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Excited levels in'*Nd below 3.3 MeV have been studied using then( y) reaction. Electromagnetic
transition probabilities, multipole-mixing and branching ratios, and level spins and parities were deduced from
measuredy-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
2% mixed-symmetry mode is clearly observed through strbhly transitions into the lowest symmetric' 2
level and through smalE2/M1 multipole-mixing ratios. Comparisons with similar measurements“d@e
reveal that thesé&N=384 isotones exhibit strong fragmentation of the mixed-symmetry mode, although it
appears to be spread into more level$4fNd. Evidence is found to support the assignment of the 2779.0-keV
level as the 3 member of the octupole-quadrupole phonon coupled quintuplét’tdd 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 exahf80886-28138)06105-9

PACS numbeps): 25.40.Fq, 21.10.Re, 23.20.Lv, 27.64Q.

I. INTRODUCTION ergy rangg17]. New information enables us to investigate
mixed-symmetry strength in low-lying*/Nd excited levels
The proximity of 1*4Nd to theN =82 closed neutron shell and the fragmentation of this strength, particularly in 2
has made this nucleus the subject of numerous investigatior$ates, by comparing our experimental results with calcula-
into the role of collective and particle configurations in low- 10NS ;‘romhthe mtere:jctmgplk\)/loso?n 1T°dﬁBM|'2)' the.t()qua.s&
lying nuclear excited levels. Mixed-symmetry excitations Paticle phonon mo elQPM) [ " i, the cluster Vvibration
model (CVM) [4], and the particle-core coupling model
and quadrupole-octupole coupled states are two types of COQDCM) [13]
The quintuplet of negative-parity states arising from the
coupling of quadrupole- and octupole-vibrational modes
%hould have energies near the sumE{®;) and E(3])

lective modes which have received considerable attention i
this nucleus, as well as in oth&=84 isotones. Although
144Nd is the most studied of these isotones, there is still

lack of experimental information available for low-lying ex- which is also in the 2—3 MeV excitation region H*Nd.

cited states. , _ _ _ Candidates for this quintuplet of states have been investi-
EX|.st|r.19 expenr_nental mformapon can be found in the gated recenthf8,9], but questions remain both regarding
compilation by Tuli[1] for work prior to 1988. More recent members of the quintuplet and the possible energy-splitting
experimental investigations include: Coulomb eXCitationof these mu|tiphon0n excitations. New|y observed decays
[2,3], in-beam y-ray and conversion electron studi€®ef.  into the 27 and 3 states allow us to investigate further
[4] and references cited therginproton scatterind5,6],  these quadrupole-octupole coupled states and the splitting of
electron scattering7], y-ray induced Doppler broadening the two-phonon 3 strength into more than one excited
[8], and nuclear resonance fluoresceffle In this work, we  |evel. We also investigate two- and three-quadrupole phonon
extend the detailed experimental information available forstates.
144Nd to 3.3 MeV excitation using then(n’y) reaction. Recent investigations of*?Ce [16], along with this new
New information from this investigation includes electro- experimental information fot*Nd, provide a framework for
magnetic transition rates for states having lifetimes in thecomparing low-lying excitations in these twb= 84 isotones
range of a few femtoseconds to about one picosecond, asd for examining the influence of the two additional protons
well as spins, parities, branching and multipole-mixing ra-in *4Nd.
tios. In Sec. Il we describe the experimental procedures and
Mixed-symmetry excitations in these isotones have beewlata reduction techniques used to extract level information.
investigated theoretically[4,10—14 and experimentally In Sec. Ill, we present level discussions for those states in
[5,7,9,15,18 To assess this collective mode, it is necessarywhich there is debate about the experimental information.
to have well-determined level properties for excited stateMixed-symmetry excitations are discussed in Sec. IV and
between 2 and 3 MeV, since for spherical nuclei the lowesmultiphonon excitations in Sec. V. Finally, a summary is
mixed-symmetry excitations are predicted to lie in this en-presented in Sec. VI.
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1000 ' ' " " "] cally enriched to 97.5% and was packed into a thin-walled

E, = 3.28 MeV polyethylene container with a diameter of 3.0 cm and a
height of 4.4 cm. Gamma rays were detected with a
Compton-suppresseaatype HpGe detector of 52% relative
efficiency in a BGO annulus detector. The Ge detector had
an energy resolution of 2.1 keV FWHM at 1.33 MeV. The
gain stability of the system was monitored at each angle
using radioactive’®Co and'*Eu sources. Background lines
were identified by scattering from a natural carbon sample.
The neutron scattering facilities, time-of-flight background
suppression, neutron monitoring, and data reduction tech-
nigues have been described elsewhHa®].

Excitation functions measured at 90 degrees for incident
neutron energies between 2.2 and 3.3 MeV in 70 keV steps
were used to place rays in the decay scheme, to determine
level energies, and to assist in level spin assignments. Figure
1 shows experimental spectra fgrray energies near 2300
keV from the excitation function measurements for neutron
energies of 2.92, 3.14, and 3.28 MeV. Experimental excita-
tion function yields were corrected for-ray detection effi-
ciency and long counter efficiency as a function of neutron
energy in order to obtain relative-ray production cross sec-
tions. A normalization appropriate for interpreting cross sec-
Energy (keV) tions was obtained by comparing theoretical cross sections
. _ calculated with the statistical model codenpy [19] and
FIG. 1. Gamma-ray excitation function spectra between 2040 . . . ;

. experimental cross sections fof @evels which contained no
and 2510 keV for neutron energies of 2.92, 3.14, and 3.28 MeVfeeding in these measurements. Tieny calculations were
The arrow is drawn at the position of the 2271.9-ke\May and . . ) . .
shows clearly that this cannot be a ground-state transition. Gammgt1ade using optical mdel parameters appropriate for this
rays in this portion of the spectrum arise either from ground-staté'nass and energy regi¢@0]. Experimentaly-ray production

Counts

2100 2200 2300 2400 2500

transitions or transitions to the; 2state. cross sections were then compared to theoretical values for
levels below about 3.0 MeV to assess level spins amdy
Il. EXPERIMENTAL METHOD AND DATA REDUCTION branching ratios. Plots of the excitation functions for the

310.8, 1418.1, and 2655 pray transitions along with theo-
Measurements were made using the neutron scattering faetical calculations are shown in Fig. 2. None of the levels
cility at the University of Kentucky 7 MV Accelerator Labo- represented by thesgrays have adopted spifg].
ratory. The H(p,n)°He reaction was used as a neutron Angular distributions of deexcitatiory rays were mea-
source. The 41.4 g powderéd’Nd,O; sample was isotopi- sured at neutron energies of 2.30 and 3.30 MeV. The angular

T T T T T T T T T 6+ ................
b B = 2420.7 keV
o [g=308kyv .7 el ] 5+
S c
i 4+ - -
34+ o __._._
® er - 24 eeeaaaen-
c
2 1+
2
n O+ o—eiime.n
o Lo .
)
a 2 3.5
o
S
c
ke T ——— —————— T
s R | Erp = 2655.6 kev Leee A O [ Eipwe = 2732.8 keV 1
3 [ €, = 26556 kev _ 1 M e, = 14181 kev 1
& QEs-r 3 [ e ]
[ ] oL .
o 18 ]
= oL J
=] « ]
> h
['4 1 o L i
o[ ] -
o L . ] o PR R T Bt n
2 3.5 2 2.5 3.5

Neutron Energy (MeV)

FIG. 2. Gamma-ray excitation functions for the 310.8-, 1418.1- and 2655.6-keV transitions andyrragigdroduction cross sections for
J7=(1-6)" for each level. These transitions are from levels whose spins were previously undetefidined
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FIG. 3. Angular distributions of four ground-state transitions'#Nd. The left side of the figure contains angular distributions from
levels withJ=2 and the right side from levels with=1. Curves provided are calculated usiag (solid line) anda,,a, (dashed ling
coefficients from even-order Legendre polynominal best fits.

distributions were fit to even-order Legendre polynomial ex-be submitted to the Nuclear Data Compilation Center. Elec-
pansions and compared to theoretical calculations frontromagnetic transition rates, branching and multipole-mixing
CINDY [19] in order to deduce level spins and parities and toratios, and lifetimes determined from these data are listed in
extract multipole-mixing ratios. Experimental angular distri- Table I. Newly discovered excited levels are indicated by an
butions of four ground-state transitions are shown in Fig. 3*h” in column four of Table | and new transitions by a”
along with even-order Legendre-polynomial fits to the datain the same column. Comparisons of our measured transition
Figure 4 is an example of thg? vs tan () plot used to rates and those from other electromagnetic probes are made
determine the multipole-mixing ratio for the 1003.4 keV in Table Il for low-lying 2" states and Table Il for negative
transition. Gamma-ray branching ratios were calculated fronparity states.
fits to the angular distributions unless noted otherwise.

