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University of California 
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July 1973 

Abstract 

High-spin levels in Ce and Nd isotopes excited by the reactions 

l20,122Sn(l60,3n)l33,135Ce and l22,124Te(l60,3n)l35,137Nd have been studied 

by i.n-beam gamma-rey spectroscopic methods (prompt and delayed spectra, exci.-

tation functions, angular distributions and y-y coincidences). Bands built on 

the 11/2- isomeric levels in 135ce and 137Nd and on the 9/2- ground states in 

133ce and 135Nd have been found. A prolate deformation is required for these 

nuclei in order to explain the E2/Ml mixing ratios and the level o~dering of 

these bands • 

* Work performed under the auspices of the U. S. Atomic Energy Commission. 

tNATO fellow. 

*On leave from Institut des Sciences Nucleaires, BP257, Grenoble 38044, France. 

* On leave from Physik Department der TU Munchen, Garching, Germany. 
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1. Introduction 

After the first studies of doubly-even barium isotopes1 ) indicated 

possible deformed shapes, special attention was directed to the nuclei with 

N and Z between 50 and 82. The behavior of the high-spin band of. levels based 

th I 11/2 t t . dd t 125-1331 1 . d . on e = s a e 1n o -pro on a que e1 compare to the energy-

spacings of the doubly-even barium isotopes with one less proton2 ) is very 

striking and has thus far only been interpretable in terms of the particle

plus-rotor model~). In order to test further the applicability of this model, 

experiments on the high-spin states of other nuclei are required.. The present 

paper concerns odd-neutron 133 ,135ce and 135 ,137Nd isotopes studied by observing 

they-radiations following (16o,xn) reactions. In these four nuclei, there is no 

evidence for a decoupled band having only stretched E2 tr~s~tions as was 

found in the La nuclei. Mbre normal roational bands are seen, though they are 

still heavily perturbed. It turns out that this is very nearly what 

is expected for these odd-neutron isotopes according to the above model. 
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2. Experimental Procedures 

The external oxygen beam of the Berkeley 88".sector-focussed cyclotron 

was used to bombard tin and tellurium targets at 60, 65, 66.5, 70, 80, 85, and 

90 MeV energies. The excited levels of 135 ,137Nd are populated in the 

122,124T (160 3n) t· d th f 133,135c . th 120,1228 (160 3 ) e , reac ~ons an ose o e 1n e n , n 

. . 135 124 16 
react~ons, respect~vely. For Ce, we have also used the Sn( 0,5n) 

reaction.. The t3rgets were made with enriched isotopes obtained from Oak Ridge 

National Laboratory and evaporated on 25 ~ lead supporting foils. Their 

thickness was approximately 2 mg/cm2 . 

The Y-spectra were recorded using either two 8 cm3 planar intrinsic 

germanium detectors with a resolution of 0. 9 keV FWHM at 122 keV and 1. 9 keV 

FWHM at 133 keV or with one of the 8 cm3 planar detectors and a 30 cm3 coaxial 

lithium-drifted germanium detector. Their efficiencies were obtained in the 

actual experimental set up with the Y-rays from calibrated IAEA sources 

( 2~a, 57co, 60co, 137cs) and from 177~u samples. TheY-rays were also 

used for energy calibration, as were the known transitions of the doubly-even 

nuclei produced in the nuclear reactions. The in-beam y-rays belonging to 

l35 ,l37Nd and l33 ,135ce are listed in Tables 1-4. 'l'he relative gamma inten-

sities given are for an angle of 55° to the incident beam and are normalized 

to the strongest line, for which Iy = 100. For the strong and well-resolved 

Y-rays, the error is of the order of 0.1% for the energy and about 10% for 

the intt•nsity. These errors are two or three times higher for the weaker 

lines. 
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Singles y-ray spectra were recorded using the electronic configuration 

of fig. la. Constant fraction triggers 
4) were used to derive timing signals 

from the detectors. These signals started a time-to-amplitude converter which 

was stopped b,y the zero crossing of the cyclotron radiofrequency. A single

channel analyzer was set on the portion taken between the beam pulses (out-of

beam) of the time spectrum and its output signal was used to route corresponding 

events into different subgroups of the memory of the SCC-660 computer. By this 

method, the gamma spectra were obtained in-beam and out-of-beam in order to get 

an indication of isomers and/or decays. During the later experiments the constant 

fraction triggers were modified5 ) to remove tails on the prompt time curves which 

allowed better identification of delayed Y-rays. 

In the y-y coincidence experiments, the arrangement of fig~ lb was used. 

Events coincident within 300 ns were stored in a 48 events buffer in the PDP-5 

computer system. When the buffer was filled, it was written onto magnetic tape. 

