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Structural characteristics of 144Nd through g-ray spectroscopy
following inelastic neutron scattering

Sally F. Hicks, C. M. Davoren, and W. M. Faulkner
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Excited levels in144Nd below 3.3 MeV have been studied using the (n,n8g) reaction. Electromagnetic
transition probabilities, multipole-mixing and branching ratios, and level spins and parities were deduced from
measuredg-ray excitation functions, angular distributions, and Doppler shifts. Mixed-symmetry configurations
in low-lying excited states were investigated by comparing experimental electromagnetic transition rates with
theoretical calculations made using the interacting boson model and with existing calculations from the qua-
siparticle phonon model, the cluster vibrator model, and the particle-core coupling model. Fragmentation of the
21 mixed-symmetry mode is clearly observed through strongM1 transitions into the lowest symmetric 21

level and through smallE2/M1 multipole-mixing ratios. Comparisons with similar measurements on142Ce
reveal that theseN584 isotones exhibit strong fragmentation of the mixed-symmetry mode, although it
appears to be spread into more levels in144Nd. Evidence is found to support the assignment of the 2779.0-keV
level as the 32 member of the octupole-quadrupole phonon coupled quintuplet in144Nd and to propose that
this excited mode is shared with the 2606.0-keV state. Two- and three-quadrupole phonon excitations, as well
as other members of the quadrupole-octupole quintuplet, are also examined.@S0556-2813~98!06105-6#

PACS number~s!: 25.40.Fq, 21.10.Re, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

The proximity of 144Nd to theN582 closed neutron she
has made this nucleus the subject of numerous investiga
into the role of collective and particle configurations in low
lying nuclear excited levels. Mixed-symmetry excitatio
and quadrupole-octupole coupled states are two types of
lective modes which have received considerable attentio
this nucleus, as well as in otherN584 isotones. Although
144Nd is the most studied of these isotones, there is sti
lack of experimental information available for low-lying ex
cited states.

Existing experimental information can be found in t
compilation by Tuli@1# for work prior to 1988. More recen
experimental investigations include: Coulomb excitati
@2,3#, in-beamg-ray and conversion electron studies~Ref.
@4# and references cited therein!, proton scattering@5,6#,
electron scattering@7#, g-ray induced Doppler broadenin
@8#, and nuclear resonance fluorescence@9#. In this work, we
extend the detailed experimental information available
144Nd to 3.3 MeV excitation using the (n,n8g) reaction.
New information from this investigation includes electr
magnetic transition rates for states having lifetimes in
range of a few femtoseconds to about one picosecond
well as spins, parities, branching and multipole-mixing
tios.

Mixed-symmetry excitations in these isotones have b
investigated theoretically@4,10–14# and experimentally
@5,7,9,15,16#. To assess this collective mode, it is necess
to have well-determined level properties for excited sta
between 2 and 3 MeV, since for spherical nuclei the low
mixed-symmetry excitations are predicted to lie in this e
570556-2813/98/57~5!/2264~17!/$15.00
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ergy range@17#. New information enables us to investiga
mixed-symmetry strength in low-lying144Nd excited levels
and the fragmentation of this strength, particularly in 21

states, by comparing our experimental results with calcu
tions from the interacting boson model~IBM-2!, the quasi-
particle phonon model~QPM! @7,14#, the cluster vibration
model ~CVM! @4#, and the particle-core coupling mode
~PCM! @13#.

The quintuplet of negative-parity states arising from t
coupling of quadrupole- and octupole-vibrational mod
should have energies near the sum ofE(21

1) and E(31
2)

which is also in the 2–3 MeV excitation region in144Nd.
Candidates for this quintuplet of states have been inve
gated recently@8,9#, but questions remain both regardin
members of the quintuplet and the possible energy-split
of these multiphonon excitations. Newly observed dec
into the 21

1 and 31
2 states allow us to investigate furthe

these quadrupole-octupole coupled states and the splittin
the two-phonon 32 strength into more than one excite
level. We also investigate two- and three-quadrupole pho
states.

Recent investigations of142Ce @16#, along with this new
experimental information for144Nd, provide a framework for
comparing low-lying excitations in these twoN584 isotones
and for examining the influence of the two additional proto
in 144Nd.

In Sec. II we describe the experimental procedures
data reduction techniques used to extract level informat
In Sec. III, we present level discussions for those state
which there is debate about the experimental informati
Mixed-symmetry excitations are discussed in Sec. IV a
multiphonon excitations in Sec. V. Finally, a summary
presented in Sec. VI.
2264 © 1998 The American Physical Society
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57 2265STRUCTURAL CHARACTERISTICS OF144Nd THROUGH . . .
II. EXPERIMENTAL METHOD AND DATA REDUCTION

Measurements were made using the neutron scatterin
cility at the University of Kentucky 7 MV Accelerator Labo
ratory. The 3H(p,n)3He reaction was used as a neutr
source. The 41.4 g powdered144Nd2O3 sample was isotopi-

FIG. 1. Gamma-ray excitation function spectra between 2
and 2510 keV for neutron energies of 2.92, 3.14, and 3.28 M
The arrow is drawn at the position of the 2271.9-keVg ray and
shows clearly that this cannot be a ground-state transition. Gam
rays in this portion of the spectrum arise either from ground-s
transitions or transitions to the 21

1 state.
fa-

cally enriched to 97.5% and was packed into a thin-wal
polyethylene container with a diameter of 3.0 cm and
height of 4.4 cm. Gamma rays were detected with
Compton-suppressedn-type HpGe detector of 52% relativ
efficiency in a BGO annulus detector. The Ge detector h
an energy resolution of 2.1 keV FWHM at 1.33 MeV. Th
gain stability of the system was monitored at each an
using radioactive56Co and152Eu sources. Background line
were identified by scattering from a natural carbon samp
The neutron scattering facilities, time-of-flight backgrou
suppression, neutron monitoring, and data reduction te
niques have been described elsewhere@18#.

Excitation functions measured at 90 degrees for incid
neutron energies between 2.2 and 3.3 MeV in 70 keV st
were used to placeg rays in the decay scheme, to determi
level energies, and to assist in level spin assignments. Fi
1 shows experimental spectra forg-ray energies near 230
keV from the excitation function measurements for neutr
energies of 2.92, 3.14, and 3.28 MeV. Experimental exc
tion function yields were corrected forg-ray detection effi-
ciency and long counter efficiency as a function of neutr
energy in order to obtain relativeg-ray production cross sec
tions. A normalization appropriate for interpreting cross s
tions was obtained by comparing theoretical cross sect
calculated with the statistical model codeCINDY @19# and
experimental cross sections for 01 levels which contained no
feeding in these measurements. TheCINDY calculations were
made using optical model parameters appropriate for
mass and energy region@20#. Experimentalg-ray production
cross sections were then compared to theoretical values
levels below about 3.0 MeV to assess level spins andg-ray
branching ratios. Plots of the excitation functions for t
310.8, 1418.1, and 2655.6g-ray transitions along with theo
retical calculations are shown in Fig. 2. None of the lev
represented by theseg rays have adopted spins@1#.

Angular distributions of deexcitationg rays were mea-
sured at neutron energies of 2.30 and 3.30 MeV. The ang

0
.

a
te
r
FIG. 2. Gamma-ray excitation functions for the 310.8-, 1418.1- and 2655.6-keV transitions and modelg-ray production cross sections fo
Jp5(126)1 for each level. These transitions are from levels whose spins were previously undetermined@1#.
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FIG. 3. Angular distributions of four ground-state transitions in144Nd. The left side of the figure contains angular distributions fro
levels with J52 and the right side from levels withJ51. Curves provided are calculated usinga2 ~solid line! and a2 ,a4 ~dashed line!
coefficients from even-order Legendre polynominal best fits.
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distributions were fit to even-order Legendre polynomial e
pansions and compared to theoretical calculations fr
CINDY @19# in order to deduce level spins and parities and
extract multipole-mixing ratios. Experimental angular dist
butions of four ground-state transitions are shown in Fig
along with even-order Legendre-polynomial fits to the da
Figure 4 is an example of thex2 vs tan21(d) plot used to
determine the multipole-mixing ratio for the 1003.4 ke
transition. Gamma-ray branching ratios were calculated fr
fits to the angular distributions unless noted otherwise.

Level lifetimes were extracted using the Doppler-shift
tenuation method~DSAM! following inelastic neutron scat
tering. At the recoil velocities present in this experiment,
g-ray peaks have centroids with the following angular d
pendence:

Eg~u!5Eo@11F~t!b cos~u!#,

whereEo is the unshiftedg-ray energy,F(t) is the Doppler-
shift attenuation factor,b5vc.m./c, u is theg-ray emission
angle with respect to the incident neutron beam, andEg(u)
is the g-ray energy measured at angleu. Lifetimes were
determined by comparing experimental and theoret
Doppler-shift attenuation factors. Theoretical values ofF(t)
were calculated using the theory of Winterbon@21#, since
this method has been shown to yield reliable lifetimes w
oxide targets@22,23#. Doppler-shift data for the 2655.6-keV
ground-state transition are shown in Fig. 5.

