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120,1228n(16 ), 12hSn(16

Nuclear Reactions: 0,3ny 0,5ny),

}22,12&Te(16

0,3ny), E = 60 - 90 MeV; measured o(E;EY,e),
Y~Y coincidence, Y-Y delsy. 133’1350e, 135’137Nd deduced
levels, J, T, Tl/2’ Y-mixing, prolate shape. Enriched

targets, Ge(Li) detectors.




-iii- _ : . LBL-1948

' ' K
DEFORMED STATES OF NEUTRON-DEFICIENT CERIUM AND NEODYMIUM NUCLEI

+# % * |
J. Gizon ", A. Gizon , M. R. Maier , R. M. Diamond and F. S. Stephens
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

July 1973

Abstract

High-spin levels in Ce and N4 isotopes excited by the reactions

120,1228n(160’3n)133,135Ce 122,12hTe(16 135,137

and Nd have been studied

0,3n)
by in-beam gamma-ray spectroscopic methods (prompt and delayed spectra, exci-
tation functions, angular distributions and y-y coincidences). Bands built on

135Ce and 137Nd and on the 9/27 ground states in

the 11/2~ isomeric levels in
133 135, . . . .

~~"Ce and Nd have been found. A prolate deformation is required for these
nuclei in order to explain the E2/M1 mixing ratios and the level ordering of

these bands.
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l. Introduction

After the first studies of doubly-even barium isotopesl) indicated
possible deformed shapes, special attention was directed té the nuclei with
N and Z between 50 and 82. The behavior of the high-spin band of levels based

125-133, nuclei compared to the energy-

on the I = 1;/2 state in odd-proton
spacipgs of the doubly-even barium isotopes with one less protong)_is very
striking»and nas thus far only been interpretable in tgrms of the barticle—
plus-rotor mbdel?). In order to test further the applicability of this model,
experiments on the high-spin states of other nuclei are required, The present
paper cohcerns odd-neutron 133’1350e and 135’?‘37Nd isotopes studied by observing
the Y—radiaﬁions following (l6o,xn) reactions. 1In thesé four nuélei; there i§ no
é;idénce fér a decoﬁpled band having only st?etched E2 traqsitiéns as was “
féund in the La nuclei.‘ More normal roational bands are séen, thouéh;ﬁhex‘are

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

is expected for thése 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

135 137Nd are populated in the

0,3n) reactions and those of 133, 1356e in the 120,122Sn(

135 12454, (180, 5n)

Ce, we have also used the

90 MeV energies. The excited levels of

122,12h e 16 16

0,3n)
reactions,_respectively. For
reaction, The targets wére made with enriched isotopes obtained from Oak Ridge
National Laboratory and evaporated on 25 um lead supporting foils. . Their
thickneés was approximately 2 mg/cmg. |
" 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 deteétor. Their efficiencies were obtained in the
actual experimental set up with the Y-rays from calibrated IAEA sources |
22Na Co, OCQ, 137Cs)'and from 177mLu samples. The Y-rays were also

used for energy calibrétion, as were the knovn transitions of the doubly-~even
nuclei produced in the nuclear reactions. The in—beam Y-rays belonging to
135’137Nd and 133’135Ce are.listed in Tables l—h; The relative gamma inten-
. sities given are for an angle of 55°_to the incident beam and are normeslized
‘to the strongest line, for which IY = 100. For the strong and well-resolved
Y-rays, the error ié of the order of 0.1% for the energy and_about_lo% for

the intensity. These errors are two or three times higher for the weaker

lines.
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Singles Y;ray spectra were recorded using the électfdhic configuraﬁion
of fig. la. Constant fractioh triggérsh) were uéed tp'derive timing signaié
from the detectors. These signals started a time;to—amﬁlitude conVertef-whiéh
was stopped by the Zero crossing of the cyclotron radiéfreqﬁenéy. A singlé—
channel analyzer was set on the portion taken betweén the bean pﬁises (ouf—of-
beam) bf the time spectrum and its output signal was used to route correséénding
events into'different subgroups of the memory of the SCC—66O cbﬁputef;J By fhis
method, the gemma spectra were obtaiﬁed in—béam and oﬁt«bf-beam in order tq.get
an indication,of isomers and/or decays. During>the later experiments the conééant
fraction triggers were modifieds)‘to remove tails on the prompt time.curvés wﬁich
allowed better identification of delayed Y-rays.