Level lifetimes were extracted using the Doppler-shift at-
tenuation methodDSAM) following inelastic neutron scat- . LEVEL DISCUSSION
tering. At the recoil velocities present in this experiment, the

y-ray peaks have centroids with the following angular de- Experimental information for all observed levels is pro-
pendence: vided in the tables; only those states which merit special

attention are discussed in detail below.
E(0)=EJ[1+F(7)Bcog 0], 2072.9keV2; state Recent investigations of this nucleus

by Eckertet al.[9,24] listed the spin of this level as (2,1)
whereE, is the unshiftedy-ray energyF(7) is the Doppler- The angular distribution of the ground-state decay of this
shift attenuation factor@=v.,/c, 6 is the y-ray emission level is shown in Fig. 3 and clearly has a shape characteristic
angle with respect to the incident neutron beam, Br(¥) of E2 radiation. The angular distribution of the 1376.3-keV
is the y-ray energy measured at angle Lifetimes were transition also supports the spin-2 assignment of Ré&{3].
determined by comparing experimental and theoretical 2109.9keV 4, state Previous p,p’) [6,25 and (,e’)
Doppler-shift attenuation factors. Theoretical value§ 6f) [7] investigations set the spin of this level as.4ottleet al.
were calculated using the theory of Winterbfi], since [5] preferdJ”=2", also from ,p’) investigations. Angular
this method has been shown to yield reliable lifetimes withdistributions and excitation functions from this,0’ y)
oxide target§22,23. Doppler-shift data for the 2655.6-keV measurement agree with the spin 4 assignment; the observed
ground-state transition are shown in Fig. 5. 310.8-keV transition into this state from the 2420.7 keV 5

Experimental information, including-ray intensitiesa, level further excludes a spin-2 assignment.

and a, angular distribution coefficients, experimental (2270-keV state)Two transitions of 2271 and 1573 keV
Doppler-shift attenuation factors, and transition energies, dehave been assigned to this leyg]. New data show that both
rived from the excitation functions and angular distributionsthe 2271.9-keV and 1573.0-keY rays come from higher-
for all observed levels is available from the authors and willlying excitations. Experimental spectra in the region of the
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FIG. 5. Doppler-shift data for the 2655.5-keV ground-state tran-

100 F sition. The experimental value of the Doppler-shift attentuation fac-
tor F(7) is determined from the slope of the best-fit line. Thig")

is then compared to theoretical values calculated using the Winter-
bon formalism to deduce the meanlife

N><1OE

2655.6-keV 1 state This level was recently assigned
J™=(1,2)" by Eckertet al. [9]. The excitation function of
the 2655.6-keV transition from our measurements is shown
in Fig. 2 and the angular distribution of the sameay is
shown in Fig. 3. Both data sets support thel spin assign-
ment. Meyeret al. [4] report a strong 582-keV transition
tan™" associated with this level. In fact, they say that the strength
an™ '(68) : . . ) .
of this decay is approximately 30 times that of other transi-
FIG. 4. The top panel is a plot of the angular distribution of the tions depopulating this level. The excitation function we ob-
1003.4-keV transition with curves calculated after determining posserve for the 582-keV transition agrees with the adopted as-
sible spin-mixing ratio solutions from the lower pangf vs  signment of thisy ray to the 2093-keV level; we see no
tan () plot. In many cases, the correct initial state spin is knownevidence to support a second assignment to the 2655.6-keV
only after referring to similar information from other transitions.  state.
2743.2-keV 0 state This level has adopted transitions of
2271.9-keV transition are shown in Fig. 1. The arrows in1182 and 2047 keV1]. Meyeret al.[4] claim this level also
Fig. 1 are drawn at the position of the 2271.9-kgVay and  populates the 2073 keV level via a 670-keV transition with a
show clearly that it cannot be a ground-state transition. Natrength about 20 times that of the decay into tHes2ate.
evidence of this level is observed. We have a strong background line at 670 keV which ac-
2295.5-keV 4 state Five transitions are adopted for this counts for most, if not all, of the strength we observe and
level [1]; all but the 202-keV transition are confirmed in this prohibits us from confirming the assignment of Meytral.
measurement. Proton scattering experiments by Pignane[ld]. The intensity we measure for the 670-keV transition
et al. [6] indicate the state ha3"=4"; however, in other with background included is less than half that of the 2046.8-
(p,p’) measurements], as well as in ¢,e’) investigations  keV transition. This puts an upper limit on the 670-keV
[7], this level is not observed. Referendé&] lists J™ v-ray branch of 28% which is considerably less than claimed
=(2,3,4)". Newly measuredy-ray angular distributions for by Meyer et al. [4]. Excitation function calculations are in
all four observed transitions supportd. excellent agreement with the data for the 2046.8-keV transi-
(2321-keV state One transition of 1007.2 keV has been tion with the branching ratios cited in Rdfl]. The 1182.1-
assigned to this level by Snelling and Hamiltp?26]. We  keV transition is a member of a doublet, but calculations for
observe a weakly excited 1006.0-keV transition with a con<his transition which combine strength from thé 6tate at
siderably higher threshold which we place with the 3185.52743.2 keV and the 2 level at 2693.0 keV are also in ex-
keV level. We find no evidence of the 2321-keV state. cellent agreement with experimental data. Clearly a 670-keV
2564.3-ke(3) " state Three transitions were assigned to branch is rather small, if it exists.
this level by Snellinget al.[26] from y-y coincidence mea- 2775.3-keV (6,4) statdhis level has two adopted transi-
surements. A transition of 1868.1 keV is observed in ourtions of 682 and 1268 keY1] with transitions near the latter
investigation which clearly belongs at 2565 keV. This tran-energy multiply placed in the decay scheme. The 1268.1-
sition is not adoptedl1], although the same assignment waskeV transitions observed in our measurement are placed with
made previously by Al-Janalgit al. [25]. the 2779.0- and 2829.3-keV levels. A placement of a 1268.1-
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TABLE I. Levels and transition rates itf4Nd. Uncertainties are in the last digit except forr. Transition rate uncertainties are from the
uncertainties in the level lifetime and do not reflect uncertainties in the multipole-mixing ratio.

Jm E, E, Note  E; B tan () 2 T B(E1) B(M1) B(E2)
(keV) (keV) keV) % (fs) (W.u)' W.u)™ (W.u)"
2+ 696.5101)  696.5101) b 0 100 65107330 177
4+ 1314.6204)  618.1104) b 697 100 10680 1399 1973
3 1510.8603)  197.0206) ¢ 1315 3 324713 43" 1E-3
814.1701) c 697 97 2.0'2E-3
2+ 1560.9802) 864.3403) P9 697 91 (—0.753)  810°%3 3.03E-2 20'3
1561.1404) 0 9 0.22°3
6" 1791.5305  476.9103) 1315 100 *
2+ 2072.9103  1376.3203) 697 721)  0.56°2¢ 80" 10 79 1E-2 9.4 %
2073.1106) 0 281 1.75
o* 2084.6603) 1388.1203) 697 100 175" %7 2073
5~ 2093.1604)  302.3104) b 1792 121) 1200755  1.3'¢E-3
582.3406) 1511 1Q1) 231
778.5203) 1315 782) 4.9"2%FE—4
4* 2109.8703  794.9603) 1315 31  -0533 577 h, <5.0E-3 <1.6
1413.4403) 697  9711) <11
3+ 2178.8402)  667.9706) c 1511 8 81753 1.2"/E-3
864.3403 9 1315 59 *
1482.2603  °© 697 33 0.66 3 25 1E-2 39°%
1- 2186.0402) 624.7 ¢ 1561  0.11 2173 76 1E-5
675.8041) c 1511  0.28 1773
1489.35%03) d 697 291 1.572E-3
2186.1003) 0 712 1.1"2E-3
4- 2204.7606) 694.2840) = 1511 93 *
890.1304) c 1315 7
6" 2218.4506) 426.9203) 1792 100 —0.22°3° *
4% 2295.5407)  734.9705) 1561 42 996" It <8.7
784.5503) 1511  122) <23E-5
980.7604) 1315  772)  —0.447] <5.4E-2 <72
1598.9106) 697 12 <0.31
o* 2328.1%03) 1631.6103) 697 100 362794 4.4"%
2+ 2368.7103) 1672.0%04) f 697 841) (0.13°91 56" 0.10"% 0.35 13
2368.8304) 0 161 0.70" %
5% 2420.7%03)  202.7403 2219 511) —0.06"'7 *
310.8203 2110 341  —0.03%
628.6409) 1792 18%1) —0.757%
4+ 2451.7803) 1137.0204) 1315 771 05635 56739 0.21°f 37712
1755.3204) 697  231) 451
2+ 2527.7702)  966.5804) 1561 161)  0.09"2° 583t 9.6" 1 E-2 0.48 3
1831.1504) d 697 321) (0.56'%) 2.0 3E-2 1.43
2527.9003) 0 521 1.6"3