Experimental information, includingg-ray intensities,a2
and a4 angular distribution coefficients, experiment
Doppler-shift attenuation factors, and transition energies,
rived from the excitation functions and angular distributio
for all observed levels is available from the authors and w
-
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o
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be submitted to the Nuclear Data Compilation Center. El
tromagnetic transition rates, branching and multipole-mix
ratios, and lifetimes determined from these data are liste
Table I. Newly discovered excited levels are indicated by
‘‘ h’’ in column four of Table I and new transitions by a ‘‘g’’
in the same column. Comparisons of our measured trans
rates and those from other electromagnetic probes are m
in Table II for low-lying 21 states and Table III for negativ
parity states.

III. LEVEL DISCUSSION

Experimental information for all observed levels is pr
vided in the tables; only those states which merit spe
attention are discussed in detail below.

2072.9-keV23
1 state. Recent investigations of this nucleu

by Eckertet al. @9,24# listed the spin of this level as (2,1)1.
The angular distribution of the ground-state decay of t
level is shown in Fig. 3 and clearly has a shape character
of E2 radiation. The angular distribution of the 1376.3-ke
transition also supports the spin-2 assignment of Refs.@6,7#.

2109.9-keV 42
1 state. Previous (p,p8) @6,25# and (e,e8)

@7# investigations set the spin of this level as 41. Cottleet al.
@5# preferJp521, also from (p,p8) investigations. Angular
distributions and excitation functions from this (n,n8g)
measurement agree with the spin 4 assignment; the obse
310.8-keV transition into this state from the 2420.7 keV 51

level further excludes a spin-2 assignment.
(2270-keV state). Two transitions of 2271 and 1573 keV

have been assigned to this level@1#. New data show that both
the 2271.9-keV and 1573.0-keVg rays come from higher-
lying excitations. Experimental spectra in the region of t



in

N

is
is
ne

n

n
.5

to

u
n
as

d

wn

n
gth
si-
b-
as-
o
keV

f

a

ac-
nd

on
.8-
V
ed

si-

for

-
eV

i-
r
.1-

with
.1-

he
os

wn

n-
ac-

ter-

57 2267STRUCTURAL CHARACTERISTICS OF144Nd THROUGH . . .
2271.9-keV transition are shown in Fig. 1. The arrows
Fig. 1 are drawn at the position of the 2271.9-keVg ray and
show clearly that it cannot be a ground-state transition.
evidence of this level is observed.

2295.5-keV 41 state. Five transitions are adopted for th
level @1#; all but the 202-keV transition are confirmed in th
measurement. Proton scattering experiments by Pigna
et al. @6# indicate the state hasJp541; however, in other
(p,p8) measurements@5#, as well as in (e,e8) investigations
@7#, this level is not observed. Reference@1# lists Jp

5(2,3,4)1. Newly measuredg-ray angular distributions for
all four observed transitions support J54.

~2321-keV state!. One transition of 1007.2 keV has bee
assigned to this level by Snelling and Hamilton@26#. We
observe a weakly excited 1006.0-keV transition with a co
siderably higher threshold which we place with the 3185
keV level. We find no evidence of the 2321-keV state.

2564.3-keV(3)1 state. Three transitions were assigned
this level by Snellinget al. @26# from g-g coincidence mea-
surements. A transition of 1868.1 keV is observed in o
investigation which clearly belongs at 2565 keV. This tra
sition is not adopted@1#, although the same assignment w
made previously by Al-Janabiet al. @25#.

FIG. 4. The top panel is a plot of the angular distribution of t
1003.4-keV transition with curves calculated after determining p
sible spin-mixing ratio solutions from the lower panelx2 vs
tan21(d) plot. In many cases, the correct initial state spin is kno
only after referring to similar information from other transitions.
o

lli

-
-

r
-

2655.6-keV 11 state. This level was recently assigne
Jp5(1,2)1 by Eckertet al. @9#. The excitation function of
the 2655.6-keV transition from our measurements is sho
in Fig. 2 and the angular distribution of the sameg ray is
shown in Fig. 3. Both data sets support theJ51 spin assign-
ment. Meyeret al. @4# report a strong 582-keV transitio
associated with this level. In fact, they say that the stren
of this decay is approximately 30 times that of other tran
tions depopulating this level. The excitation function we o
serve for the 582-keV transition agrees with the adopted
signment of thisg ray to the 2093-keV level; we see n
evidence to support a second assignment to the 2655.6-
state.

2743.2-keV 01 state. This level has adopted transitions o
1182 and 2047 keV@1#. Meyeret al. @4# claim this level also
populates the 2073 keV level via a 670-keV transition with
strength about 20 times that of the decay into the 21

1 state.
We have a strong background line at 670 keV which
counts for most, if not all, of the strength we observe a
prohibits us from confirming the assignment of Meyeret al.
@4#. The intensity we measure for the 670-keV transiti
with background included is less than half that of the 2046
keV transition. This puts an upper limit on the 670-ke
g-ray branch of 28% which is considerably less than claim
by Meyer et al. @4#. Excitation function calculations are in
excellent agreement with the data for the 2046.8-keV tran
tion with the branching ratios cited in Ref.@1#. The 1182.1-
keV transition is a member of a doublet, but calculations
this transition which combine strength from the 01 state at
2743.2 keV and the 21 level at 2693.0 keV are also in ex
cellent agreement with experimental data. Clearly a 670-k
branch is rather small, if it exists.

2775.3-keV (6,4) state. This level has two adopted trans
tions of 682 and 1268 keV@1# with transitions near the latte
energy multiply placed in the decay scheme. The 1268
keV transitions observed in our measurement are placed
the 2779.0- and 2829.3-keV levels. A placement of a 1268

-

FIG. 5. Doppler-shift data for the 2655.5-keV ground-state tra
sition. The experimental value of the Doppler-shift attentuation f
tor F(t) is determined from the slope of the best-fit line. ThisF(t)
is then compared to theoretical values calculated using the Win
bon formalism to deduce the meanlifet.
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TABLE I. Levels and transition rates in144Nd. Uncertainties are in the last digit~s! except fort. Transition rate uncertainties are from th
uncertainties in the level lifetime and do not reflect uncertainties in the multipole-mixing ratio.

Jp Ex Eg Note Ef B tan21(d) a t B(E1) B(M1) B(E2)
~keV! ~keV! ~keV! % ~fs! ~W.u.! l ~W.u.! m ~W.u.! n

21 696.51~01! 696.51~01! b 0 100 65102340
1340 1721

11

41 1314.62~04! 618.11~04! b 697 100 1068021300
11300 1922

13

32 1510.86~03! 197.02~06! c 1315 3 324272
1123 4.3212

112E23
814.17~01! c 697 97 2.025

16E23
21 1560.98~02! 864.34~03! b, c, d 697 91 (20.75266

119) 810272
172 3.022

13E22 2022
12

1561.14~04! 0 9 0.2222
12

61 1791.53~05! 476.91~03! 1315 100 *
21 2072.91~03! 1376.32~03! 697 72~1! 0.56225