In thevy-y coincidence experiments, the arrénéement of fig. ib was-used.
Events coincident within 300 ns were stored in a 48 events buffer ih the PDP—é
computer system. When the buffer.was filled, it was written'ohto magnetic tape.
Fouf parameters were recorded for every coincidence evenﬁ,‘the tﬁo 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 bff line. We set win-
dows on y-rays 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 froﬁ the other detector cdinéident 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 experimenfs wefe'done using both eléctronic configurations in pafallel;

" obtaining singles and coincidencé épectra éimultaneously. The time resolution
in the yy-timé spectrﬁm'was usually less than 6 ns FWHM, the resolution in the
Y-RF time spectrum wés limited by the beam_strﬁcture to(about 10 ns. Tﬁe single-
channel windows for the:singles spectra was usually set to give a wide safety
margin around the-in-beam regibn,vin order to get‘reiiable assignments for the
out-of-ﬁeam spectra.

The gamma.lines were attributed to the final nuclei produced in the
Sn(l60,3nY)Ce and Te(160,3nY)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-ét-detector angles of
0°, 55° and 90° to the incident beam. From the observéd anisotropy we deduced
the probable multipolarities of the sﬁronger Y-rays. ©Since the emitting states

may be only paftially aligned, the angular distribution function

w(e) =1+ 25 ak(Ii) Akmax (IiLlLZif) Pk(cos 0)
k=2

depends on thevattenuation coefficients ak(Ii). The Oy coefficients can be

deduced by considering the experimental AQGXP_coefficients of transitions of
ma.

known multipolarity, e.g. E2, with the theoretical A2
oo

X for complete alignment

tabulated by Yamazaki6).
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3. . Experimental Results

3.1. THE lggNd ISOTOPE

l37Nd has a spin

From recent invesfigations7-9) the ground-state of.
and parity 1/2% and a half-life of (38.5 + 1.5) m , in agreement with the -
measurement of Ekstrom gg_gi.lo) by the atomic-beam megnetic resonance method.

137Nd; gamma-~

Droste 33_3;,8) have identified an isomeric level at 518 keV in
rays ofv108, 177, 233 and 285 keV decay with a half-life of (1.60 * 0.15) s
From the y-ray and conversion—electfon intensities, an ES'ﬁultipolarity was
assigned to the 233 keV isomeric transition. A spin and . parity 11/2~ for l37mN§

129 131 133

is in agreement with the systematics of N = 77 isotones Te, Xe, Ba,

135Ce, 13Tya and *3%m, refs. 8 ana 11).

The prompth-ray spectrum observed in the present étudy when lghTe is
bombarded by 66.5 MeV l60-particles is shown in fig. 2 andbthe relative inten-
sities at an angle of 55° to the incident beam are listed in Table 1. 1In the
spectrum takeﬁ between beam pulses, the four'prominent Y-rays from the isomeric
state with enérgies 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,l37Nd to
BTer, rer. 9).

With an increase in beam energy, the excitatidn cufves of the stronger
prompt’iines at 328, Lo7, 581, 669, T06, 794 and 883 keV increase rapidly .
(fig. 3) indicating high-spin states. From the angular distributions, illus-
trated in fig. L, and the ASXP values reported in Table 1, it is clear that .
the 581, 706>and Th8 keV transifions are mixed dipoie-quadrupole radiations

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

bbttom of the prompt cascade. The scheme proposed in fig. 5 has been eétab-
lished from ﬁhe Y-Y'coincidenée results, the multipolarities and the intensities
of the transitions, and by taking into account the feeding and deéxciting of
each level. |

within the experimental errors, the intensity baiance of the levels g
below the 11/27 isomeric state is correct. But a small difference apbears for §
the isomeric state when we take the total internal conversion coefficiént of
the E3 transition into account. This difference can proﬁably bé explained by
high-energy lines feeding directly into this 1ével. Further up in the band,
fhe 17/27 level is fed principally by a 328.2 keV transition which has a
negative A €XP of -0.20 0.10; This line,‘which'we assumé to be a stretched