(37) 2564.3402) 454.0103 k 2110 441) -0.753
1003.4403 K 1561 231)  0.66"%?
1053.6308 X 1511  8(1)
1868.1104 9% 697 251) —0.03%,

(3%)  2582.3003) 1885.7603) 697 100  0.13'%

2+ 2592.5103) 1031.3Q08) 9 1561  711) 0.56' 3 5.2°2%E-3 1.1°3
1081.6408 9 1511 711 280738 7.0°3E-5
1896.0é03; 697 E;;il) 0.35'%3 1.2'3E-2 c;%stig
2592.4510 0 1) 1.7"7E-2

4* 2601.6904) 1286.9703) 1315 7%1)  0.31°% 189" ¢2° 5.4 3%E-2 1.9°3
1905.2906) 697 251 0.96"34

3” 2606.0303)  1094.6606) 1511 311 —1.29'3 1462 3.97E-3 23"%
1909.6003) 697  691) 24T %E-4

3" 2655.0404) 1340.4202) ' 1315 100 *

1" 2655.5603) 1958.8106) 697 162 * 14.312
2655.6103) 0 842 9.96"3E-2

o* 2675.6004) 1979.0604) 697 100 258" 759 234
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TABLE I. (Continued.

Jm E, E, Note  E; B tan () 2 T B(E1) B(M1) B(E2)
(keV) (keV) (keV) % (fs) (W.u)' W.u)™ W.u)"
2" 2692.9604) 1131.8108 ¢ 1561  151) 0.56" 3% <13E-2 <2.4
1182.0607) ¢ 1511 123 _ <15E-4
1378.3207) ¢ 1315 522 398" 15, <11
1996.3529) ¢ 697  41) *
2693.1307) 0 171) <0.12
(56)  2715.7606)  924.4109) 1792 271 *
1401.0%06) 1315 731
2" 2720.2%03) 2023.7103) 697 971 —0.25'3%  200°%%° 1.7 JE-2 0.16"%
2720.9060) . 0 31) 1.87E-2
4* 2732.8304) 1171.9 ' 1561  31) 0.84°%3
1418.15%03) 1315 744 0.38"35  295°13% 2473 -2 1.t$411
2036.4107) 697  233) 0.41"
o+ 2743.2205) 1182.007) ©9 1561 17 14i§34
2046.8507)  °© 697 83 93+ 1% 4555
(6,4)  2775.2605)  682.1G03) 2094 100
3" 2778.9903 1217.9316) ¢ 1561 122 947>  25'1E-4
1268.1204 "9 1511 3%3) (-0.35'% 5172 -2 2411
1464.3304) ¢ 1315 132 1.6'2E—4
2082.5707) 697 4042 _ 1.7t§E— 4
6" 2808.8107) 1017.2708) 1792 462 1.26'13 194" 7% <2.0E-2 <109
1494.2110) 1315 542 <21
(2% 2829.3003) 1268.1204) f 1561 1720 (-0.19'} 101753 261 E-2 2471E-1
1318.63500 9 1511 111 1.7 3'E-4
1515.0805 91 1315 415 9.7 %
2132.7608) 697  313) 0.53t§5 725 E-3 3.1'%E-1
(4%)  2834.6703  539.2G03) t 2295 505  (0.13" *
724.6305) 9 2110 182 09175,
1323.9810) 1511 323
2" 2839.5304)  660.4206) g 2179 1%1) —0.16'% 6.5'3E—2 2.2°38
1524.9%24) ¢ 1315 1) 2497357 0.53,*32
2143.0605) 697 531 -0.97'% 22°1E-3 0575
2839.7608) 0 27(1) _ 0.11°3
(3,2) 2868.2405) 1357.3704) 1511 721) —0.72°1¢ 626", <2.6E-2 <6.3
1553.7419) ¢ 1315 121 <5.8-5
2171.7q14) 9 697  161) <2.8E-5
4,9 2887.8906)  794.9609) 1315 100 —0.94° i% *
1573.0409) 1315 100  —0.94 3 x
2% 2901.4703)  722.6609) k 2179 1@ 0.85"3% 1941,
13404203 "k 1561  243) *
1390.3414) X 1511 371
1586.4716) X 1315 72
2205.1311) K 697 131)  0.85'%:
2901.8308 X 0 A1)
1(*)  2905.2207) 1343.3009) ™k 1561 4@1) -0.66"73 34713 9.6 539E—2 188
2905.2203 K 0 60(1) _ 23 1%E-2
3(*)  2951.0406)  841.0806) hvkk 2110  481) 0.85t§45 21170 <1.3E-1 <141
(877.99 2073  111) -0.69° <8.8E-2 <19
2254.7110) X 697 411 - 1.135% <2.5E-3 <1.3
(2% 2961.7607) 1450.9107) ™k 1511  791) AT 3E—4
2961.5829 X 0 21(1) 194t§§° 8.7 -2
3 2968.3105  1653.4409) k 1315  25%1) 357, 5.6 %;25—4
2271.8606) 9% 697  751) 6.5 E—4
1 2975.4807) 2278.8309 K 697  6Q1) 25117
2975.5412) k 0 40(1)
4+t 2980.0206) 1665.3906) 9% 1315 471) -0.88'% 4833 27 8E-2 8.3ﬁ§§
228350100 X 697  531) 3.2°%2
4" 2986.0304) 1671.3202 "k 1315 848)

2291.0318 9k 697 162

3000.2205) 1489.3%04) d 1511
2304.5040) ’ 697
(47,3) 3020.4608) 1459.4414) k 1561  391)
2323.9410) k 697 611
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TABLE I. (Continued.

J7 Ex E, Note  E B tan *(5) T B(E1) B(M1) B(E2)
(keV) (keV) (keV) % (fs) (W.u)' (W.u)™m (W.u)"
3026.2935  1515.0850) ! 1511
1712.0250) ) 1314
3029.0012)  2332.4612) 697 100
(3F) 3043.5008)  933.6914) k 2110 3@l —0.09'%, 8.5" %5;55— 2 0.45'%2
1731.1%300 9k 1315  212) 0.85_*3% 1373522 4.1 ﬁE— 3 1.08"
2346.6211) k 697 491 -0.69 5 52" E-3 0.37°33
3048.2109  1733.5908) 1315 100
5~ 3053.4509)  834.8411) k 2219  618)

1543.0848) 9K 1511  176)
1738.9713) 9k 1315  227)

(5,4)  3065.0816) (954.7) 9 2110  2@5)
(970.9 g 2094 246)
1750.4616) 1315  567)
(3*)  3070.8907) (997.60 9 2073 111) 0.31:11821 8.4t§2E—2 5.0 %2
2374.3%07) 697 891 0.3&28 38%52 4.8fi8E—2 78 3E-1
2% 3100.2709)  1027.4918) 2073 231 0.60%12 98" ;2 4.7t§§E—2 12730
2403.6611) 697 571 0.60"57 9.1 [lF-3 0.42°32
3100.5035) g 0 20(1) 1.3'37'E-2
3104.512)  2408.0112) h 697
(32) 31265009  947.5414) g 2179  2@3)
1565.3%20) 9 1561  254)
1811.7734) 1315 123
2430.1911) 697  434)
3132.7450)  1039.8350) 2093 100
3136.4427)  1043.9%50) 2093  5Q9)
1821.6631) h 1315  5Q9)
3145.8106)  1636.1450) 1511
1831.1%04) d 1315
2450.1435) 9 697
1(*) 3169.7413)  1608.7316) h 1561 712
3169.8124) 0 292)
(1,2) 31855412  1006.0620) 2179 254)
2489.0419) 697  634)
3186.4525) 0 12(2)
(3) 3202.5629)  2506.0129) 697 100
(1,2) 3213962  3213.9652) 0
3222.2218)  1661.2418) 1561
(1,2) 324550500  3245.5050) 0
3252.3050)  1691.3250) 1561

4n situations where ? vs & plots yield two equivalent solutions for the mixing ratio, the lower t5®) value has been used. The alternate
solution leads to much larg&(E2) rates and smallé8(M 1) rates. The mixing ratio ang8i(XL )’s presented are those of the first spin listed
when the spin of the initial state is not definite. Angular distributions 0f<12* transitions are not sufficiently sensitive to the mixing ratio

to allow a reliable determination. Lifetimes 1ps are too long to be measured using DSAM and are denoted by an asterisk, as are
undeterminable mixing ratios. Parentheses around mixing ratios indicate the transition is multiply placed. ParenthesEs ardicate a
tentative placement.

bMean lifetimes for the 696.5- and 1314.6-keV states are taken from[Redind for the 1560.9- and 2093.2-keV states from R&}.
‘Branching ratios taken from RdfL].