128 80214
119 7.9215

117E22 9.4218
120

2073.11~06! 0 28~1! 1.723
14

01 2084.66~03! 1388.12~03! 697 100 175255
1117 2028

19

52 2093.16~04! 302.31~04! b 1792 12~1! 12002400
11100 1.326

16E23
582.34~06! 1511 10~1! 23211

111

778.52~03! 1315 78~2! 4.9223
124E24

41 2109.87~03! 794.96~03! 1315 3~1! 20.53241
156 5772294

1 inf ,5.0E23 ,1.6
1413.44~03! 697 97~1! ,11

31 2178.84~02! 667.97~06! c 1511 8 81229
161 1.225

17E23
864.34~03! c, d 1315 59 *
1482.26~03! c 697 33 0.66222

159 2.5211
114E22 3.9217

122

12 2186.00~02! 624.7 c 1561 0.11 2123
13 7.6210

113E25
675.80~41! c 1511 0.28 1722

13

1489.35~03! d 697 29~1! 1.522
12E23

2186.10~03! 0 71~1! 1.121
12E23

42 2204.76~06! 694.28~40! c, e 1511 93 *
890.13~04! c 1315 7

61 2218.45~06! 426.92~03! 1792 100 20.2229
116 *

41 2295.54~07! 734.97~05! 1561 4~2! 9962605
1 inf ,8.7

784.55~03! 1511 12~2! ,23E25
980.76~04! 1315 77~2! 20.4429

19 ,5.4E22 ,7.2
1598.91~06! 697 7~2! ,0.31

01 2328.15~03! 1631.61~03! 697 100 3622164
1884 4.4231

136

21 2368.71~03! 1672.05~04! f 697 84~1! (0.1320.16
10.18) 56215

122 0.1023
14 0.35210

113

2368.83~04! 0 16~1! 0.70220
126

51 2420.75~03! 202.74~03! 2219 51~1! 20.06210
112 *

310.82~03! 2110 34~1! 20.0326
16

628.64~08! 1792 15~1! 20.75238
140

41 2451.78~03! 1137.02~04! 1315 77~1! 0.56240
116 56214

120 0.2126
17 37210

112

1755.32~04! 697 23~1! 4.5212
115

21 2527.77~02! 966.58~04! 1561 16~1! 0.0924
116 5829

111 9.6215
118E22 0.4828

19

1831.15~04! d 697 32~1! (0.56218
122) 2.023

14E22 1.422
13

2527.90~03! 0 52~1! 1.623
13

(31) 2564.34~02! 454.01~03! k 2110 44~1! 20.75247
150

1003.44~03! k 1561 23~1! 0.6627
112

1053.63~08! k 1511 8~1!
1868.11~04! g, k 697 25~1! 20.03210

19

(31) 2582.30~03! 1885.76~03! 697 100 0.1324
16

21 2592.51~03! 1031.30~08! g 1561 7~1! 0.56243
144 5.2221

123E23 1.124
15

1081.64~08! g 1511 7~1! 280286
1185 7.0228

131E25
1896.01~03! 697 83~1! 0.35213

163 1.225
15E22 0.26210

111

2592.45~10! 0 3~1! 1.727
17E22

41 2601.69~04! 1286.97~03! 1315 75~1! 0.31218
132 189268

1179 5.4226
130E22 1.929

111

1905.29~06! 697 25~1! 0.96247
154

32 2606.03~03! 1094.66~06! 1511 31~1! 21.29222
157 146222

129 3.927
17E23 2324

14

1909.60~03! 697 69~1! 2.424
14E24

31 2655.04~04! 1340.42~02! f 1315 100 *
11 2655.56~03! 1958.81~06! 697 16~2! * 14.321.2

11.2

2655.61~03! 0 84~2! 9.96277
191E22

01 2675.60~04! 1979.06~04! 697 100 2582121
1740 2.3217

121
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TABLE I. ~Continued!.

Jp Ex Eg Note Ef B tan21(d) a t B(E1) B(M1) B(E2)
~keV! ~keV! ~keV! % ~fs! ~W.u.! l ~W.u.! m ~W.u.! n

21 2692.96~04! 1131.81~08! g 1561 15~1! 0.56231
138 ,1.3E22 ,2.4

1182.06~07! d 1511 12~3! ,1.5E24
1378.32~07! g 1315 52~2! 3982223

1 inf ,11
1996.35~29! g 697 4~1! *
2693.13~07! 0 17~1! ,0.12

(5,6) 2715.76~06! 924.41~09! 1792 27~1! *
1401.05~06! 1315 73~1!

21 2720.25~03! 2023.71~03! 697 97~1! 20.2529
113 200257

1119 1.727
17E22 0.1626

16

2720.90~60! 0 3~1! 1.827
17E22

41 2732.83~04! 1171.9 i 1561 3~1! 0.84270
183

1418.15~03! 1315 74~4! 0.38222
125 2952147

11547 2.4220
124E22 1.129

111

2036.41~07! 697 23~3! 0.41234
141

01 2743.22~05! 1182.06~07! c, d 1561 17 1426
18

2046.85~07! c 697 83 93234
175 4.5220

126

(6,4) 2775.26~05! 682.10~03! 2094 100
32 2778.99~03! 1217.93~16! g 1561 12~2! 94234

175 2.5211
114E24

1268.12~04! f , g 1511 35~3! (20.3529
116) 5.1223

129E22 2.4211
114

1464.33~04! g 1315 13~2! 1.627
19E24

2082.57~07! 697 40~2! 1.727
19E24

61 2808.81~07! 1017.27~08! 1792 46~2! 1.26213
119 1942130

1 inf ,2.0E22 ,109
1494.21~10! 1315 54~2! ,21

(21) 2829.30~03! 1268.12~04! f 1561 17~2! (20.19216
113) 101240

198 2.6213
117E22 2.4212

116E21
1318.63~50! g 1511 11~1! 1.728

111E24
1515.08~05! g, j 1315 41~5! 9.7248

164

2132.76~08! 697 31~3! 0.53228
135 7.2236

147E23 3.1215
121E21

(41) 2834.67~03! 539.20~03! t 2295 50~5! (0.13222
172) *

724.63~05! g 2110 18~2! 0.912138
141

1323.98~10! 1511 32~3!
21 2839.53~04! 660.42~06! g 2179 15~1! 20.16234

125 6.5245
152E22 2.2215

118

1524.95~24! g 1315 6~1! 2492111
1567 0.53237

143

2143.06~05! 697 52~1! 20.97231
128 2.2215

117E23 0.57240
146

2839.76~08! 0 27~1! 0.1127
19

(3,2) 2868.24~05! 1357.37~04! 1511 72~1! 20.72216
116 6262429

1inf ,2.6E22 ,6.3
1553.74~19! g 1315 12~1! ,5.8E25
2171.70~14! g 697 16~1! ,2.8E25

~4,5! 2887.89~06! 794.96~08! 1315 100 20.94213
131 *

1573.04~08! 1315 100 20.94213
131 *

21 2901.47~03! 722.66~09! k 2179 10~1! 0.85244
150 1942113

1 inf

1340.42~03! f , k 1561 24~3! *
1390.34~14! k 1511 37~1!
1586.47~16! k 1315 7~1!
2205.13~11! k 697 13~1! 0.85291

141

2901.83~08! k 0 9~1!
1(1) 2905.22~07! 1343.30~09! h, k 1561 40~1! 20.66272

175 34210
115 9.6229

140E22 1826
18

2905.22~03! k 0 60~1! 2.327
110E22

3(1) 2951.04~06! 841.08~06! h, k 2110 48~1! 0.85254
154 2112128

1 inf ,1.3E21 ,141
~877.94! k 2073 11~1! 20.69247

145 ,8.8E22 ,19
2254.71~10! k 697 41~1! 21.13216

122 ,2.5E23 ,1.3
(21) 2961.76~07! 1450.91~07! h, k 1511 79~1! 4.7230

142E24
2961.58~29! k 0 21~1! 194291

1350 8.7256
176E22

32 2968.31~05! 1653.44~09! k 1315 25~1! 35224
173 5.6238

1122E24
2271.86~06! g, k 697 75~1! 6.5244

1142E24
1 2975.43~07! 2278.83~09! k 697 60~1! 25111

117

2975.54~12! k 0 40~1!
41 2980.02~06! 1665.39~06! g, k 1315 47~1! 20.88272

122 48221
143 2.7213

121E22 8.3239
164

2283.50~10! k 697 53~1! 3.2215
125

41 2986.03~04! 1671.32~02! f , k 1315 84~8!
2291.03~18! g, k 697 16~2!

3000.22~05! 1489.35~04! d 1511
2304.50~40!

g
697

(41,3) 3020.46~08! 1459.44~14! k 1561 39~1!
2323.94~10! k 697 61~1!
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TABLE I. ~Continued!.

Jp Ex Eg Note Ef B tan21(d) a t B(E1) B(M1) B(E2)
~keV! ~keV! ~keV! % ~fs! ~W.u.! l ~W.u.! m ~W.u.! n

3026.29~35! 1515.08~50! j 1511
1712.02~50! 1314

3029.00~12! 2332.46~12!
h

697 100
(31) 3043.50~08! 933.69~14! k 2110 30~1! 20.092170

140 8.5276
1115E22 0.45240

162

1731.15~30! g, k 1315 21~2! 0.85244
144 137179

11122 4.1237
156E23 1.029

114

2346.62~11! k 697 49~1! 20.69225
129 5.2247

171E23 0.37233
151

3048.21~09! 1733.59~08! 1315 100
52 3053.45~09! 834.84~11! k 2219 61~8!

1543.08~48! g, k 1511 17~6!
1738.97~13! g, k 1315 22~7!

(5,4) 3065.08~16! ~954.7! g 2110 20~5!
~970.9! g 2094 24~6!

1750.46~16! 1315 56~7!
(31) 3070.89~07! ~997.60! g 2073 11~1! 0.31240

1161 8.4227
139E22 5.0216

123

2374.35~07! 697 89~1! 0.38213
112 38212

118 4.8215
122E22 7.8225

136E21
21 3100.27~09! 1027.49~18! 2073 23~1! 0.60256

160 98245
1152 4.7228

140E22 1227
110

2403.66~11! 697 57~1! 0.60247
144 9.1255

177E23 0.42226
136

3100.50~35! g 0 20~1! 1.328
111E22

3104.55~12! 2408.01~12! h 697
(3,2) 3126.50~09! 947.50~14! g 2179 20~3!

1565.35~20! g 1561 25~4!
1811.77~34! 1315 12~3!
2430.19~11! 697 43~4!

3132.74~50! 1039.83~50! 2093 100
3136.44~27! 1043.95~50! 2093 50~9!