2 |
El transition (the theoretical wvalue is Azmax -0.29) deexcites a 19/2% state . i

at 2222 keV. We have found a éhort half-life of 1—§ ns_for this level; so the
| El transition of 328 keV is hindered by a factor (2—7)><105 compared to the
Weisskopf estimtes. A value of Azexp = 0.38 +.0.15 indicates a stretched E2
multlpolarlty for the 40T7.2 keV transition which therefore suggests the 23/2%,
2630 keV level. The 21/27 and 23/2~ levels of the band built on the 11/2~ state %
are ﬁeakly fed and we cannot detect higher levels in this band. Because of the :
BX-rays and the strong 3/2% - 1/2%, 177.3 keV tfansit%on-we cannot _ § 
observe in the singles the 15/2= + 13/2-, 87.5 keV and the 19/2~ » 17/2~, 176.8 :

strong Pb K

keV 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 lggCe.ISOTOPE
The ground state of 13%¢e has a spin and parity 1/2% 8’12) and a
half-life of 17.0 h. The isomeric level is 11/2~ énd, as in ;37Nd, decays

by an E3 trensition of 20 seconds half—life8). It is now well established

that a doublet exists in 15°Ce at 296 keV; one of the levels (3/2%) is fed

by the decay of 135Pr (Tl/2 =27 m )13_15) and the other (5/2%) by
135m L 8,13
Ce(Tl/z.— 2o}s ) _). _
The Y-ray spectravobservedvduring the bombardment of a 122Sn target
by 62 MeV l60-particles are shown in fig. 6. Many y-rays are present in the

spectrum taken between the beam pulses. Besides the-398, L09, 639, 81k, 96,
' 134 ‘ '

and 1125 keV y-rays, presumably due to an isomer in Ce, we can

easily identify the lines associated with the decay of l35m¢e and the radio— L

1350e, refs. l6_19)

acticity of . Frqm the time distribﬁtions of the other.
strongest lines present in the out—of-beam spectrum of 256, 590, T00, 72&
end 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 functidﬁs'and the multipolarities
of the most important lines. A listing of the y-rays is giveﬁ in Table 2, but
in order ﬁo limit its length, we have omitted about 30 lines of low inténsity
(less than 2%‘of the strongest). As excéptions, the 109.5 keV (IY = 1.2) and
the 181.9 keV (IY_= 0.8) appear in the level scheme: the first is in .
coincidence with the 590, 724, and 960 keV y-ray and the second with the T2U

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

main band built on the 11/2~ isomeric level. Taking into account the E3
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multipolarity of the 149.6 keV transition, the iﬁtensity balance is correct
for the isomeric level. iLikewise, the balance of thé 5/2f:level at 296 keV is
correct withiﬁ tﬁevexperimental errors. So the 3/2+ membgr of the doublet at
296 keV cannot be.appreciably excited. This- is éonfirmed;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—of4beaﬁ single|spectra but is quite different from the ratio

135

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

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

as in 131

Nd. 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 11/2- band have such a delayed component. The 256 keV El

transition is hindered by a factor of 8><105 compared to-the Weisskobf 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. mHE '22na 1s0TOPE
In‘previous studies it has been found that the ground state of 135Nd

13,20,21

decays to 135Pr with a half-life of 12 to 15 minutes while a 5.5 m

135

activity was proposed as an isomeric level in Nd. Recently, spin measure-

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

praseodymiwn bombarded with 80 MeV protons and neodymium bombarded with 110

135Nd

MeV protons. The decays of the I = 9/2 resonance signals ascribed to
were in agreement with a 15 m half-life while nothing has.been observed

with a 5.5 m- half-life.
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Spectrea recorded when a 122, target is bombarded with 66.5 MeV
l60—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, 37k, 617 and 661 keV correspond to transitions seen in the

135,

decay of a.(r 15 m). The relative intensities of the y-rays at

1/2 ~
213 and 296 keV are in good agreement with the decay of the 3/2+vlevel at

296 keV in l350e, fed from 135p, (T =24 m)l3’15). We have no definite

1/2
assignment for the other delayed transitions at 109, ulk, 423, 476, 502, 539

end 552 keV.

The most intense in-beam line in Table 3'is the‘198 keV M1 ; 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-fays. 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 122pg . Again, as in the 11/2~

bands in l37Nd'and 135

Ce, the M1 + E2 y-rays in the I = 9/2 band have very
sharprangular distfibutions. Some other lines, such as the 192 and‘518 keV -

Y-rays, also have negative A exp arameters of large magnitude.
) Y

133

3.4." THE ~;3Ce ISOTOPE

"Several experiments have been done on the A = 133 neutrdn—deficient
133

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

(97T + 4) m - half-life was observed for y-rays at 77, 88, and 97 keV. When
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& lanthanum target was bombarded by 95 MeV protons, y-lines at 173.9, 376.7, .
523.& 556.8, 58046 and 607.7 keV decayed with the 97 m 133m Ce act1v1ty,

but all the other Y-rays decayed with a half life of (5 h 0.05) h.gh).