HTransition multiply placed in agreement with REE].

®Not resolved from the 696.5 keV first-excited state transition. Branching ratio from{ Rednd parity from[8].

Mransition multiply placed; strength divided using REg6].

9New transition.

"New level.

'The presence of two levels with nearly identical decays listed in[Refs not verified in this work. Branching ratios add listed are based

on a single level.

ITransition multiply placed with the strength divided using excitation functions.

kBranching ratios reflect observegiray intensities obtained from the angular distributions for the transitions listed; excitation function
calculations, however, indicate one or more transitions are missing or that a statistical model does not well represent the data at this energy.
'B(E1)y =1.7702e? fm?.

MB(M 1)y, =1.7905.2 .

"B(E2)y ., =44.796e% fm*.
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TABLE Il. Comparison of experimentaB(E2;2" —0;) rates for 2 states in*Nd and **Ce from
inelastic neutron scatteringNS), electron scattering, and Coulomb excitati@E). Transition rates are
listed in Weisskopf units.

State  MNd (INS) MZTCe(INS) “Nd(ee)? MCeEe)? MNd(CE°® MCe(CE
27 - - 20.520) 20.510) 21.92) 21.918)
22+ 0.221) >0.023 - - 0.13@7) <0.364
23 1.7(4) 2.52) 2.812) 2.81) 2.9071) 3.1850)
2 0.70126) 2.64) 1.1(2) 2.12)

24 1.6(3) 0.2716) ¢ 1.52) 2.32)¢

3Referencd7].

bReferencd 32].

‘Referencd3].

dinterpretation of measured transition rates'fiCe is complicated by a doublet at this energy.

keV transition with the 2775.3-keV level would be well out- Ref. [26]. (We assumed their placement was incorrect but
side our energy uncertainty, and our placements are consigot their distribution of strength.The angular distributions
tent with y-y coincidence measurements of REZ6]. The  and the excitation functions are all consistent wifh=3".
682.1-keV transition has an angular distribution which leads 2829.3-keV 2 state See the 2775.3- and 2779.0-keV
to aJ=(6,4) preference. Excitation functions are in agree-level discussion of the 1268.1-keV transition. We observe a
ment with aJ=6 assignment, provided it is a 100% decaydoublet at 1515 keV. One of the lines clearly belongs to the
branch. 2829.3-keV level and is a new assignment; the other transi-
2779.0-keV 3 state Three new transitions of 1217.9, tion is adopted and belongs to the 3026.3-keV level.
1268.1, and 1464.4 keV are observed for this level. The 2839.5 keV 2 state This level was recently reported as
1268.1-keV transition is also assigned to the 2829.3-ke\having an uncertain spin d@fL) by Eckertet al. [9]. We ob-
level. It was previously assigned to the 2775.3-keV level byserve a ground-state decay which has an angular distribution
Snelling and Hamiltoh26] as discussed above. The strengthhighly characteristic oE2 radiation, as shown in Fig. 3. All
of the 1268.1-keV transition was divided between theother transitions from this level have angular distributions
2779.0- and 2829.3-keV levels using the strength division otonsistent with a spin 2 assignment.

TABLE lIl. Absolute transition rates for negative parity states'fiNd from inelastic neutron scattering
(INS) and from they-ray induced Doppler broadening technig(@RID). Transition rates are also given
from nuclear resonance fluorescence measurements for decays qf theel Uncertainties are in the last

digits.
Initial Final Transition energy Multipolarity B(EL) (INS) B(EL) (GRID) 2
state state (keV) W.u. W.u.
37 27 814.2 E1l 1.9(5)x 103 1.0(1)x 1073
af 197.1 El 4.4(13x 1073 1.3(1)x10°3
17 (o) 2186.0 El 1.1(2)x 103 1.4(2)x1073P
1.6(2)x10°3¢
1.8(1)x 10 3f
2+ 1489.3 El 1.4(3)x10° 8 1.8(5)x10°3P
2.1(3)x10°3¢
2.3(4)x10°3f
3; 675.8 E2 173) ¢ 20(5)
25 624.7 El 7.5(14x 10 5°¢ 1.0(3)x 1074
— + —4 d — 4
5, 4 778.6 E1l 4.8(24)X 10 5(2)x 10
37 582.4 E2 2311) ¢ 20(+12,-10)
6, 302.4 E1l 1.3(6)x 1034 8(4)x 1074
%Referencd8].

®Recalculated using the branching ratio correction discussed in®Ref.
“Branching ratios from Ref1].

dMean lifetime from Ref[8].
®From Ref.[38].
fFrom Ref.[9].
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3100.3-keV 2 state This level has an adopted

=(2,3,4). The adopted transition of 1787.0-keV is not ob-

HICKS, DAVOREN, FAULKNER, AND VANHOY

if it exists, must reside elsewhere.
Our extended data set allows us to investigate further the

served in this measurement; however, a ground-state transjuestion of low-lying MS states if*Nd and the fragmen-
tion is observed with an angular distribution that indicatestation of MS strength. We include below a discussion of our

J7™=27 for this level.

IBM-2 calculations completed using the code NPB{29]

Previously adopted levels not observed in this experimenind discuss existing model calculations from Rpfs13,14.
are the 2270-, 2321-, 2399-, 2447-, 2508-, 2612-, 2613+\e then discuss our results for positive-parity excitations

2681-, 2709-, 2768-, 2803-, 2842-, 2876-, 2903-, 2945-and compare these results with model calculations and with
2964-, 2972-, 3031-, 3056-, 3084-, 3161-, and 3178-keVanalogous excitations if**Ce, emphasizing MS interpreta-

states. A few of these unobserved levels have spifisand
are generally not expected to be observed with the(y)
reaction.

We were unable to confirm transitions listed in Rjeff]

for the following levels whose decays we did detect. The EXxtensive

levels andtransition energies in kelVare 2084.7 ke\(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 excitationgMS) were first investigated
experimentally in th&\ =84 isotones*®Ba,'*’Ce, and**Nd
by Hamiltonet al.[10]. The focus of their investigation was

the 25 level in each of these nuclei since this state could no

be accommodated within the IBM{1L0]. Using their mea-
sured branching ratios arte2/M1 multipole-mixing ratios,
along with IBM-2 calculations, they deduced that thg 2

state in each of these nuclei exhibited MS properties cons

tent with those predicted in the(B) limit of the IBM-2 by

lachello[17]. Furthermore, the MS strength was reported to
be isolated in each of these levels. The predicted properti
of these low-lying MS states in spherical nuclei are small

E2/M1 multipole-mixing ratios [5|<0.3), B(E2;0;
—2ms)~3 W.u., and unusually largel 1 transition rates to
the lowest symmetric 2 state[12,17. Additionally, the

lowest MS states in spherical nuclei are predicted to occu

between 2—3 MeV and havé™=2"* [17]. Vermeeret al.
[15] measuredd(E2;0; —25) for 14Ce via Coulomb exci-

tation and used branching and multipole-mixing ratios from

Ref.[27] to support further the identification of the 2evel
as an isolated MS state in thid=84 isotone. This latter
work was extended by Speat al.[3] to include *Nd with

the same conclusion, i.e., the MS strength is isolated in the

the 23 state of each of these nuclei.

Fragmentation of théVi1 mixed-symmetry mode, how-
ever, has been observed in numerous deformed niicki
In spherical nuclei, specifically in thd=84 isotones, frag-
mentation has been predicted by various mofi&£3,14,28
and was recently observed 1#Ce by Vanhoyet al. [16].
Cottle et al. [5] investigated excited levels if*Nd and
found B(E2;0; —2;) substantially lower than the 3 W.u.
predicted for MS states by lachel[d7]. This led them to

t

tions.