1821.66~31! h 1315 50~9!
3145.81~06! 1636.10~50! 1511

1831.15~04! d 1315
2450.10~35! g 697

1(1) 3169.74~13! 1608.73~16! h 1561 71~2!
3169.81~24! 0 29~2!

(1,2) 3185.54~12! 1006.06~20! 2179 25~4!
2489.04~19! 697 63~4!
3186.45~25! 0 12~2!

(3) 3202.55~29! 2506.01~29! 697 100
(1,2) 3213.96~52! 3213.96~52! 0

3222.22~18! 1661.24~18! 1561
(1,2) 3245.50~50! 3245.50~50! 0

3252.30~50! 1691.32~50! 1561

aIn situations wherex2 vs d plots yield two equivalent solutions for the mixing ratio, the lower tan21(d) value has been used. The alterna
solution leads to much largerB(E2) rates and smallerB(M1) rates. The mixing ratio andB~XL !’s presented are those of the first spin list
when the spin of the initial state is not definite. Angular distributions of 11→21 transitions are not sufficiently sensitive to the mixing ra
to allow a reliable determination. Lifetimes.1ps are too long to be measured using DSAM and are denoted by an asterisk,
undeterminable mixing ratios. Parentheses around mixing ratios indicate the transition is multiply placed. Parentheses aroundEg indicate a
tentative placement.
bMean lifetimes for the 696.5- and 1314.6-keV states are taken from Ref.@1# and for the 1560.9- and 2093.2-keV states from Ref.@8#.
cBranching ratios taken from Ref.@1#.
dTransition multiply placed in agreement with Ref.@1#.
eNot resolved from the 696.5 keV first-excited state transition. Branching ratio from Ref.@1# and parity from@8#.
fTransition multiply placed; strength divided using Ref.@26#.
gNew transition.
hNew level.
iThe presence of two levels with nearly identical decays listed in Ref.@1# is not verified in this work. Branching ratios andJp listed are based
on a single level.
jTransition multiply placed with the strength divided using excitation functions.
kBranching ratios reflect observedg-ray intensities obtained from the angular distributions for the transitions listed; excitation fun
calculations, however, indicate one or more transitions are missing or that a statistical model does not well represent the data at th
lB(E1)W.u.51.7702e2 fm2.
mB(M1)W.u.51.7905mN

2 .
nB(E2)W.u.544.796e2 fm4.
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TABLE II. Comparison of experimentalB(E2;21→01
1) rates for 21 states in144Nd and 142Ce from

inelastic neutron scattering~INS!, electron scattering, and Coulomb excitation~CE!. Transition rates are
listed in Weisskopf units.

State 144Nd ~INS! 142Ce ~INS! 144Nd(e,e8) a 142Ce(e,e8) b 144Nd ~CE! c 142Ce ~CE! c

21
1 – – 20.5~20! 20.5~10! 21.9~2! 21.8~18!

22
1 0.22~1! .0.023 – – 0.133~27! ,0.364

23
1 1.7~4! 2.5~2! 2.8~2! 2.8~1! 2.90~71! 3.18~50!

24
1 0.70~26! 2.6~4! 1.1~1! 2.1~2!

25
1 1.6~3! 0.27~16! d 1.5~2! 2.3~2! d

aReference@7#.
bReference@32#.
cReference@3#.
dInterpretation of measured transition rates in142Ce is complicated by a doublet at this energy.
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keV transition with the 2775.3-keV level would be well ou
side our energy uncertainty, and our placements are con
tent with g-g coincidence measurements of Ref.@26#. The
682.1-keV transition has an angular distribution which lea
to a J5(6,4) preference. Excitation functions are in agre
ment with aJ56 assignment, provided it is a 100% dec
branch.

2779.0-keV 32 state. Three new transitions of 1217.9
1268.1, and 1464.4 keV are observed for this level. T
1268.1-keV transition is also assigned to the 2829.3-k
level. It was previously assigned to the 2775.3-keV level
Snelling and Hamilton@26# as discussed above. The streng
of the 1268.1-keV transition was divided between t
2779.0- and 2829.3-keV levels using the strength division
is-

s
-

e
V
y

f

Ref. @26#. ~We assumed their placement was incorrect
not their distribution of strength.! The angular distributions
and the excitation functions are all consistent withJp532.

2829.3-keV 21 state. See the 2775.3- and 2779.0-ke
level discussion of the 1268.1-keV transition. We observ
doublet at 1515 keV. One of the lines clearly belongs to
2829.3-keV level and is a new assignment; the other tra
tion is adopted and belongs to the 3026.3-keV level.

2839.5 keV 21 state. This level was recently reported a
having an uncertain spin of~1! by Eckertet al. @9#. We ob-
serve a ground-state decay which has an angular distribu
highly characteristic ofE2 radiation, as shown in Fig. 3. Al
other transitions from this level have angular distributio
consistent with a spin 2 assignment.
g
n
t

TABLE III. Absolute transition rates for negative parity states in144Nd from inelastic neutron scatterin
~INS! and from theg-ray induced Doppler broadening technique~GRID!. Transition rates are also give
from nuclear resonance fluorescence measurements for decays of the 11

2 level. Uncertainties are in the las
digits.

Initial Final Transition energy Multipolarity B(EL) ~INS! B(EL) ~GRID! a

state state ~keV! W.u. W.u.

31
2 21

1 814.2 E1 1.9(5)31023 1.0(1)31023

41
1 197.1 E1 4.4(13)31023 1.3(1)31023

11
2 01

1 2186.0 E1 1.1(2)31023 1.4(2)31023 b

1.6(2)31023 e

1.8(1)31023 f

21
1 1489.3 E1 1.4(3)31023 1.8(5)31023 b

2.1(3)31023 e

2.3(4)31023 f

31
2 675.8 E2 17~3! c 20~5!

22
1 624.7 E1 7.5(14)31025 c 1.0(3)31024

51
2 41

1 778.6 E1 4.8(24)31024 d 5(2)31024

31
2 582.4 E2 23~11! d 20~112,210!

61
1 302.4 E1 1.3(6)31023 d 8(4)31024

aReference@8#.
bRecalculated using the branching ratio correction discussed in Ref.@9#.
cBranching ratios from Ref.@1#.
dMean lifetime from Ref.@8#.
eFrom Ref.@38#.
fFrom Ref.@9#.
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3100.3-keV 21 state. This level has an adoptedJ
5(2,3,4). The adopted transition of 1787.0-keV is not o
served in this measurement; however, a ground-state tra
tion is observed with an angular distribution that indica
Jp521 for this level.

Previously adopted levels not observed in this experim
are the 2270-, 2321-, 2399-, 2447-, 2508-, 2612-, 261
2681-, 2709-, 2768-, 2803-, 2842-, 2876-, 2903-, 294
2964-, 2972-, 3031-, 3056-, 3084-, 3161-, and 3178-k
states. A few of these unobserved levels have spins.6 and
are generally not expected to be observed with the (n,n8g)
reaction.

We were unable to confirm transitions listed in Ref.@1#
for the following levels whose decays we did detect. T
levels and~transition energies in keV! are 2084.7 keV~574!,
2295.5 keV~201.6!, 2582.3 keV~1268!, 2775.3 keV~1268!,
2980.0 keV~906,2979!, 3100.3 keV~1787!, and 3202.6 keV
~1023!.

IV. MIXED-SYMMETRY EXCITATIONS

A. Overview

Mixed-symmetry excitations~MS! were first investigated
experimentally in theN584 isotones140Ba,142Ce, and144Nd
by Hamiltonet al. @10#. The focus of their investigation wa
the 23

1 level in each of these nuclei since this state could
be accommodated within the IBM-1@10#. Using their mea-
sured branching ratios andE2/M1 multipole-mixing ratios,
along with IBM-2 calculations, they deduced that the 23

1

state in each of these nuclei exhibited MS properties con
tent with those predicted in the U~5! limit of the IBM-2 by
Iachello @17#. Furthermore, the MS strength was reported
be isolated in each of these levels. The predicted prope
of these low-lying MS states in spherical nuclei are sm
E2/M1 multipole-mixing ratios (udu&0.3), B(E2;01

1

→2MS
1 )'3 W.u., and unusually largeM1 transition rates to

the lowest symmetric 21 state @12,17#. Additionally, the
lowest MS states in spherical nuclei are predicted to oc
between 2–3 MeV and haveJp521 @17#. Vermeeret al.
@15# measuredB(E2;01

1→23
1) for 142Ce via Coulomb exci-

tation and used branching and multipole-mixing ratios fro
Ref. @27# to support further the identification of the 23

1 level
as an isolated MS state in thisN584 isotone. This latter
work was extended by Spearet al. @3# to include 144Nd with
the same conclusion, i.e., the MS strength is isolated in
the 23

1 state of each of these nuclei.
Fragmentation of theM1 mixed-symmetry mode, how

ever, has been observed in numerous deformed nuclei@12#.
In spherical nuclei, specifically in theN584 isotones, frag-
mentation has been predicted by various models@4,13,14,28#
and was recently observed in142Ce by Vanhoyet al. @16#.
Cottle et al. @5# investigated excited levels in144Nd and
found B(E2;01

1→23
1) substantially lower than the 3 W.u

predicted for MS states by Iachello@17#. This led them to
predict that the MS mode may be fragmented among sev
21 levels in this nucleus. Additionally, they suggested th
the MS strength is shared between the 23

1 state at 2072.9
keV and the 24

1 level at 2109.9 keV. We have determine
that the 2109.9-keV state actually hasJp541 in agreement
with Refs.@6,7#. Fragmentation of this MS strength in144Nd,
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if it exists, must reside elsewhere.
Our extended data set allows us to investigate further

question of low-lying MS states in144Nd and the fragmen-
tation of MS strength. We include below a discussion of o
IBM-2 calculations completed using the code NPBOS@29#
and discuss existing model calculations from Refs.@4,13,14#.
We then discuss our results for positive-parity excitatio
and compare these results with model calculations and w
analogous excitations in142Ce, emphasizing MS interpreta
tions.