Four parameters were recorded for every coincidence event, the two gamma energies, 

the time between them and the time between one of the coincident gammas and the 

zero crossing of the cyclotron RF. The tapes were sorted off line. We set win-

dows on y-ra:ys in one of the total coincident gamma spectra, on the prompt 

curve of the yy-time spectrum and on the in-beam region of the y-RF time spectrum 

and accumulated the spectrum from the other detector coincident with the lines 

selected. Appropriate background windows were also set in the gamma spectra to 

obtain background spectra which were then subtracted, thus removing coincidences 

due to the background under the peaks. The accidental coincidences in the y-y 

time spectrum were less than 1% of the true coincidences, so no correction for 

them was applied. Due to limitations in beam time at the 88" cyclotron, the 
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later experiments were done using both electronic configurations in parallel; 

obtaining singles and coincidence spectra simultaneously. The time resolution 

in the yy-time s~ectrlim was usually less than 6 ns FWHM, the resolution in the 

y-RF time spectrum. was limited by the beam structure to about 10 ns. The single-

channel windows for the singles spectra was usually set to give a wide safety 

margin around thein-beam regibn, in order to get reliable assignments for the 

out-of-beam spectra. 

The gamma lines were attributed to the final nuclei produced in the 

Sn(16o,3ny)Ce and Te( 16o,3ny)Nd reactions on the basis of excitation functions 

made with the Ge(Li) detectors at 90° to the beam. 

In separate experiments, spectra were recorded at detector angles of 

0°, 55° and 90° to the incident beam. From the observed anisotropy we deduced 

the probable multipolarities of the stronger y-rays. Since the emitting states 

m~ be only partially aligned, the angular distribution function 

w(e) = 1 + 2 ~(Ii) ~max (IiL1L2If) Pk(cos 6) 

k~2 

depends on the attenuation coefficients ak(Ii). The a 2 coefficients can be 

deduced by considering the experimental A2exp coefficients of transitions of 

known mp.ltipolarity, e.g. E2, with the theoretical A2max for complete alignment 
. I . 6 

tabulated by Yamazaki ) . 
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3. Experimental Results 

From recent investigations 7- 9 ) the ground-state of 137Nd has a spin 

and parity 1/2+ and a half-life of (38.5 ± 1.5) m , in agreement with the 

.. 10 
measurement of Ekstrom et al.. ) by the atomic-beam magnetic resonance method. 

Droste et a1.
8

) have identified an isomeric level at 518 keVin 137Nd; gamma-

rays of 108,177,233 and 285 keV decay with a half-life of (1.60 ± 0.15,) s 

From they-ray and conversion-electron intensities, an E3 multipolarity was 

assigned to the 233 keV isomeric transition. A spin and parity 11/2- for 137~d 

is in agreement with the systematics of N = 77 isotones 129Te, 131xe, 133Ba, 

l35c e, 137Nd and 139sm, refs. 8 and 11). 

The prompt Y-ray spectrum observed in the present study when 124Te is 

bombarded by 66.5 MeV 16o-particles is shown in fig. 2 and the relative inten-

sities at an angle of 55° to the incident beam are listed in •rable l. In the 

spectrum taken between beam pulses, the four prominent Y-rays from the isomeric 

state with energ2.es 108.5, 177.3, 233.4 and 285.8 keV are observed; all the 

other lines present in this spectrum are associated with the decay of 137Nd to 

137p r, ref. 9). 

With an increase in beam energy, the excitation curves of the stronger 

prompt lines at 328, 407, 581, 669, 706, 794 and 883 keV increase rapidly 

(fig. 3) indicating high-spin states. From the angular distributions, illus

trated d.n f,ig. 4, and the A~xp values reported in Table 1, it is clear that . 

the 581, 706 and 748 keV transitions are mixed dipole-quadrupole radiations 

where I is lowered by one unit. 
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It seems obvious that the (669 keY) strongest transition is at the 

bottom of the prompt cascade. The scheme proposed in fig. 5 has been estab-

lished from the y-y coincidence results, the multipolarities and the intensities 

of the transitions, and by taking into account the feeding and deexciting of 

each level. 

Within the experimental errors, the intensity balance of the levels 

below the ll/2- isomeric state is correct. But a small difference appears for 

the isomeric state when we take the total internal conversion coefficient of 

the E3 transition into account. This difference can probably be explained by 

high-energy lines feeding directly into this level. Further up in the band, 

the 17/2- level is fed principally by a 328.2 keY transition which has a 

negative A
2

e.xp of -0.20 ± 0.10. This line, which we assume to be a stretched 

El transition (the theoretical value is A2max = -0.29) deexcites a 19/2+ state 

at 2222 keY. We have found a short half-life of l-4 ns for this level; so the 

El transition of 328 keY is hindered by a factor (2-7)x1o5 compared to the 

Weisskopf estimtes. A value of A
2

e.xp = 0.38 ± 0.15 indicates a stretched E2 

multipolarity for the 407.2 keY transition which therefore suggests the 23/2+, 

2630 keY level. The 21/2- and 23/2- levels of the band built on the ll/2- state 

are weakly fed ru1d we cannot detect higher levels in this, band. Because of the 

strong Pb KI3X-rays .and the strong 3/2+ -+ 1/2+, 177.3 keY transi t~on we cannot 

observe in the singles the 15/2--+ 13/2-, 87.5 keY and the 19/2--+ 17/2-, 176.8 

keY transitions. In the y-y coincidence spectra, the poor statistics also 

prevent any definite identification. If they. do exist, they must be weak. 
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3.2. THE l;~ce ISOTOPE 

The ground state of 135ce has a spin and parity l/2+ 8 •12 ) and a 

half-life of 17.0 h. The isomeric level is ll/2- and, as in 137Nd, decays 

by an E3 transition of 20 seconds half-life8 ). It is now well established 

that a doublet exists in 135ce at 296 keV; one of the levels (3/2+) is fed 

135 by the decay of Pr (T
112 

= 27 m 

135mce(Tl/2 = 20 s )8,13). 