B. Model calculations

calculations for the N=84 isotones,
138xe-1%sm, have been completed by Copnetlal. [13]
using the IBM-2 and the PCM. We have extended their
IBM-2 calculations for'#4Nd to include additional levels for
which experimental information is now available. The same
code NPBOY29], the same IBM-2 Hamiltonian, and the
same parameter set are used in our calculations as were used
by Copnellet al. [13] with optimizations discussed below.
The number of proton and neutron bosons used irt*4Nd
calculations wasN_=4 and N,=1. The former value is
an effective proton boson number and is probably influenced
by the Z=64 subshell closur¢l3]. The following param-
eter set from Ref[13] was used as a starting point in our
calculations: e=0.850, k=—0.27, C%=0.258, C2=0.258,
C2=0.000, & =£;=0.35, and ¢,=0.1, with e, ,=0.12,
0,=0.7,9,=0.2, x,=0.0, andy,= — 0.965. These effective

isqharges ang-factors were derived following the procedures

in Refs.[30,31]. Attempts to optimize the parameter set with
the newly available information resulted in little change in
the wave functions or in electromagnetic transition rates, al-

et?lough with alterations of the proton anharmonicity param-

eters,C%=0.50,C%2=0.26, andC? = —0.27, the placements

of the 4/ and 6 states were slightly improved. These new
calculations reproduce rather well the level sequence, as can
be seen in Fig. 6, and many transition rates, as shown in
Table IV.

ot 2% 3t 4t 6t 1t o* 2% 3* 4t &% 1t

ot 2+ 3* 4+ 6% 1t

3000

2000 1+

o~
>
[}
X
<

X

Wi J—

1000 1~

142ce (BM—2 144Nd

predict that the MS mode may be fragmented among several

2" levels in this nucleus. Additionally, they suggested that

the MS strength is shared between thg tate at 2072.9

FIG. 6. Low-lying positive-parity levels of*’Ce and'*/Nd and
IBM-2 calculated levels. Dotted lines are used when level spins are

keV and the Z level at 2109.9 keV. We have determined yncertain. Model calculations do not well reproduce the experimen-

that the 2109.9-keV state actually h#=4" in agreement
with Refs.[6,7]. Fragmentation of this MS strength #i*Nd,

tal level density above 2000 keV, which indicates that these states
have a more complex structure than that represented by the IBM-2.
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TABLE IV. Electromagnetic properties of selected stated*iNd and **Ce with model calculations for
144\d. Transition rates listed are in Weisskopf units. Both asymmetric and symmetric uncertainties are in the

last digit(s).
L44Nd 12ce IBM-2 PCM® QPMP QPMS cCvM¢

B(E2;2{ —07) 17(2) © 21.2t% 23 17 17.0 17.0 23

B(E3;3; —0;) 3 f 242)f 3.66 26.7 19.7

B(E2;0; —27) 2073 158 13

B(E2;25 —27) 20(2) >19 22 12 24.6 16

B(E2;4] —27) 1973 273 32 15 17.9 27

B(E2;2; —0;) 0.222) >0.023 0.49 0.1 0.35 0.446  0.223

B(E2;2; —0;) 1.74 2.52) <0.02 2.2 0.67 2.46 1.56

B(E2;2; —07) 0.70"% 2.6% <0.02 0.89

B(E2;2: —0;) 1.6(3) 0.27" 12 <0.02 0.98

B(E2;25 —27) 9.4°29 2.63) 3.43 2 10.5 4,01
[2.978]9

B(E2;2; —27) 0.35'13 0.037°2 <0.02

B(E2;2: —27) 1.43 0.028'1f <0.02

B(M1;2; —2;) 0.030'3 >0.012 0.012 0.017 0.067  0.0073

B(M1;2; —2) 0.079' 31 0.131) 0.030 0.0977 0.201  0.090
[0.10°5]¢

B(M1;2; —2) 0.10°5 0.203) <0.0001

B(M1;2: —2;) 0.020°5 0.004628  0.0025

Q(27)(eb) —-0.15(6)"  —0.16(5)f

%Referencd 13].

bReferencd 7].

‘Referencd 14].

dReferencd4].

®Referencd1].

‘Referencd3].

9Mixing ratio from Ref.[26].

Calculations from three other models, the PCM, QPM, We also observe the decay of the 2655.6-keV level into
and CVM, are presented in the Table IV and discussed in théhe 2] level, but the multipole-mixing ratio cannot be deter-
text. These models all contain both particle and collectivemined from the data. The ambiguity we observe 8§,
features, but they treat these configurations in different ways.- 2;") is not unusual for decays from spin 1 states asythe
No new calculations have been completed using these modersus tan’(s) plots are often very flat. In*Ce, the ex-
els, rather the reader is referred to the literature for details gberimental picture is better determined. Th level in that
the models and for the specific calculations f8fNd. In  nucleus exhibitsM1 decays in very good agreement with
particular, the calculations we have included in this work ardBM-2 calculations [16], although calculatedE2 decay
from Copnellet al. for the PCM[13], Meyer et al. for the  strengths into the 2 and 2 states are essentially reversed
CVM [4], and Dinhet al.[14] and Perrincet al. for the QPM  from the experimental values. Of the models considered,
[7]. transition rates for the 'L decays are available only for the

IBM-2.

C. States with mixed-symmetry character
2. 2" states

+
. t . " )
1. 1" states Experimental transition rates for the five lowest &tates

The 1" state at 2655.6 keV state exhibits a fdl tran-  in both ***Nd and *Ce are given in Table IV along with
sition to the ground state. The Doppler shifts for the level argheoretical calculations for*Nd from the PCM[13], the
shown in Fig. 5. The experimental transition rate of CvM [4], the QPM[7,14], and the IBM-2. The distributions
B(M1;1; —0;)=0.10(1) W.u. deduced for this level is of B(M1;2 —2;) andB(E2;2 —0;) for x=(2—6) are
only slightly larger than recent measurement8¢M1;1;  shown in Fig. 7 for**Nd and ““<Ce.

—07)=0.061(4) W.u. by Eckeret al.[9]. The experimen- Evaluation of MS strength in"2states in'*Nd depends

tal value is over a factor of four larger than predicted bystrongly on the value of the multipole-mixing ratios for de-
IBM-2 calculations even though the model predicts the wavecays to the # symmetric state. In Table V, we list our
function of the I level to contain 96% MS components.  E2/M1 multipole-mixing ratios along with values from Snel-
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SF o ] [ much more concentrated in thg 2ind 2; levels. Lipag12]
~wof Nd aent 2 >0, reports that values @(M1;2,,s—2;) between 0.06 to 0.28
R 2°F ] W.u. are typically used to identify MS states. This again
Sof 18_F i points to the 2 and 2; levels as the best candidates for MS
Eﬁ E | ‘ 15t states in these two nuclei. Lipas also reports that within the

S L. 1 bt ] U(5) limit of the IBM-2 the summedVi1 strength for g

A IO —2; decays should be about 0,23. This prediction com-
. pares well with our observed values of Qu&gfor *4Nd and

SF e, e ] ; r s or] 0.59;&_, for 1_42Ce for just these two levels. B
TeE - R I x T A final signature of MS strength in spherical nuclei is
=i 12 ¢ _ B(E2;0; —2y,9)~3 W.u. [17]. In e, the E2 decay
N g-1 ] strength to ground is clearly isolated in thg and 2; levels,

sf E ' : while in #/Nd, the strength is spread into thg 2tate and to

ok 1 o

a lesser extent into the,2state, as can be seen in Fig. 7. The
summedE2 strengths for the ground-state decays of 2.4 and
FIG. 7. Magnetic-dipole and electric-quadrupole transition rates5.1 W.u. for just these two levels if“Nd and ***Ce, respec-
for decays from 2 states into the 2 and O levels in **INd and tively, are slightly larger than lachello’s predictions for the

tce are shown in the top two panels and bottom two panelsigyest 2 levels in U5) nuclei[17].
respectively. Our experimental results show that in these the 84
nuclei, both the 2 and 2; states exhibit properties consis-

2, 2t 2 27 (240 22+ 23+ 24+ 25+ (26+)

evidence of spreading of a little of this strength into the 2
case, the other member of the doublet belongs to a highegml 2 Ievelsp g g he

eggagg I?g::nae?ftj \I/\?itﬁot%%ggrg?é év;%‘]a:lenrd 2Ius rov]%I :Jiir?;e " The overlap between IBM-2 wave functions and the har-
9 9 monic U(5) wave functions has been calculated in order to

tran5|t|oq; with Al-Janabet al.[25], as can be seen n Ta_ble evaluate the symmetric versus MS character of the levels in
V. Transition rates for decays from thg Ztate are listed in 144\d: the results of these calculations ffCe have been