B. Model calculations

Extensive calculations for the N584 isotones,
138Xe-146Sm, have been completed by Copnellet al. @13#
using the IBM-2 and the PCM. We have extended th
IBM-2 calculations for144Nd to include additional levels for
which experimental information is now available. The sam
code NPBOS@29#, the same IBM-2 Hamiltonian, and th
same parameter set are used in our calculations as were
by Copnell et al. @13# with optimizations discussed below
The number of proton and neutron bosons used in all144Nd
calculations wasNp54 and Nn51. The former value is
an effective proton boson number and is probably influen
by the Z564 subshell closure@13#. The following param-
eter set from Ref.@13# was used as a starting point in ou
calculations: e50.850, k520.27, Cp

0 50.258, Cp
2 50.258,

Cp
4 50.000, j15j350.35, and j250.1, with ep,n50.12,

gp50.7,gn50.2,xp50.0, andxn520.965. These effective
charges andg-factors were derived following the procedure
in Refs.@30,31#. Attempts to optimize the parameter set wi
the newly available information resulted in little change
the wave functions or in electromagnetic transition rates,
though with alterations of the proton anharmonicity para
eters,Cp

0 50.50,Cp
2 50.26, andCp

4 520.27, the placements
of the 41

1 and 61
1 states were slightly improved. These ne

calculations reproduce rather well the level sequence, as
be seen in Fig. 6, and many transition rates, as shown
Table IV.

FIG. 6. Low-lying positive-parity levels of142Ce and144Nd and
IBM-2 calculated levels. Dotted lines are used when level spins
uncertain. Model calculations do not well reproduce the experim
tal level density above 2000 keV, which indicates that these st
have a more complex structure than that represented by the IBM
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TABLE IV. Electromagnetic properties of selected states in144Nd and 142Ce with model calculations for
144Nd. Transition rates listed are in Weisskopf units. Both asymmetric and symmetric uncertainties are
last digit~s!.

144Nd 142Ce IBM-2 PCMa QPM b QPM c CVM d

B(E2;21
1→01

1) 17~1! e 21.2219
124 23 17 17.0 17.0 23

B(E3;31
2→01

1) 31~1! f 24~2! f 3.66 26.7 19.7

B(E2;02
1→21

1) 2028
19 1527

18 13
B(E2;22

1→21
1) 20~2! .19 22 12 24.6 16

B(E2;41
1→21

1) 1922
13 2722

13 32 15 17.9 27
B(E2;22

1→01
1) 0.22~2! .0.023 0.49 0.1 0.35 0.446 0.223

B(E2;23
1→01

1) 1.723
14 2.5~2! ,0.02 2.2 0.67 2.46 1.56

B(E2;24
1→01

1) 0.70220
126 2.623

14 ,0.02 0.89
B(E2;25

1→01
1) 1.6~3! 0.27215

116 ,0.02 0.98
B(E2;23

1→21
1) 9.4218

120 2.6~3! 3.43 2 10.5 4.01
@2.926

16# g

B(E2;24
1→21

1) 0.35210
113 0.03725

16 ,0.02
B(E2;25

1→21
1) 1.422

13 0.028215
117 ,0.02

B(M1;22
1→21

1) 0.03022
13 .0.012 0.012 0.017 0.067 0.0073

B(M1;23
1→21

1) 0.079215
117 0.13~1! 0.030 0.0977 0.201 0.090

@0.1022
12# g

B(M1;24
1→21

1) 0.1023
14 0.20~3! ,0.0001

B(M1;25
1→21

1) 0.02023
14 0.0046~28! 0.0025

Q(21
1)(eb) 20.15(6)f 20.16(5)f

aReference@13#.
bReference@7#.
cReference@14#.
dReference@4#.
eReference@1#.
fReference@3#.
gMixing ratio from Ref.@26#.
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Calculations from three other models, the PCM, QP
and CVM, are presented in the Table IV and discussed in
text. These models all contain both particle and collect
features, but they treat these configurations in different wa
No new calculations have been completed using these m
els, rather the reader is referred to the literature for detail
the models and for the specific calculations for144Nd. In
particular, the calculations we have included in this work
from Copnellet al. for the PCM @13#, Meyer et al. for the
CVM @4#, and Dinhet al. @14# and Perrinoet al. for the QPM
@7#.

C. States with mixed-symmetry character

1. 11 states

The 11 state at 2655.6 keV state exhibits a fastM1 tran-
sition to the ground state. The Doppler shifts for the level
shown in Fig. 5. The experimental transition rate
B(M1;11

1→01
1)50.10(1) W.u. deduced for this level i

only slightly larger than recent measurements ofB(M1;11
1

→01
1)50.061(4) W.u. by Eckertet al. @9#. The experimen-

tal value is over a factor of four larger than predicted
IBM-2 calculations even though the model predicts the wa
function of the 11

1 level to contain 96% MS components.
,
e

e
s.
d-
of

e

e
f

e

We also observe the decay of the 2655.6-keV level i
the 21

1 level, but the multipole-mixing ratio cannot be dete
mined from the data. The ambiguity we observe ford(11

1

→21
1) is not unusual for decays from spin 1 states as thex2

versus tan21(d) plots are often very flat. In142Ce, the ex-
perimental picture is better determined. The 11

1 level in that
nucleus exhibitsM1 decays in very good agreement wi
IBM-2 calculations @16#, although calculatedE2 decay
strengths into the 21

1 and 22
1 states are essentially reverse

from the experimental values. Of the models consider
transition rates for the 11 decays are available only for th
IBM-2.

2. 21 states

Experimental transition rates for the five lowest 21 states
in both 144Nd and 142Ce are given in Table IV along with
theoretical calculations for144Nd from the PCM@13#, the
CVM @4#, the QPM@7,14#, and the IBM-2. The distributions
of B(M1;2x

1→21
1) and B(E2;2x

1→01
1) for x5(2 –6! are

shown in Fig. 7 for144Nd and 142Ce.
Evaluation of MS strength in 21 states in144Nd depends

strongly on the value of the multipole-mixing ratios for d
cays to the 21

1 symmetric state. In Table V, we list ou
E2/M1 multipole-mixing ratios along with values from Sne
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ling and Hamilton@26# and Al-Janabiet al. @25#. Our evalu-
ation is complicated by doublets at the energies of the dec
into the 21

1 state for the 22
1 ,24

1 and the 25
1 levels. In each

case, the other member of the doublet belongs to a hig
energy level and is considerably weaker. Our values ar
good agreement with those of Ref.@26# and also for some
transitions with Al-Janabiet al. @25#, as can be seen in Tabl
V. Transition rates for decays from the 23

1 state are listed in
Table IV and have been calculated using both our mix
ratio and that of Ref.@26#, which is consistent with ours
within the uncertainties and is at the upper limit ofd&0.3
predicted for MS states@12#; it is also the value used in ou
discussion and in Fig. 7. All other transition rates are cal
lated using ourd ’s. Only the multipole-mixing ratios for the
23

1 and 24
1 states in144Nd lie within the limits indicative of

MS strength in spherical nuclei@12#, as the others have to
large anE2 component. The same is also true of the 25

1 state
in the N584 isotone142Ce @16#.

Examination of Fig. 7 reveals that most of theM1 decay
strength from low-lying 21 states in144Nd lies in the 23

1 and
24

1 levels, although the rates are only reduced by a facto
3-6 in the 22

1 ,25
1 and 26

1 states. TheM1 strength in142Ce is

FIG. 7. Magnetic-dipole and electric-quadrupole transition ra
for decays from 2x

1 states into the 21
1 and 01

1 levels in 144Nd and
142Ce are shown in the top two panels and bottom two pan
respectively.

TABLE V. Multipole-mixing ratio comparison for 21 states in
144Nd. Uncertainties are in the last digit~s!.