The Y-ray spectra observed during the bombardment of a 122sn target 

by 62 MeV 16o-particles are shown in fig. 6. Many y-rays are present in the 

spectrum taken between the beam pulses. Besides the-398, 409, 639, 814, 946, 
134 and 1125 keV y-rays, presumably due to an isomer in Ce, we can 

easily identi~ the lines associated with the decay of 135mce and the radio-

t . . f 135c f 16-19) F ac ~c~ty o e, re s. . rom the time distributions of the other 

strongest lines present in the out-of-beam spectrum of 256, 590, 700, 724 

and 833 keV, we measured a half-life of 8 ± 2 ns. 

The level scheme proposed in fig. 5 has been deduced from the y-y 

coincidences, the intensities, the excitations functions and the multipolarities 

of the most important lines. A listing of they-rays is given in Table 2, but 

in order to limit its length, we have omitted about 30 lines of low intensity 

(less than 2% of the strongest). As exceptions, the 109.5 keV (I = 1.2) and y 

the 181.9 keV (I = 0.8) appear in the level scheme: the first is in 
y 

coincidence with the 590, 724, and 960 keV y-ray and the second with the 724 

keV y~ray. Definite spins and parities are assigned only to the members of 

main band built on the ll/2- isomeric level. Taking into account the E3 
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multipolarity of the 149.6 keV transition, the intensity balance is correct 

for the isomeric level. Likewise, the balance of the 5/2+ level at 296 keV is 

correct within the experimental errors. So the 3/2+ member of the doublet at 

296 keV cannot be appreciably excited. This is confirmed by the ratio of the 

intensities of the 213.4 and 296.1 keV y-rays which remains constant in the 

in-beam and out-of-beam single i spectra but is quite different from the ratio 

obtained in the decay of 135Nd, refs. 13,15). 

In this nucleus, we find the same kind of excited positive-parity band 

as in 137Nd. Indeed, from the probable I= 19/2+ level at 2125.6 keV, we reach 

a (I = 23/2+) level through the 425.6 keV stretched E2 transition. And, as 

mentioned before, because of the 8 ns half-life of the former level, all the 

lower lines in the ll/2- band have such a delayed component. The 256 keV El 

transition is hindered by a factor of 8x105 compared to the Weisskopf estimates. 

We have not seen the 75.0 keV, 19/2+ ~ 19/2- transition in any spectrum but 

it should be much weaker than the observed 19/2+ ~ 17/2- transition. 

3.3. THE l~6Nd ISOTOPE 

In previous studies it has been found that the ground state of 135Nd 

decays to 135Pr with a half-life of 12 to 15 minutes13 •20 •21 ) while a 5. 5 m 

t . 't d . . l l . 135Nd ac 1v1 y was propose as an 1somer1c eve 1n . Recently, spin measure-

ments by atomic-beam magnetic resonance22 ) have been performed on samples of 

praseodymium bombarded with 80 MeV protons and neodymium bombarded with 110 

MeV protons. The decays of the I = 9/2 resonance signals ascribed to 135Nd 

were in agreement with a l5 m half-life while notbing has been observed 

with a 5.5 m half-life. 

~' 

. ' 
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122 Spectra recorded when a Te target is bombarded with 66.5 MeV 

16 0-particles are shown in fig. 7. Many lines are detected in the spectrum 

taken between the beam pulses. The strongest one at 203.8 keV and those at 

112, 164, 245, 374, 617 and 661 keV correspond to transitions seen in the 

decay of 135Nd (•r112 = 15 m). The relative intensities of the y-rays at 

213 and 296 keV are in good agreement with the decay of the 3/2+ level at 

135 135 ( 4 13 15 296 keVin Ce, fed from Pr T112 = 2 m) ' ). We have no definite 

assignment for the other delayed transitions at 109, 414, 423, 476, 502, 539 

and 552 keV. 

The most intense in-beam line in Table 3 is the 198 keV Ml + E2 

transition, and so it must be placed at the bottom of the scheme (fig. 8) 

where it deexcites the I = 11/2 level to the I = 9/2 ground state. Among the 

y-rays in coincidence with this 198 keV line are the 232 and 362 keV Ml + E2 

y-rays. Both are assigned positions in the level scheme based on energy 

relations and total intensity. The energy and intensity of the 560.5 keV 

cross-over can be only deduced from the coincidence spectra because of the 

very strong 564 keV Coulomb excitation line of 122Te. Again, as in the 11/2-

bands in 137Nd and 135ce, the Ml + E2 y-rays in the I = 9/2 band have very 

sharp angular distributions. Some other lines, such as the 192 and 518 keV 
' 

y-reys, also have negative A2exp parameters of large magnitude. 