Table IV and have been calculated using both our MXIN%iven previously in Table Il of Ref[16]. There is essen-
ratio and that of Ref[26], which is consistent with ours tially no difference in the overlap integrals féf“Nd so the
W'th'.n the uncertainties al’.]C_i IS at the upper limit @ﬁ_o's reader is referred to that work for details of the calculation.
predlctgd ior MS ste_xteELZ], itis also the_ yalue used in our Specific overlaps are discussed below for states of interest in
discussion and in Fig. 7. All other transition rates are calcU-1aayq The IBM-2 2' state is highly symmetric as its wave
lated using ouid’s. Only the multipole-mixing ratios for the functién is composled predominantly8% of the 2 (d)

+ . 4 o LS
i/lssasr'l?enz tsht?rt]eg Iﬁer??zgl Ir']i(\:’\llgle? t:se tlrl]rgltosidl]r;?;c?g\\/g ?(];o symmetric boson. Th&2 decay of this state is reproduced
g P ’ rather well by the model. The second, third, and fifth IBM-2

!arge ang2 cqmpone&t. The same is also true of thestate 2" states all have a significant oeboson 2,(d) compo-
in the N=84 isotone “Ce|[16]. nent, with the g state receiving the largest contribution of
Examination of F.|g. ! reveals. t?f t mqst c.)f thEl decay ~55%. The twod-boson 2,(d?) strength is split between
st+rength from low-lying 2 states in**Nd lies in the 2 and e fourth and fifth 2 states. The MS component in the
2, levels, a'thfi“gh the rates are only reduced .b31/4a factor 0ihalculated IBM-2 2 and Z states is not revealed through
3-6inthe 2,25 and Z states. Thé1 strength in"*“Ce is large M1 decay rates into the symmetrig devel; in fact,
the M 1 rates are very small compared to the same rate from
TABLE V. Multipole-mixing ratio comparison for 2 states in  the 2; and %P levels. The IBM-2M1 decay rates are in
14. A . .
*Nd. Uncertainties are in the last digit rather good agreement with the data except for thestate,
although all are consistently a bit low, as can be seen in

Transition This work Ref[26] Ref. [25] Table IV.
825 —27) -093°%,  —(113% -0.738) The E2 decay rates of thej2,2, , and 2 levels to the
ground state are all underpredicted by the model, as are the
8(25 —27) 0.63"% 0.31°3 0.137) decays of the 2 and 2 states to the 2 level. The model
1.7Q030) does do well withE2 transitions from the 2 state and the
25 —25 decay. The totaE2 strength of 94 W.u. predicted
825 —29) 0.13'12 0.178) 0.15 by the IBM-2 for these 2 levels, however, is in rather good
1.5727) agreement with the total experimenta® value of 85 W.u.
There appears to be &P strength distribution problem in
828 —27) 0.63"38 0.07*§ the model for thesé*/Nd levels. We were unable to adjust
1.86°% IBM-2 model parameters to correct any of the above prob-

lems.
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Dinh et al.[14] use the QPM to examine the three lowestsitions are larger than observed iffCe or predicted by our
2" states in severdN=284 isotones and to investigate MS |BM-2 calculations for the 3. state in *Nd. The IBM-2
strength distributions in these levels. Results of their calcug g -\ lations indicate that the lowest, @?) strength is split

ft'roerésmirﬁt gvl\X'?hn (I)Tjrtheexlaesrt'irzoelﬁgln g;tga%ﬁ,\ll\é; itshe 3¥grall between the first and second 8tates. Manifestations of this
ggod With respect to thg main component of the QgM WaVesplit are smallM1 transitions and sizeablE2 transitions
function, they find the 2 and 2 states to be symmetric Mt the 2 and 4 states. In***Ce, this is essentially what is

collective excitations, with the lowest"2state being pre- o_b_served, although Fhe magnitudes of the_measﬁﬂeuan-
dominantly a single-phonon excitation and thg Zvel a sition rates are not in good agreement with the IBM-2 pre-

two-phonon excitation. They also find that MS strength isdictions. Not enough expgrimental information 5, available

shared between thej2and Z states with the 2 level hav- to _evaluatg the fragmentation of S strength in ‘de. It

ing about a 50% MS component. The model actually predictdS interesting that strong11 decays are not predicted for

similar M1 rates from these two*2levels, even though the these 3 levels, even though the IBM-2 calculatlon_s reveal

2} state has a much larger MS component. Unfortunatelythat the wave funct|on§ for these levels are preo_lomlnantly of

no results from these QPM calculations are given for an>J\/IS character. Calculations for"3evels were not listed from

higher-lying 2" states. Perrin@t al. [7] list QPM calcula- the other models.

tions for B(E2;0; —2") rates for additional 2 levels

which they compare to their electron-scattering data. These V. MULTIPHONON EXCITATIONS

calculations are presented in the seventh column of Table IV

and are found to agree within a factor of two with our data

for the limited number of transitions listed. There is, how-

ever, some disparity between the two sets of QPM calcula- Quadrupole-octupole couplé@®OC) states have been in-

tions, e.g.B(E2;2; —07) is almost a factor of four greater vestigated rather extensively i#‘Nd [6,8,9,33—3% These

in the calculations by Dintet al. [14] than in those by Per- negative-parity states with= (1-5) arise from the coupling

rino et al. [7]. of the quadrupole and octupole vibrational modes and should
The PCM calculations fot*Nd by Copnellet al.[13] are  have energies near the sumB(2;) and E(3;), which is

in good agreement with most experimental transition rates~ 2200 keV in/Nd. These states are further characterized

Decay of the symmetric two-phonorg 2state into the first  py their decay properties, sin&8 transitions from the QOC

excited state is, however, significantly underestimated, as igiaies to the 2 state andE2 transitions into the 3 level

tr;e decayhof th?p' -U\}QB(?) d_ecayfrate Orf] thggl\s/ltatel iSI should haveB(E3) andB(E2) values of the same strength
also much too low. Wave functions from the caloula- g E3:3-07) and B(E2:2; —0.), respectively[8].

; ; 14

tions are p_resented n R@.?’] for *Nd. It seems the model Often, however, the decays are dominated by rather strong
underpredicts the collectivity of some of the levels, e.g., theE1 transitions, e.g.B(E1:1; —0;)~10"% W.u. [8,36]

2, state is not predicted to have significant tWo'phononPrevious evalu'atic;n.s’ of Q’OE staltes btfNd aré (.jiSC,USSéd

chaTrﬁgtCe:v'\r}l ?oee?\(/)grel.wellwith most decavs. especiall thebelow, and new information on these states gleaned from this
y ysS, €sp y (n,n"y) investigation is presented. Quadrupole-octupole

grguMnd—stzt_te der(]:ayshof'\t/lhs Ievels[h4]_. This mdogel, like the 2candidates and their associated transition rates are listed in
QPM, predicts that the MS strength is spread betweenhe 215110"\/1 " similar values found for%%Ce are included for

and Z levels. The CVM, however, predicts a much bigger comparison{16]. Many of the transition rates measured by
difference in theM 1 decay rates for these two levels into the Ropinsonet al. [8] are listed in Table Il
2] than does the QPM or than is observed experimentally. QOC1~ state.The 1" level at 2186.0 keV was originally
» Comparisons of the experimental data f#Nd and  identified as a member of the QOC quintuplet based on en-
%Ce reveal that the distribution of ground-st&2 strength ergy considerations a|onB3,35,3z_ Decay properties of
differs in these two nuclei. Examination of the transition this state are listed in Table Il as determined in this mea-
charge densities of*Nd (Fig. 7 in Ref.[7]) and ***Ce (Fig.  surement, as well as from Reff8,9,39; all values are in
3 in Ref. [32]), shows neal’ly identical structure for the first excellent agreement_ The observed decays into the p
three 2 stateslél This is supported somewhat by the datagng 2 levels and theE2 decay into the 3 state are con-
althougrl for+ Ce oply a lower limit is given for gjsient with predicted QOC-state properti8s9,35. The T
B(E2;2, ~0;). The 2, state exhibits less collectivity or  oOC candidate inf*2Ce was observed to have similar decay
surface peaking int““Ce than does the same level iffiNd, properties and lies at 2188 kel\16]. Recent transition rate
while the % state displays the opposite effect; however, thecalculations by Tsonevat al. [39] using the QPM model
2, ground-state decay strength is clearly larger'fiCe. indicate the I level in both 1#2Ce and*4Nd consists of a
This is reversed from the direction expected unless one fofarge portion of the two-phonon quadrupole-octupole com-
cuses on a hole interpretation, siné&Nd has two more ponent.
proton particles than*<Ce with respect t&Z=50 but two QOC 2 state.The 22 member of the QOC quintuplet
less proton holes with respect to tde=64 proton subshell remains elusive. Pignanebit al. [6] see no clear indication
closure. of the 2~ state which they clearly observed in the Mo, Pd,
and Cd isotope$40]. They assert that this may be an indi-
cation that both 22" and 2 ®3~ two-phonon states are
The 3] —2; transition in *4Nd exhibits rather strong largely fragmented in this nucleus; this assertion is supported
M1 andE2 rates. The rates observed for both of these tranby their QPM calculations. Calculations by Vogel and Koc-

1. Quadrupole-octupole coupled structures

3. 3 states
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TABLE VI. Absolute transition rates for QOC state candidates4iNd and 1**Ce and for the 2 and 3/ levels.