Transition This work Ref.@26# Ref. @25#

d(22
1→21

1) 20.932523
130 2(1.13215

122) -0.73~8!

d(23
1→21

1) 0.63231
149 0.3129

111 0.13~7!

1.70~30!

d(24
1→21

1) 0.13216
119 0.17~8! 0.1526

19

1.57~27!

d(25
1→21

1) 0.63223
136 0.0728

16

1.86234
142
ys

r-
in

g

-

of

much more concentrated in the 23
1 and 24

1 levels. Lipas@12#
reports that values ofB(M1;2MS

1 →21
1) between 0.06 to 0.28

W.u. are typically used to identify MS states. This aga
points to the 23

1 and 24
1 levels as the best candidates for M

states in these two nuclei. Lipas also reports that within
U~5! limit of the IBM-2 the summedM1 strength for 2MS

1

→21
1 decays should be about 0.23mN

2 . This prediction com-
pares well with our observed values of 0.36mN

2 for 144Nd and
0.59mN

2 for 142Ce for just these two levels.
A final signature of MS strength in spherical nuclei

B(E2;01
1→2MS

1 )'3 W.u. @17#. In 142Ce, the E2 decay
strength to ground is clearly isolated in the 23

1 and 24
1 levels,

while in 144Nd, the strength is spread into the 25
1 state and to

a lesser extent into the 22
1 state, as can be seen in Fig. 7. T

summedE2 strengths for the ground-state decays of 2.4 a
5.1 W.u. for just these two levels in144Nd and142Ce, respec-
tively, are slightly larger than Iachello’s predictions for th
lowest 2MS

1 levels in U~5! nuclei @17#.
Our experimental results show that in these twoN584

nuclei, both the 23
1 and 24

1 states exhibit properties consis
tently predicted for MS excitations in spherical nuclei, ev
though they are split by over 300 keV. There is also so
evidence of spreading of a little of this strength into the 22

1

and 25
1 levels.

The overlap between IBM-2 wave functions and the h
monic U~5! wave functions has been calculated in order
evaluate the symmetric versus MS character of the level
144Nd; the results of these calculations for142Ce have been
given previously in Table III of Ref.@16#. There is essen-
tially no difference in the overlap integrals for144Nd so the
reader is referred to that work for details of the calculatio
Specific overlaps are discussed below for states of intere
144Nd. The IBM-2 21

1 state is highly symmetric as its wav
function is composed predominantly~78%! of the 21

1(d)
symmetric boson. TheE2 decay of this state is reproduce
rather well by the model. The second, third, and fifth IBM
21 states all have a significant oned-boson 2M~d! compo-
nent, with the 23

1 state receiving the largest contribution
'55%. The twod-boson 2M(d2) strength is split between
the fourth and fifth 21 states. The MS component in th
calculated IBM-2 24

1 and 25
1 states is not revealed throug

large M1 decay rates into the symmetric 21
1 level; in fact,

the M1 rates are very small compared to the same rate f
the 22

1 and 23
1 levels. The IBM-2M1 decay rates are in

rather good agreement with the data except for the 24
1 state,

although all are consistently a bit low, as can be seen
Table IV.

The E2 decay rates of the 23
1 ,24

1 , and 25
1 levels to the

ground state are all underpredicted by the model, as are
decays of the 24

1 and 25
1 states to the 21

1 level. The model
does do well withE2 transitions from the 22

1 state and the
23

1→22
1 decay. The totalE2 strength of 94 W.u. predicted

by the IBM-2 for these 21 levels, however, is in rather goo
agreement with the total experimentalE2 value of 85 W.u.
There appears to be anE2 strength distribution problem in
the model for these144Nd levels. We were unable to adjus
IBM-2 model parameters to correct any of the above pr
lems.

s

s,
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Dinh et al. @14# use the QPM to examine the three lowe
21 states in severalN584 isotones and to investigate M
strength distributions in these levels. Results of their cal
lations are given in the last column of Table IV; the over
agreement with our experimental data for144Nd is quite
good. With respect to the main component of the QPM wa
function, they find the 21

1 and 22
1 states to be symmetri

collective excitations, with the lowest 21 state being pre-
dominantly a single-phonon excitation and the 22

1 level a
two-phonon excitation. They also find that MS strength
shared between the 22

1 and 23
1 states with the 23

1 level hav-
ing about a 50% MS component. The model actually pred
similar M1 rates from these two 21 levels, even though the
23

1 state has a much larger MS component. Unfortunat
no results from these QPM calculations are given for a
higher-lying 21 states. Perrinoet al. @7# list QPM calcula-
tions for B(E2;01

1→21) rates for additional 21 levels
which they compare to their electron-scattering data. Th
calculations are presented in the seventh column of Table
and are found to agree within a factor of two with our da
for the limited number of transitions listed. There is, ho
ever, some disparity between the two sets of QPM calc
tions, e.g.,B(E2;23

1→01
1) is almost a factor of four greate

in the calculations by Dinhet al. @14# than in those by Per
rino et al. @7#.

The PCM calculations for144Nd by Copnellet al. @13# are
in good agreement with most experimental transition ra
Decay of the symmetric two-phonon 22

1 state into the first
excited state is, however, significantly underestimated, a
the decay of the 41

1 . TheB(E3) decay rate of the 31
2 state is

also much too low. Wave functions from the PCM calcu
tions are presented in Ref.@13# for 144Nd. It seems the mode
underpredicts the collectivity of some of the levels, e.g.,
22

1 state is not predicted to have significant two-phon
character in the model.

The CVM does very well with most decays, especially t
ground-state decays of the 21 levels@4#. This model, like the
QPM, predicts that the MS strength is spread between the2

1

and 23
1 levels. The CVM, however, predicts a much bigg

difference in theM1 decay rates for these two levels into t
21

1 than does the QPM or than is observed experimenta
Comparisons of the experimental data for144Nd and

142Ce reveal that the distribution of ground-stateE2 strength
differs in these two nuclei. Examination of the transitio
charge densities of144Nd ~Fig. 7 in Ref.@7#! and 142Ce ~Fig.
3 in Ref. @32#!, shows nearly identical structure for the fir
three 21 states. This is supported somewhat by the d
although for 142Ce only a lower limit is given for
B(E2;22

1→01
1). The 24

1 state exhibits less collectivity o
surface peaking in142Ce than does the same level in144Nd,
while the 25

1 state displays the opposite effect; however,
24

1 ground-state decay strength is clearly larger in142Ce.
This is reversed from the direction expected unless one
cuses on a hole interpretation, since144Nd has two more
proton particles than142Ce with respect toZ550 but two
less proton holes with respect to theZ564 proton subshel
closure.

3. 31 states

The 31
1→21

1 transition in 144Nd exhibits rather strong
M1 andE2 rates. The rates observed for both of these tr
t
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sitions are larger than observed in142Ce or predicted by our
IBM-2 calculations for the 3MS

1 state in 144Nd. The IBM-2
calculations indicate that the lowest 3m

1(d2) strength is split
between the first and second 31 states. Manifestations of thi
split are smallM1 transitions and sizeableE2 transitions
into the 22

1 and 41
1 states. In142Ce, this is essentially what is

observed, although the magnitudes of the measuredE2 tran-
sition rates are not in good agreement with the IBM-2 p
dictions. Not enough experimental information is availab
to evaluate the fragmentation of 31 MS strength in144Nd. It
is interesting that strongM1 decays are not predicted fo
these 31 levels, even though the IBM-2 calculations reve
that the wave functions for these levels are predominantly
MS character. Calculations for 31 levels were not listed from
the other models.

V. MULTIPHONON EXCITATIONS

1. Quadrupole-octupole coupled structures

Quadrupole-octupole coupled~QOC! states have been in
vestigated rather extensively in144Nd @6,8,9,33–35#. These
negative-parity states withJ5(1 –5! arise from the coupling
of the quadrupole and octupole vibrational modes and sho
have energies near the sum ofE(21

1) and E(31
2), which is

'2200 keV in 144Nd. These states are further characteriz
by their decay properties, sinceE3 transitions from the QOC
states to the 21

1 state andE2 transitions into the 31
2 level

should haveB(E3) andB(E2) values of the same strengt
as B(E3;31

2→01
1) and B(E2;21

1→01
1), respectively@8#.

Often, however, the decays are dominated by rather str
E1 transitions, e.g.,B(E1;11

2→01
1).1023 W.u. @8,36#.

Previous evaluations of QOC states in144Nd are discussed
below, and new information on these states gleaned from
(n,n8g) investigation is presented. Quadrupole-octup
candidates and their associated transition rates are liste
Table VI. Similar values found for142Ce are included for
comparison@16#. Many of the transition rates measured b
Robinsonet al. @8# are listed in Table III.