3.4.· THE l;~ce ISOTOPE 

Several experiments. have been done on the A = 133 neutron-deficient 

isotopes. In 1967, an isomeric level was identified in 133ce ref. 23); a 

(97 ± 4) m half-life was observed for y-rays at 77, 88, and 97 keV. When 



-10- LBL-1948 

a lanthanum target was bombarded by 95 MeV protons, y~lines at 173.9, 376.7, 

523.4, 556.8, 580.6 and 607.7 keV decayed with the 97 m 133mce activity, 

but all the othery-rays decayed with a half.-life of ( 5 ·.4 ± 0.05) h. 24 ). 

The recent in-beam measurements on the odd lahthanum isotopes
2 ) estab

lished clearly the .11/2- isomeric level in 1331a and the corresponding decay 

to the grormd state of 1331a by the 58.2 (El), 404~ 6 (M2), 346.4 (Ml + E2), 

477.0 (E2) and 130.7 (Ml) keV Y~rays. With a lanthanum target irradiated by 

95 MeV protons, these five lines are observed and theyare associated only 

with the 5. 4 h half-life of 
133

ce. On the other hand, in the decay of 

13~r (T
112 

= 6. 5 m) -> 133ce -> 133
1a ref. 25) only the y-rays of 1331a 

. 133m ( 97 associated w1th the · Ce T112 = m) decay are fotmd.- From the very 

recent investigations of the spin of the odd-mass isotopes of cerium by atomic

beam magnetic resonance
12

), it appears :that I = 9/2 signals correspond to the 

5.4 h activity in 
133

ce and that I= l/2.signals can be attributed to the 97 

m activity of this isotope. It is not yet known which state is the isomer 

and which is the grormd state. 

120 
In the prompt y-spectrum recorded when a Sn target is bombarded with 

66.5 MeV 
16

o-particles (fig. 9) they-rays observed in the decay of 133Pr, ref. 25), 

are missing, except for the 134.3 and 183.4 keV lines. Nevertheless, in the 

spectrum taken between the beam pulses, the y-lines following the decay of 

133 ) Ce (T1/ 2 = 5~4 h . 
1331 '1 . d t. f' -> a are eas1 y 1 en 1 led. So, taking into account 

the previous studies, the most intense transitions excited in the 120sn( H)O, 3n )133ce 

reaction must be placed above the 9/2 level as in the comparable reaction to 

make 135Nd. 

i 
.I 

I . : 
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The prompt in-beam y-spectra of 133ce and 135Nd are very similar, so 

it is not surprising that the main parts of the level scheme (fig. 8), estab

lished for 133ce from the experimental results (Table 4), present the same 

characteristics up to the 23/2- level as for 135Nd. Actually, the similarity 

of the level spacings in the two nuclei is quite remarkable. To establish 

133 the level scheme of Ce, we use the same procedure of looking at energy sums, 

coincidence relations, intensity balance, excitation functions (fig. 10), 

angular distributions and mixing ratios. 

From the 385-609, 609-896, 235-1269 coincidences, the energy sums 

554.9 + 608.7 + 896.2 = 2059.8 and 789.7 + 1269.3 = 2059.0, and considering the 

y-lines present in the spectrum taken between the beam pulses,_we find levels 

at 1163.6 and 2059.0 keV. The negative value A2exp = -0.64 ± 0.06 of the 

608.7 keV y-ray which terminates at the I = 13/2 level suggests a spin I = 15/2 

level for the 1163.6 keV level. The 896 keV line, which has .a stretched E2 

character, then gives rise to an I = 19/2 level having the same parity as that 

at 1163 keY. Above the 2059 keV level, we indicate a set of levels obtained 

on the basis of y-y coincidences and intensity rules. Four of these y-rays 

have negative A
2

exp coefficients indicating transitions of mixed dipole-quadrupole 

character. This side band decays into the 9/2- band with a very short half-life 

(T112 ~ 3 ns). 
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4. Mixing Ratios 

In ri'ables 1-l1, t..he values of the A exp coefficients 2 ' . ' neglecting A4, 

are indicated when the gamma lines are well'resolved and the statistics good 

enough. 
.. ·· 137 135 

The deleyed y-reys below the 11/2- isomeric state in Nd and Ce 

for which.'\ = 0 give a determination of the experimental isotropic angular 

distribution. The attenuation coefficients a
2 

are deduced from experimental 

results on the pure E2 transitions between levels of the bands built on the 

11/2- level in 13~Nd and 135ce arid on the 9/2- level in 135Nd an~ 133ce. Since 

we did not find trends in a2 with spin, we averaged the a2 values for each 

nucleus in order to reduce their·scatter. 135 137 . For Nd and Nd, the mean values 

of a
2

, are 0.43 ± 0.16 and 0.44 ± 0.20; respectively. In the cases of the two 

cerium nuclei, the attenuation coefficients are much larger and reach 0.69 ± 0.19 

for 133ce and 0. 76 ± 0.19 for 135ce. 