144Nd 142Ce
Initial Level Final  Transition Multi- B(XL) Level Final  Transition Multi- B(XL)
state  energykeV) state energykeV) polarity (W.u) energy(keV) state energykeV) polarity (W.u.)
27 696 0 696.5 E2 171) 2 641 07 641.3 E2 21(2)
37 1511 27 814.2 E1l 20¢x10°° 1653 2+ 1011.7 El <1.2x10°*
a7 197.1 El  4.3(12)x10°3 a7 433.2 E1l <2.2x10°*4
1; 2186 0 2186.0 E1l 1.1*2x10°3 2188 07 2187.4 El 1.2(3)x10°3
27 1489.3 El 1.5(2)x 1073 2 1546.3 El 2.4(5)x10°2
37 675.8 E2 17°3b 37 (534 E2 <79
25 624.7 El  7.6'13x10°°°P
2” 2728 27 2086.6 El  4.3(22)x10°¢
25 1191.6 El  2.6(13)x10°4¢
37 1074.9 M1  1.5(8)x10 3¢
E2 3.02) ¢
3” 2779 27 2082.5 El 1.7:9x 1074 2768 2 2126.5 El 2.8"8x107*
af 1464.4 E1 1.6"9x10°4 25 1231.5 E1 5.3 15x 1074
3; 1268.1 M1  5.1°23x10°2° 3; 1115.0 E2
E2 2.4111°
25 1217.9 E1l 257111074
4- 2204 4 890.1 2384 af 1165.3 E1l 4.2°39x 1074
3; 694.0 3; 7315 M1 0.44" 38
E2 3.3"8x 107
3; 202.3 E1l 2.572x 1072
5. 2093 a7 778.6 E1l  4.9(24)x10 4° 2125 af 905.6 El <6.6x10*
3; 582.4 E2 2311 ¢ 3; 471 E2 <138
6 3024 E1l  1.3(6)x10°3¢ 6, 381.8 El <9.8x107*4

8Mean lifetime from Ref[1].

bBranching ratios from Ref1].

‘Mean lifetime from Ref[8].

Tentative 2 assignmenf16].

€Ambiguous mixing ratio because of the doublet nature of the 1268-keV transition.

bach[34] using Hartree-Fock methods indicate that the 2 states, and experimental absolute transition rates given in
QOC state is pushed well above thg23; sum by anhar- Table VI are consistent with a QOC description for this
monicities. Considering levels observed in this measuremerievel.
which decay into both the;2and 3 states, only one level at Robinsonet al. [8] report that the QOC strength may be
3000.2 keV is not excluded by other unlikely 2lecay pat- fragmented between several 3tates above 2.6 MeV. This
terns. More experimental information is needed before dragmentation is supported by the decay patterns and abso-
definite assignment can be made. ¥fCe, a 2 candidate |ute transition rates of other 3evels. The 2606.0-keV level,
was proposed at 2728 keV based on decay characteristickir example, has a considerably strong& decay into the
however, the spin of that level is not defin[te6]. 3] state and a rather strorigl decay into the 2 level;
QOC 3 state.Calculations by Vogel and KocbadB4]  however, no stronde3 decay to the ground state has been
predict the 3 QOC state to lie above 3 MeV and to have angbserved for this level. In a true harmonic picture, this level
enhancedE3 decay to the ground state. Robinsatral. [8]  actually appears to be the better candidate sincéme 2
propose the 2779.0-keV level as thé 8andidate since a decays are observed, whereis the quadrupole-phonon
rather largeB(E3)=7.3 W.u. is observed from this level to pnumber.
ground[6]; however, this assessment is made without abso- Other states which do not have definite spin and parity
lute transition rates into the;2and 3, one-phonon states. assignments but exhibit some of the desired decay patterns
Our measurements further support the QOC nature of the 3include the 2564.3-, 2868.2-, and 3000.2-keV levels, as can
at 2779.0-keV. We observe decays into both theahd 3 be seen in Table I. A level at 2768 keV was proposed as the
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3~ QOC candidate int*Ce; however, the spin assignment to be a distribution problem rather than a lack of overall
of the state remains indefinite. strength for the two-phonon states in this model, since the
QOC 4 state.The 2204.8-keV level has been identified total E2 decay strength from the two-phonon candidates is
as the 4 QOC candidate by Robinscet al, although the ~69 W.u., while the IBM-2 predicts 67 W.u. for the same
decay characteristics of this level are not completely consisdecays.
tent with a QOC interpretation. No new information was The PCM @ has almost no overlap with the IBM-2,Q
obtained for this level. The 4candidate in'**Ce is located Copnell et al. [13] comment that because of this and the
at 2384 keV[16]. better overall agreement of the PCM with experiment that
QOC 5 state.The 5, level at 2093.2-keV has been pro- the experimental  must lie outside the IBM-2 model
posed as a member of the QOC quintuje3,37. Direct  space. This statement is not completely supported by our
excitation investigations of this state by Coté¢al. [41]  §ata. Unfortunately, Copnekt al. do not list decay rates
indicate that single-step processes contribute extensively igom their PCM calculations for D states. The PCM results
the excitation of this level, which suggests this state has largge consistently low for all transitions from members of the
2qp structure. Robinsost al. [8] observed strong decays of 1,5 shonon multiplet, even for the ground-state decay of the

this level into both the 2 and 3, which led them to pro- 2, state. This suggests that both the one-phonon and two-

pose that this Ievgl has about qual contributions of QOCf)honon strengths in this model are not sufficiently large to
and jp character in its wave function. In fact, they contend describe the experimental situation. The QPM actually

that the mixing of Zjp and QOC configurations may explain shows better overall agreement with experiment for tﬁe 2

why the level is observed a few hundred keV lower than d4 d b - -, . f
calculated by Vogel and Kocba§Bd]. Recent investigations 2Nd 4 decays, but again, no transition rates are given for 0
states in Refs[7,14]. No transition rates are given for'0

of negative-parity states if*Nd by Jewellet al.[42] found _ ,

this level to be well described by a wave function which is/€Ve!S '”+CVM calcul3t|ons§4]. _

Composed of 40—50%128) 3; and 50—60% is thec?p con- 2Q 2'state The 22 level at 1561.0 keV is the best can-
+ didate for the 2 member of the B triplet. The IBM-2 cal-