QOC12 state.The 12 level at 2186.0 keV was originally
identified as a member of the QOC quintuplet based on
ergy considerations alone@33,35,37#. Decay properties of
this state are listed in Table III as determined in this m
surement, as well as from Refs.@8,9,38#; all values are in
excellent agreement. The observedE1 decays into the 01

1

and 21
1 levels and theE2 decay into the 31

2 state are con-
sistent with predicted QOC-state properties@8,9,35#. The 12

QOC candidate in142Ce was observed to have similar dec
properties and lies at 2188 keV@16#. Recent transition rate
calculations by Tsonevaet al. @39# using the QPM model
indicate the 11

2 level in both 142Ce and144Nd consists of a
large portion of the two-phonon quadrupole-octupole co
ponent.

QOC 22 state.The 22 member of the QOC quintuple
remains elusive. Pignanelliet al. @6# see no clear indication
of the 22 state which they clearly observed in the Mo, P
and Cd isotopes@40#. They assert that this may be an ind
cation that both 21 ^ 21 and 21 ^ 32 two-phonon states are
largely fragmented in this nucleus; this assertion is suppo
by their QPM calculations. Calculations by Vogel and Ko
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TABLE VI. Absolute transition rates for QOC state candidates in144Nd and 142Ce and for the 21
1 and 31

2 levels.

144Nd 142Ce
Initial Level Final Transition Multi- B(XL) Level Final Transition Multi- B(XL)
state energy~keV! state energy~keV! polarity ~W.u.! energy~keV! state energy~keV! polarity ~W.u.!

21
1 696 01

1 696.5 E2 17~1! a 641 01
1 641.3 E2 21~2!

31
2 1511 21

1 814.2 E1 2.025
16 x 1023 1653 21

1 1011.7 E1 ,1.231024

41
1 197.1 E1 4.3(12)31023 41

1 433.2 E1 ,2.231024

11
2 2186 01

1 2186.0 E1 1.121
1231023 2188 01

1 2187.4 E1 1.2(3)31023

21
1 1489.3 E1 1.5(2)31023 21

1 1546.3 E1 2.4(5)31023

31
2 675.8 E2 1722

13 b 31
2 ~534! E2 ,79

22
1 624.7 E1 7.6210

11331025 b

22 2728 21
1 2086.6 E1 4.3(22)31025 d

22
1 1191.6 E1 2.6(13)31024 d

31
2 1074.9 M1 1.5(8)31023 d

E2 3.0~2! d

32 2779 21
1 2082.5 E1 1.727

1931024 2768 21
1 2126.5 E1 2.827

1831024

41
1 1464.4 E1 1.627

1931024 22
1 1231.5 E1 5.3213

11531024

31
2 1268.1 M1 5.1223

12931022 e 31
2 1115.0 E2

E2 2.4211
114 e

22
1 1217.9 E1 2.5211

11431024

42 2204 41
1 890.1 2384 41

1 1165.3 E1 4.2226
14031024

31
2 694.0 31

2 731.5 M1 0.44225
138

E2 3.3219
1293102

31
1 202.3 E1 2.5214

12131022

51
2 2093 41

1 778.6 E1 4.9(24)31024 c 2125 41
1 905.6 E1 ,6.631024

31
2 582.4 E2 23~11! c 31

2 471 E2 ,138
61

1 302.4 E1 1.3(6)31023 c 61
1 381.8 E1 ,9.831024

aMean lifetime from Ref.@1#.
bBranching ratios from Ref.@1#.
cMean lifetime from Ref.@8#.
dTentative 22 assignment@16#.
eAmbiguous mixing ratio because of the doublet nature of the 1268-keV transition.
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bach @34# using Hartree-Fock methods indicate that the2

QOC state is pushed well above the 21
1131

2 sum by anhar-
monicities. Considering levels observed in this measurem
which decay into both the 21

1 and 31
2 states, only one level a

3000.2 keV is not excluded by other unlikely 22 decay pat-
terns. More experimental information is needed before
definite assignment can be made. In142Ce, a 22 candidate
was proposed at 2728 keV based on decay characteris
however, the spin of that level is not definite@16#.

QOC 32 state.Calculations by Vogel and Kocbach@34#
predict the 32 QOC state to lie above 3 MeV and to have
enhancedE3 decay to the ground state. Robinsonet al. @8#
propose the 2779.0-keV level as the 32 candidate since a
rather largeB(E3)57.3 W.u. is observed from this level t
ground@6#; however, this assessment is made without ab
lute transition rates into the 21

1 and 31
2 one-phonon states

Our measurements further support the QOC nature of the2

at 2779.0-keV. We observe decays into both the 21
1 and 31

2

nt

a

cs;

o-

states, and experimental absolute transition rates give
Table VI are consistent with a QOC description for th
level.

Robinsonet al. @8# report that the QOC strength may b
fragmented between several 32 states above 2.6 MeV. Thi
fragmentation is supported by the decay patterns and a
lute transition rates of other 32 levels. The 2606.0-keV level
for example, has a considerably strongerE2 decay into the
31

2 state and a rather strongE1 decay into the 21
1 level;

however, no strongE3 decay to the ground state has be
observed for this level. In a true harmonic picture, this le
actually appears to be the better candidate since noDn52
decays are observed, wheren is the quadrupole-phonon
number.

Other states which do not have definite spin and pa
assignments but exhibit some of the desired decay patt
include the 2564.3-, 2868.2-, and 3000.2-keV levels, as
be seen in Table I. A level at 2768 keV was proposed as
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32 QOC candidate in142Ce; however, the spin assignme
of the state remains indefinite.

QOC 42 state.The 2204.8-keV level has been identifie
as the 42 QOC candidate by Robinsonet al., although the
decay characteristics of this level are not completely con
tent with a QOC interpretation. No new information w
obtained for this level. The 42 candidate in142Ce is located
at 2384 keV@16#.

QOC 52 state.The 51
2 level at 2093.2-keV has been pro

posed as a member of the QOC quintuplet@33,37#. Direct
excitation investigations of this state by Cottleet al. @41#
indicate that single-step processes contribute extensive
the excitation of this level, which suggests this state has la
2qp structure. Robinsonet al. @8# observed strong decays o
this level into both the 21

1 and 31
2 , which led them to pro-

pose that this level has about equal contributions of Q
and 2qp character in its wave function. In fact, they conte
that the mixing of 2qp and QOC configurations may expla
why the level is observed a few hundred keV lower th
calculated by Vogel and Kocbach@34#. Recent investigations
of negative-parity states in144Nd by Jewellet al. @42# found
this level to be well described by a wave function which
composed of 40–50% 21

1
^ 31

2 and 50–60% is the 2qp con-
figuration ofn( f 7/2,i 13/2). Our measurements are in excelle
agreement with those of Ref.@8#.

2. Two-quadrupole phonon structures

The ratio Ex(41
1)/Ex(21

1)51.89, the small quadrupol
moment of the first excited stateQ(21

1)520.15(6) eb @3#,
and theE2 transition rates for decays of the 02

1 ,22
1 , and 41

1

states into the 21
1 are all indicative of spherical vibrationa

character. The rather large energy separation between t
three states, however, suggests that the anharmonicitie
quite large. Additionally, theB(E2) values for decays o
these three levels into the 21

1 state are only about half of th
harmonic value which, as was suggested by Pignanelliet al.
@6#, may indicate a large fragmentation of two-phon
strength in this nucleus. Comparisons of the behavior
these levels with IBM calculations led Gupta@43# to con-
clude that the vibrational character of these excitations is
fully developed from their more particlelike behavior in th
N582 isotones. The 2qp versus vibrational nature of the 41

1

level has been investigated extensively by Cottleet al. @5#
and is discussed below. The triplet of states (01,21,41) pre-
dicted from the coupling of two quadrupole phonons (2Q) in
a simple vibrational picture is expected to occur at twice
excitation energy of the 21

1 ; these states have long bee
identified in 144Nd @43#. Members of this multiplet are de
scribed below only in relation to new information obtained
this work. Both experimental and theoretical transition ra
discussed below are listed in Table IV.

2Q 01 state. The first observed 01 state lies at 2084.7
keV and is well above twice the energy of the 21

1 quadrupole
phonon. It remains the best candidate for the 01 member of
the two-phonon triplet as it has a rather largeE2 decay into
the 21

1 state. The experimental B(E2;02
1→21

1)
52028

19 W.u. is larger than predicted by our IBM-2 calcul
tions, which indicate that the wave function for this state
composed of'64% two-phonon components. There appe
s-

in
e

C

t

ese
are

f

ot

e

s

s
s

to be a distribution problem rather than a lack of over
strength for the two-phonon states in this model, since
total E2 decay strength from the two-phonon candidates
'69 W.u., while the IBM-2 predicts 67 W.u. for the sam
decays.