Using the mean a 2 coefficient for each nucleus~ it is possible to determine 

the quadrupole to dipole amplitude mixing ratio o of Ml + E2 transitions. Some 

. m~ . . . 
values of experimental A2 are obtained with a large error, but all the results 

are consistent·with a large negative value around one. This results from the 

fact that all the Ml + E2 transitions in the 11/2- and 9/2- bands are characterized 

by a very "sharp"· angular distribution. Examples of such very sharp angular 

distributions are given in fig. 4, where we can see the great difference in the 

intensities of·the peaks at 0° and 90° relative to the beam. In fig. 11, 

two theoretical A2m~ values are represented as functions of lol/(1 + lol ). 

Roughly, we can say that the multipolarity of these Ml + E2 transitions is an 

admixture with (50 ± 25 )% E2. The mixing ratios 6 equals -1.0 when A2 max reaches 

its extremum, Am~ ~ -1.2. 
·2 

•.. 
; 

.· 

r. i 
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Thus, in all the cases with such large negative A
2
exp, the sign of o 

is negative. Using the results
26

) on 199Tl, Nakai27 ) pointed out the fact 

that 

sign 0 = sign (
gQ-gR) for K =I= l/2 

0 

g-g is positive for odd-proton nuclei and 
R 

provided I~ 7/2. 

negative for odd-neutron nuclei 

In the cases discussed here, o is negative for all Ml +· E2 transitions 

in the 9/2- and 11/2~ bands of these odd-neutron nuclei. Consequently, Q
0 

must 

be positive indicating that, the nuclei are all prolate. 
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5. Discussion 

As shown in figs. 5 and 8, the level structure of Ce and Nd nuclei 

are quite simila~ for a given neutron number. So we shall consider the four 

nuclei in pairs: 135 137 . 133 135 . Ce and Nd w1 th 77 neutrons and Ce and Nd w1 th 

75 neutrons. 

5 .1 . FEEDING OF THE LEVELS 

From the experimental results, we deduce the following: 

i) The levels of the 1/2+ ground-state band in both 135ce and 137Nd 

are only populte~ with appreciable intensity by deexcitation of the 11/2-

isomeric state. We do not observe any y-rays in coincidence with the 213 and 

296 keV in 135ce or with the corresponding 109 and 286 keV in 137Nd. In· 

addition, the sum of the intensities of the E2 (5/2+ ~ 1/2+) and of the 

Ml + E2 (5/2+ ~ 3/2+) transitions equals the total intensity of the E3 

(11/2- ~ 5/2+) transition. 

ii) The levels of these 11/2- bands are fed by the decay of higher 

states in the band only up to about spin 19/2-. The side-band with spins 

19/2+ and 23/2+ comes below the expected position of the 21/2- level so it 

seems reasonable that the levels with I ~ 21/2 in the ll/2- bands are populated 

only weakly. 

iii) In the four nuclei, we observe that the intensity of the stretched 

E2 (I + 2 ~ I) cross-over and of the Ml + E2 (I + 1 ~I) transition is stronger 

when I+l/2 is even; this is a result of the level spacing and the strong energy 

dependence of the transition probabilities. These energy spacings are due to 

the h1112 origin of the negative-parity states. 
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iiii) The 17/2- levels in 135ce and 137Nd are fed from states at 2126 

and 2122 keY, respectively i.e. in the same energy range as a 5- state. in the 

doubly-even 136•138ce and 138 ,140
Nd. The half-life of this level is (8 ± 2) 

ns in 135ce and smaller than 4 ns for 137Nd. The analogous states are probably 

too high to be easily observed in 133ce and 135Nd. The structure·of these 5-

states is unknown. In some neutron-deficient nuclei of Sn and Te, there is 

also a s- state whose energy arid half-life increase as the mass number decreases. 

These states might be related to the ones in the Ce-Nd region. The only known 

' . 131 28) odd-A·nucleus in this region which presents an analogy 1s Ce, ref. , which 

has precisely the same neutron number. It also has a 19/2+ level decaying by 

hindered El transitions to negative parity states. 

5 • 2 • PROLATE SHAPE 

It was shown29 ) that the level structure of some moderately deformed 

odd-A gold nuclei could be explained by a particle-plus-rotor model. Since 

the Fermi surface in that case,,(as in the present Ce-Nd cas~), was above the 

h1112 sub-shell, observation experimentally o~ "decoupled" bands having 

the energy spacings of the ground band in the neighboring doubly-even nuclei 

required oblate shapes. On the other hand, prolate shapes require bands with 

the normal (t.I = 1) spin sequence and energy spacings that favor the I = j 

,, 
j + 2, j + 4, ··· spin states at low deformation, but become the usual I(I + 1) 

rotational values at large deformations. 

