig. 15.

This approach works well if ¢ is sufficiently small (cf.
fig. 15). Therefore, the total projected range is subdivided
into parts AR; and their lengths is chosen such that the
change of cos ¢p1(Vo, V) is small. When this value is re-
duced by a factor of 0.99 a new part AR, is started. Its
length can be ~ 100 to 200 ug/cm? at high recoil velocities
and reduces to 20 pg/cm? for low recoil velocities. After
the recoils pass a few parts, the recoil velocities are ran-
domized and the results become practically equivalent to
the simulation of each ion-atomic collision. The described
approach is at least 100 times more efficient than the sim-
ulation of each collision and allows in a few minutes to
perform calculations of the array I(y, ;) with a statistics
of 10° events for each spectrum, ensuring a high accuracy
in the fitting of experimental lineshapes.
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