The PCM 02
1 has almost no overlap with the IBM-2 02

1 .
Copnell et al. @13# comment that because of this and t
better overall agreement of the PCM with experiment t
the experimental 02

1 must lie outside the IBM-2 mode
space. This statement is not completely supported by
data. Unfortunately, Copnellet al. do not list decay rates
from their PCM calculations for 01 states. The PCM result
are consistently low for all transitions from members of t
two-phonon multiplet, even for the ground-state decay of
22

1 state. This suggests that both the one-phonon and t
phonon strengths in this model are not sufficiently large
describe the experimental situation. The QPM actua
shows better overall agreement with experiment for the2

1

and 41
1 decays, but again, no transition rates are given for1

states in Refs.@7,14#. No transition rates are given for 01

levels in CVM calculations@4#.
2Q 21state. The 22

1 level at 1561.0 keV is the best can
didate for the 21 member of the 2Q triplet. The IBM-2 cal-
culations do rather well in describingE2 decay rates from
this state into both the 21

1 and 01
1 levels, although the latte

calculation is too high and theM1 decay into the 21
1 state is

too low by a factor of about 2. The PCM underpredicts bo
of these decays which, as discussed for the 02

1 level, indi-
cates that neither the one- or two-phonon strengths are
equate for these levels.

The QPM calculations of Dinhet al. @14# give results
similar to the IBM-2 for bothE2 decays but overpredict th
M1 decay. The CVM@4# does very well with the ground
state decay of the 22

1 level but shows mixed results for othe
decays.

2Q 41 state. The excitation energy of the 41
1 state at

1314.6 keV is very close to the harmonic value of twice t
energy of the 21

1 level. ItsE2 decay rate into the 21
1 level is

also suggestive of strong two-phonon character, although
same decay in142Ce is 8 W.u. greater@16#. Both the PCM
and QPM do a considerably better job reproducing the de
rate for this level than does the IBM-2 or the CVM. This
exactly opposite of what is seen in142Ce. In that nucleus, it
appears the collective, or two-phonon, strength is consid
ably larger than in144Nd for this level; however, the 41

1

ground-state decays of 12 W.u. for144Nd @5# and 14. W.u.
for 142Ce @32# are nearly the same.

Cottle et al. @5# have extensively investigated the vibr
tional versus 2qp character of the 41

1 state in 144Nd. From
the analyses of their (p,p8) scattering data they conclud
that the 41

1 state contains significant quantities of both 2qp
and two quadrupole-phonon components which supp
Gupta’s assertion, i.e., that the collective nature of the1

1

level is not developed away from its more particlelike natu
in theN582 nuclei. The 2qp nature of the 41

1 state, at least
in the coreN582 nuclei, comes from coupling protons in th
d5/2 andg7/2 orbits @5#. Pignanelliet al. @6# observe a signifi-
cant E4 excitation to this level which suggests that 1-st
processes are important in the excitation of this level, si
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2-step excitations must be quite weak in (p,p8) and (a,a8)
measurements.

As was discussed previously in Ref.@16#, the enhanced
collective nature of the 41

1 state in142Ce may result from the
number of active protons participating in the interaction. C
culations for theN584 isotones by Copnellet al. @13# indi-
cate that there are more active protons in142Ce than in144Nd
because of the subshell closure atZ564.

3. Three-quadrupole phonon structures

The three-quadrupole phonon (3Q) strength is expected
to be spread in energy and probably fragmented among v
ous levels because of the large anharmonicities obviou
the two-phonon structure. Signatures of these 3Q states are
strongE2 decays into the two-phonon triplet and energ
near three times the energy of the 21

1 state, i.e., at
'2100 keV in 144Nd. Below we list our best candidates fo
the 3Q quintuplet.

3Q 01 state. States withJp501 are observed at 2328.2
2675.6, and 2743.2 keV. Only the 2743.2-keV state is
served to decay to any level other than the 21

1 ; specifically,
it also decays into the 22

1 . The rather largeE2 transition rate
for this decay of 14 W.u. makes this the best 01 candidate
for the 3Q quintuplet.

3Q 21 state. Several 21 levels below 2.9 MeV are ob
served to decay into the 22

1 state, including those at 2527.8
2592.5, 2693.0,~2829.3!, and 2839.5 keV. The lowest o
these which is also observed to decay into the 41

1 state is the
level at 2693.0 keV. Upper limits on these decays are
W.u. for the decay into the 22

1 state and 11 W.u. for the
decay into the 41

1 level.
3Q 31 state. The lowest 31 level is at 2178.8 keV and is

observed to decay into the 41
1 state. No multipole-mixing

ratio could be determined for this decay so the transition
is unknown. Other higher-lying 31 levels are observed to
decay into either the 22

1 or 41
1 levels, but just as for the 41

1

state, transition rates are not known.
3Q 41 state. Several 41 levels are observed which deca

into either or both of the 22
1 and 41

1 levels. The lowest
energy 41 state decaying into both these two-phonon sta
with significant E2 transition rates is the level at 2295
keV; however, only upper limits are given for these deca

3Q 61 state. Spin-6 states occur at 1791.5, 2218.5, a
2808.8 keV. The 1791.5 keV level is the most like 3Q can-
didate because of its energy. It is observed to decay into
41

1 by the emission of a 476.9 keVg ray. Unfortunately, the
energy of thisg ray is so low that it prohibits a lifetime
measurement using DSAM.

VI. SUMMARY

The excited levels of144Nd below 3.3 MeV have been
studied using the (n,n8g) reaction. Excitation functions, an
gular distributions, and Doppler shifts were measured fog
rays from these levels. Level lifetimes and spins, multipo
mixing and branching ratios, and electromagnetic transit
rates were deduced. Nine new levels and over 30 new t
sitions assigned to existing levels were found below
MeV excitation.

The fragmentation of the lowest MS modes of excitati
l-

ri-
in

s

-

.4

te

s

.
d

he

-
n
n-
3

was investigated in144Nd. ExperimentalB(M1) andB(E2)
transition rates andE2/M1 multipole-mixing ratios were ex-
amined from MS candidates into the lowest symmetric sta
i.e., the 21

1 state. Both the 23
1 and 24

1 levels exhibit decay
characteristics predicted for 21 MS excitations. There is
weaker experimental evidence that the MS mode is spr
into the 25

1 and into the 22
1 levels. Comparisons of thes

results for144Nd with analogous measurements reported e
lier for 21 states in142Ce show that in both these nuclei the
is strong experimental evidence supporting the fragmenta
of the 21 MS mode of excitation into primarily the 23

1 and
24

1 levels, even though these levels are separated by
300 keV. The MS mode was also investigated in 11 and 31

levels in 144Nd. The 11 level at 2655.6 keV does exhibit
relatively fastM1 transition to the ground state of144Nd;
however, more experimental information is needed to
dress MS strength in this state and fragmentation of the1

MS mode. The experimental situation for 31 levels in 144Nd
is similar to that of the 11 levels. The 31

1 at 2178.8 keV
exhibits decays similar to those predicted for MS states
information needed to assess MS fragmentation is not av
able.

Wave functions calculated using the IBM-2 support t
fragmentation of MS strength in the 23

1 and 24
1 levels, as

well as in the 25
1 state, although the modelB(M1) values

for decays of the 24
1 and 25

1 states into the lowest 21 sym-
metric state are very small. The model also predicts that e
though the lowest 11 and 31 state wave functions hav
dominant MS components, theM1 rates are not significantly
larger than single-particle estimates. This model does an
cellent job reproducing the measured transition rates fr
the 21

1 and 22
1 states, but underpredicts the ground-state

cays of the 23
1 and 24

1 states. Some features, such as th
ground-state decays of higher lying 21 states, lie outside the
limits of the IBM-2 model and appear to require a mo
particlelike interpretation. For spin-3 states no clear ident
cation of MS candidates can be made from the experime
information, but IBM-2 calculations show clearly that th
MS strength is expected to be split between the first a
second 31 states.

Existing CVM and QPM calculations were compared
our experimental data for transitions from low-lying 21

states in 144Nd. Both of these models predict that M
strength is split between the 22

1 and 23
1 levels. This seems to

differ from the experimental situation when traditional M
characteristics are used to assess MS strength in excited
els, e.g., unusually largeM1 decays to the lowest symmetr
state and small multipole-mixing ratios. There is, howev
better overall agreement between calculated and experim
tal transition rates from these two models than from
IBM-2 which puts most of the 21 MS strength in the 23

1 and
24

1 levels. Calculations from these models need to be
tended to higher-lying 21 levels and include 11 and 31

states in order to evaluate better the role of MS excitation
this nucleus and the agreement of the model predictions w
experimental information. Comparisons between our
panded144Nd data set and existing PCM calculations sho
rather good agreement for some transitions, but appea
indicate that the model does not contain enough collec
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strength. This is most obvious in members of the tw
phonon triplet.

Lastly, we have investigated multiphonon excitations
144Nd. Evidence is given to support the 2779.0-keV level
the 32 member of the QOC quintuplet and to propose t
this mode of excitation is shared with the 2606.0-keV lev
These assignments are based on new decay informatio
transitions into the 21

1 and 31
2 levels. Transition rates mea

sured for other previously proposed members of this quin
plet are found to be in excellent agreement with exist
.
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information. Levels exhibiting predicted decay character
tics for two- and three-quadrupole phonon states are
discussed.
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