The negative-parity bands found in Ce and Nd are clearly not like the 

decoupled bands in the odd-proton gold nuclei, but are like the perturbed 

rotational bands expected for prolate shapes. Indeed the ratio of the 
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transition energy (E
1512 

- E
1112

) to that of the mean value of the 2+ ~ o+ 

transitions of the neighbo~ing doubly-even nuclei is of the order of 1.5 

rather than 1 as is found for the decoupled bands and the level spacings 

become more rotational as the mass number decreases (deformation increases) 

The quantitative agreement between experiment and calculation in 

these Ce, Nd nuclei is not as good as in the earlier cases, but the reason 

is probably due to the occurrence of asymmetric shape effects such as y-dis-

tortion or softness. Such Y-distortion effects are indicated by the low-lying 

second 2+ state in the doubly-even nuclei in this region. This 2+ state 

is so low that it falls below the 4+ of the ground-state band. Such y-softness 

could produce deviations in the level spacings from those of the axially-

symmetric particle-plus-rotor model used in the calculation, and it can be 

shown that such deviations are in the direction of the experimental data. 

In summary, it appears that the properties of the 11/2- and 9/2- bands 

observed in these Ce and Nd nuclei are qualitatively in good agreement with what 

would be expected from·the particle-plus-rotor model calculated for prolate shapes. 

The difference between the odd-A La nuclei, which show decoupled spectra, and 

the present odd-mass nuclei, which show more normal rotational bands, is that 

the Fermi surface lies below the h1112 orbital for the odd-proton nuclei in 

this region rather than above it as for the odd~neutron nuclei. It appears 

that this simple model can give considerable insight into .the high-spin 

states of nuclei in this region of intermediate deformation. 
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Table I. 137 . 124 16 137 
Gamma-R~s of Nd Produced 1n the Te( 0,3ny) Nd 

Reaction at 66.5 MeV. 
:r--.r==·= m=·=::;~:; - - :a:~~ ----r = ··== •zr=· -,=:.=-~=.·-=~--r·.....-;·.=:~..::=.%.!;;:_ 

Ey Relative Mul tipolari ty Transition 
(keV) Gamma Aex:p Assignment 

Intensit 2 

108.7 .56.0 -0.03 ± 0.10 Ml + E2a) 5/2+-+ 3/2+ 
~· 

138.1 4.4 

159.5 5.3 

177.3 100.0 -0.01 ± 0.10 Ml + E2a) 3/2+-+ 1/2+ 

(19/2- -+17/2-) 

195.6 3.3 

209.0 3.0 

213.1 5.2 

233.4 93.5 -0.01 ± 0.10 E3 a) 11/2- -+ 5/2+ 

263.9 5.4 

268.3 4.5 

285.9 35.6 +0.05 ± 0.11 E2 a) 5/2+ -+ 1/2+ 

294.4 4.4. 

308.3 10.6 

328.2 27.7 -0.20 ± 0.10 E1 19/2+ -+17/2-

332.1 6.7 

353.9 5.4 

389.1 9.1 

407.2 19.1 +0.38 ± 0.15 E2 23/2+ -+ 19/2+ 

409.7 6.3 

414.2 2.1 

418.2 11.6 

440.1 30.2 

449.1 2.4 

453.9 1.8. 

460.2 5.2 

517.3 2.4 

(continued) 



~ 

E Relative 
(k~V) Gamma 

Intensit 

520.5 5.8 

525.0 5.0 

548.4 3.7 

552.2 6.9 

556.7 3.2 

563.4b) 4.8 

574.9 4.3 

581. 4c) 41.2 

668.9 51.6 

682.0 2.9 . 

705.9 30.2 

729.1 8.6 

748.4 7.3 

759.0 7.2 

770.7 7.3 

779.2 3.0 

793.7 15.1 

882.9 21.4 

924.5 7.4 

1009.3 8.2 

1012.5 G.2 

-21-

Table I. (cont.) 

Aexp 
2 

-0.69 ± 0.05 

+0.19 ± 0.12 

-0.85 ± 0.03 

-0.53 ± 0. 09 

+0.14 ± 0.14 

+0. 23 ± 0.18 

Multipolarity 

Ml + E2 

E2 

Ml + E2 

Ml + E2 

E2 

E2 

(E2) 

(E2) 

LBL-1948 

Transition 
Assignment 

13/2- -+ 11/2-

15/2- -+ 11/2-

17/2--+ 15/2-

21/2- -+ 19/2-

17/2--+ 13/2-

19/2- -+ 15/2-

21/2--+ 17/2-

23/2- -+ 19/2-

a)The multipolarities of the transitions below the 11/2- isomeric level were 

previously known. 

b)Composite line. 

c)A small component of this line belongs to 137Pr. 
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Table II. 135 Gamma-Rays of Ce Produced in the 122sn( 16o,3ny) 135ce 

Reaction at 62 MeV. 