: The recent 1n—beam»megsurements on.the odd lanthapum 1sotopes2) estab- -

lished clearly-the:ll/2' isomeric level.in- l33La and"thejcorresponding decéy_,

to the ground state of o°La by the 58.2 (E1), 4ok.6 (M2), 346.L (M1 + E2),
L77.0 (E2) and:lBO.T.(Ml) keV Y-rays. With a lanthanum target irradiated by -

95'MeV protoné, these five lines are_observed'and_they:are associated'oniy

with the 5.4 hz,halfeiife of '133Ce. ‘Qn the other hand, in the decay of
133Pr (Tl/2 = 6.5 m) —> 133Ce';-—5>'133La ref. 25) only the Y-rays of 13314
associated with the ° _33mCe(Tl/q = 97 - m) decay are foﬁnd.'*Fromdthe~very

recent 1nvest1gat10ns of the spin of the odd-mass 1sotopes of cerium by atomlc—

‘ beam magnetlc‘resonance12)5 1t appears that-I = 9/2 51gnals correspond to the .

133

IVS.h h activity in Cé and that i = 1/2 signals can‘be attributed to the 97

m .actiVity'of:this isotope. It is not yet'known-whichvstate is the isomer
and which is the ground state.
In thevprompt Y—spectfum recorded when a-12osn'target is bombarded with

16

66. 5 MeV O—partlcles (flg 9) the y-rays observed in the decay of 33Pr,'ref, 25)

’

are missing, except for the 13h 3 and 183.4 keV lines. NeVertheless, in the

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

13-3Ce'(T = SLM-h) ?f> 133La are easily identified. ' So, taking into account

1/2 _
120 (16

the previous studies, the-mdst intense transitions excited in the 133

0,3n )

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

135

make “Nd.
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The prbmpt in-beanm Y—spéctra of l330e and 135Nd'are very similar, so

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

lished for *33ce from the experimental results (Table 4), present the same

characteristics up to the 23/2~ level as for l35Nd. Actually, the similarity

of the level spacings ih the two nuclei is quite remarkable. To establish
the level scheme of 133Ce, we use the same procedure of looking at energy sums,
coincidence relations, intensity balance, excitatién fuﬁctions (fig. 10),
-angular distributions and mixing ratios.

‘From the 385f609, 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
jy—lines present in‘the spectrum taken between the beém-pulses,_we find levels..
at 1163.6 and 2059.0 keV. The negative value A23¥P = -o.éu . 0.06 of the
608.7 kerY-ray which terminates at the I = 13/2 level Suggeéts'a spin I = 15/2
level for the 1163.6 keV level. The 896 keV line, whichbhas,a stretched E2
character, then gives rise to an I = 19/271evel haviﬁg,fhe same parity as that
at 1163 keV. Above ﬁhe 2059 keV level, we indicate a set of levels obtained
on the basis of y-Yy coincidences and'iﬁtensity rulesf Four of these y-rays -
have nega,tive‘AéexP coefficients indicatingstransitions of mixed dipole-quadrupole

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

(T1/2 < 3 ms).
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4. Mixing Ratios
In Tables l-h the values ot the A"exp coefficients, ner]cctlng Ah’

are- 1nd1cated when the gamma lines are well resolved and the statlstlcs good

137 135

enough. The delayed Y-rays below the ll/2‘ isomeric state in Nd and Ce

for whlch ak -0 glve a determ1natlon of the experlmental 1sotrop1c angular

dlstrlbutlon.' The attenuatlon coeff1c1ents a are deduced from experlmental

2

results on the pure E2- trans1t1ons between levels of the. bands bullt on the

11/2° level 1n 3' and 135Ce and‘on the 9/2~ level.ln-IBSNd and 1330 . Since

we did not f1nd trends 1n a2>w1th spin, we averaged the a2 velues for each

135 137

nucleus in order to reduce thelr.scatterf ‘For “Nd an ‘Nd, the mean values'

of 0, are o. h3 0 16 and 0.4k * 0.20, respectively. dIn the cases of the two -

2.
' cerlum nuclel, the attenuatlon_coefficients are‘much_larger and reach'Q.697i C.19
-~ for 1¥ce and 0.76 + 0.19 for T¥ce.