figuration ofv(f,,,iq130). Our measurements are in excellen ; ) "
agreement with those of ReB]. cu_latlons QO rather well in describing2 decay rates from
this state into both the 2and Q' levels, although the latter
calculation is too high and thié 1 decay into the 2 state is
too low by a factor of about 2. The PCM underpredicts both
The ratio E,(4;)/E.(2{)=1.89, the small quadrupole of these decays which, as discussed for thelével, indi-
moment of the first excited sta@(2,)=—0.15(6) eb [3], cates that neither the one- or two-phonon strengths are ad-
and theE2 transition rates for decays of thg (2, , and 4~ equate for these levels.
states into the 2 are all indicative of spherical vibrational ~ The QPM calculations of Dinfet al. [14] give results
character. The rather large energy separation between the§inilar to the IBM-2 for bothE2 decays but overpredict the
three states, however, suggests that the anharmonicities dvkl decay. The CVM4] does very well with the ground-
quite large. Additionally, theB(E2) values for decays of state decay of theplevel but shows mixed results for other
these three levels into the 2state are only about half of the decays.
harmonic value which, as was suggested by Pignaeedi. 2Q 4" state The excitation energy of the 4state at
[6], may indicate a large fragmentation of two-phononl314.6 keV is very close to the harmonic value of twice the
strength in this nucleus. Comparisons of the behavior oknergy of the 2 level. ItsE2 decay rate into the2level is
these levels with IBM calculations led Gupfd3] to con-  also suggestive of strong two-phonon character, although the
clude that the vibrational character of these excitations is nasame decay in*“Ce is 8 W.u. greatef16]. Both the PCM
fully developed from their more particlelike behavior in the and QPM do a considerably better job reproducing the decay
N =82 isotones. The @p versus vibrational nature of thg'4  rate for this level than does the IBM-2 or the CVM. This is
level has been investigated extensively by Cotteal. [5]  exactly opposite of what is seen °Ce. In that nucleus, it
and is discussed below. The triplet of state$ @ ,4") pre-  appears the collective, or two-phonon, strength is consider-
dicted from the coupling of two quadrupole phonon®(an  ably larger than in'*Nd for this level; however, the
a simple vibrational picture is expected to occur at twice theground-state decays of 12 W.u. f6#Nd [5] and 14. W.u.
excitation energy of the 2; these states have long been for %Ce[32] are nearly the same.
identified in *“Nd [43]. Members of this multiplet are de- Cottle et al. [5] have extensively investigated the vibra-
scribed below only in relation to new information obtained in tional versus p character of the # state in#Nd. From
this work. Both experimental and theoretical transition rateghe analyses of theirp(p’) scattering data they conclude
discussed below are listed in Table IV. that the 4 state contains significant quantities of both®
2Q 0" state. The first observed‘Ostate lies at 2084.7 and two quadrupole-phonon components which supports
keV and is well above twice the energy of the Quadrupole  Gupta’s assertion, i.e., that the collective nature of the 4
phonon. It remains the best candidate for theriember of  level is not developed away from its more particlelike nature
the two-phonon triplet as it has a rather laig2 decay into  in the N=_82 nuclei. The 2 p nature of the 4 state, at least
the 2/ state. The experimental B(E2;0; —2{) inthe coreN=82 nuclei, comes from coupling protons in the
=20"3 W.u. is larger than predicted by our IBM-2 calcula- ds;, andg;,, orbits[5]. Pignanelliet al.[6] observe a signifi-
tions, which indicate that the wave function for this state iscant E4 excitation to this level which suggests that 1-step
composed of=64% two-phonon components. There appeargprocesses are important in the excitation of this level, since

2. Two-quadrupole phonon structures
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2-step excitations must be quite weak m ') and (@,a’)  was investigated if*Nd. ExperimentaB(M1) andB(E2)
measurements. transition rates an&2/M 1 multipole-mixing ratios were ex-
As was discussed previously in R¢i6], the enhanced amined from MS candidates into the lowest symmetric state,
collective nature of the  state in'**Ce may result from the o the 7 state. Both the 2 and 2 levels exhibit decay
number of active protons participating in the interaction. Cal-snaracteristics predicted for2MS excitations. There is

Cu!{at't?]”ft?r theN=284 |sotci_nes bytcogﬁ%dttil' [13]122,‘3]: weaker experimental evidence that the MS mode is spread
cate thatihere are more active protonsifi-e than in into the 2 and into the 2 levels. Comparisons of these
because of the subshell closureZat 64. 14 :
results for!*4Nd with analogous measurements reported ear-
; + 14 ; .
3. Three-quadrupole phonon structures lier for 2" states in**?Ce show that in both these nuclei there

i is strong experimental evidence supporting the fragmentation

The three-quadrupole phonon @3 strength is expected of the 2" MS mode of excitation into primarily the 2 and
to be spread in energy and probably fragmented among varg—+ levels. even thouah these levels ar rated by over
ous levels because of the large anharmonicities obvious ifj* ! g EVels are separated by ove

: . "
the two-phonon structure. Signatures of the§g Sates are 300 keV. The MS mode was also investigated indnd 3"

in 14 o
strong E2 decays into the two-phonon triplet and energies€VelS in Nd. The T level at 2655.6 keV does exhibit a
near three times the energy of thel 2state, ie., at relatively fastM1 transition to the ground state ¢f“Nd;

~2100 keV in*#Nd. Below we list our best candidates for nNowever, more experimental information is needed to ad-
the 3Q quintuplet. dress MS strength in this state and fragmentation of the 1
3Q 0" state States with]™=0" are observed at 2328.2, MS mode. The experimental situation fof &vels in **Nd

2675.6, and 2743.2 keV. Only the 2743.2-keV state is obis similar to that of the 1 levels. The 3 at 2178.8 keV
served to decay to any level other than the; Zpecifically, ~ exhibits decays similar to those predicted for MS states but
it also decays into the2. The rather larg&2 transition rate  information needed to assess MS fragmentation is not avail-
for this decay of 14 W.u. makes this the best 6andidate ~ able. _ _
for the 3Q quintuplet. Wave functions calculated using the IBM-2 support the
3Q 2 state Several 2 levels below 2.9 MeV are ob- fragmentation of MS strength in the;2and 2; levels, as
served to decay into the;j2state, including those at 2527.8, Well as in the 2 state, although the mod&(M1) values
2592.5, 2693.0(2829.3, and 2839.5 keV. The lowest of for decays of the 2 and Z states into the lowest2sym-
these which is also observed to decay into tﬁwﬁate isthe metric state are very small. The model also predicts that even
level at 2693.0 keV. Upper limits on these decays are 2.4hough the lowest 1 and 3" state wave functions have
W.u. for the decay into the 2 state and 11 W.u. for the dominant MS components, tié1 rates are not significantly
decay into the # level. larger than single-particle estimates. This model does an ex-
3Q 3" state The lowest 3 level is at 2178.8 keV and is cellent job reproducing the measured transition rates from
observed to decay into the; 4state. No multipole-mixing e 2 and % states, but underpredicts the ground-state de-
ratio could be determined for this decay so the transition raté2ys of the 3 and 2; states. Some features, such as these
is unknown. Other higher-lying 3 levels are observed to ground-state decays of higher lying 3tates, lie outside the

decay into either the 2 or 4 levels, but just as for thej4 ~ limits of the 1BM-2 model and appear to require a more
state. transition rates are not known. particlelike interpretation. For spin-3 states no clear identifi-

3Q 4 state Several 4 levels are observed which decay cation of MS candidates can be made from the experimental
into either or both of the 2 and 4 levels. The lowest information, but IBM-2 calculations show clearly that the

energy 4 state decaying into both these two-phonon stateyls strength is expected to be split between the first and

with significant E2 transition rates is the level at 2295.5 secor_ld .3 states. .

keV; however, only upper limits are given for these decays. EX|st|ng CVM and QPM calcul_a_tlons were comp.aried o
3Q 6" state Spin-6 states occur at 1791.5, 2218.5, and®Y' experllznental data for transitions from Ipw-lylng 2

2808.8 keV. The 17915 keV level is the most k@ zan- ~ States in “Nd. Both of these models predict that MS

didate because of its energy. It is observed to decay into th rength is split between theg/ 2and % levels. This seems to

47 by the emission of a 476.9 keY ray. Unfortunately, the iffer from the experimental situation when traditional MS
erlwergy of thisy ray is so Ic.)w that it .prohibits a Iifétime characteristics are used to assess MS strength in excited lev-

measurement using DSAM. els, e.g., unusually Ia_rgu‘l 1 d_e(_:ays to the Iowest_symmetric
state and small multipole-mixing ratios. There is, however,
better overall agreement between calculated and experimen-
tal transition rates from these two models than from the
The excited levels off4Nd below 3.3 MeV have been IBM-2 which puts most of the 2 MS strength in the 2 and
studied using ther(,n’ y) reaction. Excitation functions, an- 2, levels. Calculations from these models need to be ex-
gular distributions, and Doppler shifts were measuredyfor tended to higher-lying 2 levels and include 1 and 3
rays from these levels. Level lifetimes and spins, multipole-states in order to evaluate better the role of MS excitations in
mixing and branching ratios, and electromagnetic transitiorthis nucleus and the agreement of the model predictions with
rates were deduced. Nine new levels and over 30 new trarexperimental information. Comparisons between our ex-
sitions assigned to existing levels were found below 3.3anded*Nd data set and existing PCM calculations show
MeV excitation. rather good agreement for some transitions, but appear to
The fragmentation of the lowest MS modes of excitationindicate that the model does not contain enough collective

VI. SUMMARY
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strength. This is most obvious in members of the two-information. Levels exhibiting predicted decay characteris-

phonon triplet. tics for two- and three-quadrupole phonon states are also
Lastly, we have investigated multiphonon excitations indiscussed.

144Nd. Evidence is given to support the 2779.0-keV level as

the 3= member of the QOC quintuplet and to propose that

this mode of excitation is shared with the 2606.0-keV level.

These assignments are based on new decay information for Insightful discussions with S.W. Yates, M.T. McEllis-

transitions into the 2 and 3 levels. Transition rates mea- trem, and Marcel Villani are gratefully acknowledged. This
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