Ey Relative Aexp Multipolarity Transition 2 
(keV) 

Gamma Assignment 
Intensitya) 

103.3 3.0 

125.0 2.5 

149.7 24.9 -0.02 ± 0.06 E3b) 11/2- -+ 5/2+ 

159.6 54.1 

JG9.6 U.l1 

175.0 4.8 -0.44 ± 0.09 Ml + E2 3129.7 -+2954. 7 

189.4 8.9 

202.1 11.1 -0.38 ± 0.08 Ml + E2 2686.8 -+2484. 7 

206.9 6.4 

213.4 100.0 +0.04 ± 0.01 Ml + E2b) 5/2+ -+ 3/2+ 

238.1 2.0 

248.9 2.1 

256.0 30.2 -0.26 ± 0.08 (El) (19/2+-+ 17/2-) 

262.2 3.7 

267.9 4.8 -0.46 ± 0.09 Ml + E2 2954.7-+ 2686.8 

277.0 3.5 

285.0 2.0 

296.1 25.0 -0. 04. ± o. 08 E2b) 5/2+ -+ 1/2+ 

309. ob) 5-3 

325.4 4.6 

334.8 3.0 

358.3 3.4 -0.42 ± 0.11 Ml + E2 2484.7 -+ 19/2+ 

376.0 3.3 

379.4 10.4 2484.7-+ 2105.3 

381.6 5.8 

384.5 8.4 

391.8 7-0 

(continued) 
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Table II. (cont.) 

Ey Relative Aexp Multipolarity Transition 
Gamma ) 

2 Assignment 
(keV) Intensity a 

668.3 10.9 

678.9 15.1 

699.6 73.5 +0.35 ± 0.11 E2 15/2- -+ 11/2-

724.3 36.6 -0.79 ± 0.03 Ml + E2 17/2--+ 15/2-

734.9 2.6 
741.5 4.5 

745.2 6.6 

753.9.c) 4.8 

770.1 6.7 

783.3 8.0 

786.9 6.0 

827.7 3.4 

833.1 16.3 +0. 31 ± 0.13 E2 17/2- -+ 13/2-

862.7 3-9 
s~r5. 1, J.j. 

885.4 5.7 

888.2 5.1 

894.7 4.2 

897.6 3.2 

906.2c) 21.0 +0. 30 ± 0.18 E2 19/2- -+ 15/2-

927.3 8.9 

940.3 2.6 

960.0 4.2 

964.lc) 21.0 

977-7 6.3 

1000.5 9-2 

1004.9 3-3 

1012. 7c) 4.7 

(continued) 

ri 

I 



Ey 
(keV) 

1019.0· 

1029.3b) 

1052.0 

1197.4 

1368.7 

Relative 
Gamma 

Intensity a) 

5.3 

7.1 

9-5 
5.5 

25.0 

-25-

Table II. (cont. ) 

Multi polarity 

LBL .... l948 

Transition 
Assignment 

a) . 
Ga.nrrna-rays .with a relative intensity smaller than 2 are not listed. 

b)The multipolarities of the transitions below the isomeric state were previously 

known. 

c) 
Composite line. 
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Table III. 
135 . . 122 16 135 Gamma-Reys of Nd Produced l.D. the Te( 0,3ny) Nd 

Reaction at 66.5 MeV. 

Ey Relative Aexp Multipolarity Transition 
Gamma 2 Assignment (keV) Intensitya) 

108.7 4.3 
~ ' 

120.4 2.0 

128.2 7.1 

137.9 4.3 

158.7 4.3 

169.8 9.6 

176.7 

f 178.2 
7.0 

192.0 13.2 

198.5 100.0 -0.64 ± 0.03 Ml + E2 11/2- + 9/2-

207.4 18.4 

232.2 12.7 -o.68 ± 0.04 Ml + E2 15/2- + 13/2-

234.9 2.9 

243.1 5.1 

247.7 6.7 

250.6 1.8 (Ml + E2) 19/2- + 17/2-

256.2 2.9 

282.0 6.4 

284.9 2.9 

290.9 3.0 

300.9 4.4 -0.27 ± 0.15 Ml + E2 23/2- + 21/2-

325.3 9-5 
362.2 39.5 -0.65 ± 0.05 Ml + E2 13/2- + 11/2-

410.3 7.8 

422.8 3.1 

44o.4 38.3 

(continued) 
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Table III. (cent.) 

Ey Relative Aexp Multi polarity Transition 
Gamma 2 Assignment (keV) a) 

• Intensity 
476.0 ! 22.6 
476.5 -0.42 ± 0.09 Ml + E2 17/2--+ 15/2-., 
482.6 6.8 

501.8 9.6 
511.8 117.0 
518.3 12.0 

525.7 4.3 

533.5 7.4 

552.1 9.8 

554.1 6.4 

560.3 18 b) 
(E2) 13/2- -+ 9/2-

' 
585.0 8.8 -0.53 ± 0.08 Ml + E2 21/2- -+ 19/2-
594.1 33.4 +0.14 ± 0.11 E2 15/2- -+ 11/2-
646.9 4.0 

670.7 2.8 

709.6 12.1 +0.11 ± 0.14 E2 17/2--+ 13/2-
727.6 19.6 +0.18 ± 0.13 (E2) 19/2- -+ 15/2-
747.8 4.2 

752.6 2.8 

814.8 4.6 

835-7 7.6 +0.28 ± 0.15 E2 'il/2- -+ 17/2-
855.7 6.9 

886.0 

f 
(E2) 23/2- -+ 19/2-

888.4 
14.5 

1015.5 10.0 
1060 5-7 
1161 11.2 

; 

a)Gamma-rSi}'"s with a relative intensity smaller than 2 are not listed. -~t 

b)Intensity deduced from the y-y coincidence spectra. 