U51ng the mean O coefflclent for each nucleus, 1t is p0551ble to: determine

the quadrupole to dipole. amplltude m1x1ng ratio ¢ of ML+ E2 tran51t10ns _Some

values of experlmental A2

ax are obtained with a large‘error, but all the results
are_consistentsvith:a large negative value‘around one,chhls'resultssfrom the'.d
fact that all the ML + E2 transitions in the:ll/é“ and 9/2- bands are characterized
by a very "sharp"’angular distributionr_ EXamples ofdsuchivery sharp angular
distributionsvare given ln fig. n,‘where.we can see the’great'differencevin the
intensitiesvof~thenpeaks_at 0° andv90° relatlve to the beam. In flg._ll,
ltwo theoretical Aééax values are represented as functions‘of Idl/(l + 16])
Roughly, we can say that the nultipolarity"of these le+,E2 transitions is'an
admirture with (so'ifzs)% E2. The mixing ratios 8 equals';l.O when Aémax reaches
- max _ ' ' o

‘its'extremum, A2' = -1.2.
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Thus, in all the cases with such large negative AeexP, the sign of §

is negative. Using the results26) on l99Tl, Nakai27) pointed ocut the fact
that
sign(S:sign(Q > - for K # 1/2 L
0 ' '
g-—gR is positive for odd-proton nuclei and negative for odd-neutron nuclei

provided I 2 7/2.
In the cases discussed here, § is negative for all Ml + E2 transitions
in the 9/2~ -and 117/2'- bands of these odd-neutron nuclei. Consequently, QO 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 similar for a given neutron number. So we shall consider the four
135 137 133 135

nuclei in pairs: Ce end Nd with 77 neutrons and Ce and ~~°Nd with
T5 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 13°Ce and 13'na

are only populted with appreciasble intensity by deexcitation of the 11/2-
isomeric state. We do not observe any y-rays in coincidence with the 213 and

135 Ty, 1n-

296 keV in Ce or with the corresponding 109 and 286 keV 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 gbout spin 19/27. The gide—band with spins
19/2% and 23/2%. comes below the expected position of the 21/2~ level so it
seems reasonsble that the levels with I = 21/2 in the 11/2” bands are populated
only weakly. | |

iii) 1In the four nuclei, we observe that the intensity of the stretched
E2 (I + 2 + I) cross-over and of the M1 + E2 (I + 1 -+ I) tranéition is stronger
when I+1/2 is even; fhis is a réSult of the level spacing and the strong energy
dependence of the transitioh probabilities. These energy spacings are due to

the h origin of the negative-parity states.

11/2
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iiii) The 17/2~ levels in 135Ce and 137Nd are fed from states at 2126

and 2122 keV, respectively i.e. in the same energy range as a 5~ statée in the

doubly-even 136’1.38Ce and 138’lhoNd. The half-life of this level is (8 + 2)

135 137

Ce and smaller than 4 ns for
133

ns in Nd. The analogous states are probably

135

Ce and v

too high to be‘easily observed in Nd. The structure of these 5

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

also a 57 state whose energy and half-life increase as the mass numbér decreases.

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

13

' . : - 28 Qo
odd-A nucleus in this region which presents an analogy is lCe, ref. ), which

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

vhinderéd El transitions to negative parity states.

5.2. PROLATE SHAPE

"it was shown29) that the level structure of somé moderately deformed
odd-A goid nuclei could be explained by a particle-plus-rotor model. Sinée
the Fermi surface in that case,,(aé in the present‘Ce—Nd qase), was above the
hll/2 sub-shell, observation experimentally of "decoupled"bbands haviﬁg |
the energy spacings of the ground band in the ﬁeighboringvdoubly—evén nuclei
required.oblaﬁé éhapes. ‘On the other hand, prolatershapes require bands Qith

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

J+#2,3+ L, -+ 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 proléte shapes. Indeed the ratio of the
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tranSition energ& (E15/2 - Ell/2) to that of the meén val;e of the 2% » o*
transitions bf the neighboring doubly-even nuclei is of'the order of 1.5 i
rather than i as is found for the decoupled bands and fhe level spacings
become more rofational as the mass number decreases (deformation increases)

The éﬁantitative agreement between experiment and calculation in
these Ce, Nd nuclei is not as good as in the egrlier caSes,_but the reason
is probably due to thé occurrénce of asymmetric shape:éffects.such as Y—dis-
tortion or softness. Such yY-distortion effeéts are indicated by thé low-lying
second 2% state in the doubly-even nuclei iﬁ this regioh. This 2% state
is so low that it falls below the LY of the ground-state band. Such y-softness
could produce deviations in the level spacings from those of the axiall&—
symmetric particle-plus-~rotor model used in the calculation, and it can be
.shown that such deviations are in the direction of the exberimental data.