-28- LBL-1948 

Table IV. Gamma-RS¥S 133 120 16 133 of Ce Produced in the Sn( 0,3ny) Ce 

Reaction at 65 MeV. 

~ Relative Aexp Multi polarity Transition 
Gamma 2 

Assignment (keV) Intensity a 

134.3 7.2 

154.7 3.4 

159.5 23.6 -0.35 ± 0.06 Ml + E2 2218.5 -+ 2059.0 

170.0 100.0 -0.55 ± 0.04 Ml + E2 11/2- -+ 9/2-

183.6 4.8 

189.5 20.9 -0.39 ± 0.06 Ml + E2 2408.0 -+ 2218.5 

197-3 4.4 

200.7 19.1 -0.38 ± 0.07 Ml + E2 2608.7-+ 2408.0 

205.4 4.6 

208.9 1.3 

215.4 2.2 

223.8 7-1 

234.8 31.9 -0.46 ± 0.07 M1 + E2 15/2- -+ 13/2-

240.8 9.0 

246.0 3.6 (Ml + E2) 19/2- -+ 17/2-

252.6 2.2 

276.8 2.6 

283.1 6.9 

294.9 17.9 -0.42 ± 0.06 Ml + E2 2903.6 -+ 2608.7 

302.9 7-3 

357-5 13.7 -0.07 ± 0.11 3261.1 -+ 2903.6 

384.7 63.8 -0.61 ± 0.05 Ml + E2 13/2- -+ 11/2-

390.6 5-5 
4oo.o 5-3 

416.2 2.8 

423.0 6.9 

435-9 4.6 

444.4 8.2 

(continued) 
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Table IV. (cont. ) 

Ey Relative Aexp Multipo1arity Transition 
Gamma 2 

Assignment (keV) Intensity a 

855.7 9.3 

891.0 4.0 (E2) (21/2--+ 17/2-) 

896.2 16.6 . +0.15 ± 0.14 2059.0 -+ 1163.6 

908.0 5.5 

913.5 4.4 

954.0 16.4 +0.00 ± 0.20 (23/2- -+ 19/2-) 

957.0 5.2 

981.6 6.6 

1023.4 8.0 

1071.9 8.8 

1075.8 5.6 

1190.7 11.3 

1269.3 29.9 2059.0 -+ 15/2-

1304.5 8.3 

a)Gamma-rays with a relative intensity smaller than 2 are not listed. 

b)This line could be composite. 

~ ! 

,; 
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Figure Ca~ltions 

Fig. 1. Block diagram of the electronic arrangement. The set-ups a and b 

are used for single y-reys and y-y coincidence spectra, respectively. 

Dl,D2 = detectors. PA = preamplifier, cooled FET. HV = High voltage 

supply. MA = main amplifier. FPO = fast pick off amplifier. PUR = pile 

up rejector. LG = linear gate. CF = constant fraction trigger. TAC = time 

to amplitude converter. FI = fan in (or gate). RFP = radio frequency 

zero pick off. ADD = Adding amplifier. SCA = scaler. ADC = analog 

digital converter. MPX = multiplexer. 

Fig. 2. In-beam and out-of-beam Y-ray spectra observed at 90° to the beam in 

the 
124Te + 16o reactl· on at 66.5 ~·1eV. Th t · k · d" t · !' e as erls s ln lca e y-rays ln 

Fig. 3. Relative excitation functions of 137Nd y-rays. 

Fig. 4. Example showing the sharp angular distribution of the 581.4 and 705.9 

k V . 137Nd e y-rays ln . The lower spectrum has been shifted down by a factor 

of 60. 

Fig. 5. Level schemes of 137Nd and 135ce. The widths of the arrows are pro-

portional to the total intensities of the transitions. The transitions 

within the 11/2- band are solid. 

Fig. 6. In~beam and out-of-beam y-ray spectra observed at 90° to the beam 

in the 122sn + 16o reaction at 62 MeV. 

Fig. 7. In-beam and out-of-beam y-ray spectra observed at 90° to the beam 

in the 122Te + 16o reaction at 66.5 MeV. The asterisks indicate that the 

lines belong to 135Pr. 
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Fig. 8. 
·. 135 133 Level schemes of Nd and Ce. The widths of the arrows are pro-

portiona.l to the total intensities of the transitions. The transitions 

within the 9/2- bands are solid. 

Fig. 9. In-beam and out-of-beam y-r~ spectra observed at 90° to the beam 

120 . 16 
in the Sn + 0 reaction at 66.5 MeV. 

Fig. 10. Relative excitation functions of 133ce y-rays. 

Fig. 11. Examples of determination of quadrupole to dipole a.mpli tude mixing 

133 · · · max 
ratio, o, of Ml + E2 transitions in Ce from the experimental A

2 

angular distribution coefficients. The solid curves represent the theoretical 

A2 coefficients versus joj/(l+joJ) for complete alignment; the hatched area 

represent the experimental value of A2 corrected for attenuation of the 

170.0 keV, 11/2- ~ 9/2- and 384.7 keV, 13/2- ~ ll/2- transitions. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



- ·-
TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

.~ ...... ~· 