‘In summary, it appears that the properties of the ll/2f and 9/2- bands
observed in these Ce and Nd nuclei are qualitatively in gqod.agreement with what
would be expected from the particle-plus-rotor modelAcélculated for prolate shapes. |
The difference befween the odd-A La nuclei, wﬁich show deéoupled spectra, and
the present odd-mass huclei, ﬁhich show more normal rétéﬁional bands, is that

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

11/2 |
this region rather than above it as for the_odd—neutroh nuclei. It appears
that this simple.model can give considerable insight into the high-spin

states of nuclei in this region of intermediate deformation.

Acknowledgments
We would like to thank.Drs. E. Grosse and D. Proetel for their help
in many phases of this study. We are indebted to the 88" Cyclotron crew for
providing the 18y peams. Three of us (J.G., A.G., and M.R.M.) eppreciated
the opportunity to participate in this experiment at the Lawrence Berkeley i,

Laboratory.  J. Gizon wants to thank NATO for supplying the-fellowshép for : !
his stay. o . R . e | T



»

1)

2)

3)

L)

5)

6)
7)

8)

9)

10)

11)

12)

13)

“17- S LBL-1948

References

R. K. Sheline,.T. Sikkeland ‘and R. N. Chanda, Phys. Rev. Letters T (1961) LkLé
J. R. Leigh, K. Nakai, K. H. Maier, F. Puhlhofer, R. M. Diemond and

F. S. Stephens, to be published in Nucl. Phys.

F. S. Stepehns, R.VM. Diamond, J. R. Leigh, T. Kemmuri and K. Nakai,
Phys..Rev. Letters 29 (1972) 438 |

M. R. Maier end P. Sperr, Nucl. Instr. Methods 87 (1970) 13

M. R. Maier and D. A. Landis, to be published in Nucl. Instr. Methods

T. Yemazaki, Nucl. Data A3 (1967) 1 |

Z. Zhelev, V. G. Kalinnikov and N. A. Lebedev, Contrib. Intern. Cont.

Nﬁcl. Strucf. Dubna, D. 3393 (1968) p. 22 D

Ch. Droste, W. Neubert, J. Lewitowicz, S.'Chanacki,.T. Morek, Z. Wilhelmi,
and K. F. Alexander, Nucl. Phys. é;ég_(1970) 579 |

V. S. Butsev, Ts. leov, K. Ya. Gromov, V. G. Kalinnikov, I. I. Gromova,

V. A. Morozov, T. M. Muminov, H. Fuia and>A. B. Khalikulov, J.L.N.R. P6
6804, Dubna‘(l972) |

c. Ekstram,'s. Ingelman, M. Olsmats, B. Wannberg, G. Andersson and A. Rosen,
Nucl. Phys. A196 (1972) 178 | |

J. Van Klinken, S. Goring, D. Habs, M. von Hartrott, H. Klewe-Nebenius,

R. Lihken, H. Rebel snd G. Schatz, 2. Physik 2L6 (1971) 369

S. Eﬂgelmann, C. Ekstrom, M. Olsmats and B. Wannberg, to be published in
Physica

A. R. Brosi and B. H. Ketelle, ORNL - 4306 (1968) p. T



1k)

15)

16)
17)

18)

19)

20)

21)

22)

23)

24)

25)

18~ N LBL-1948

A. A. Abdurazskov, A. Arlt, R. Babadzmanov, G. Bai_er-, V. A. Morozov,
G. Musiol, Kh. Tyrroff and H. Strusny, Izv. Akad. Nauk. SSSR.

34 (1970). T96; - 34 (1971) To06. | |
R. Arlt, G. Beyer, V. A. Morozov, G. Musiol, T. M. Muminov, H. Tyrroff,
H. Strusny, Z. A. Usmenova, V. I. Fominyki, H. Fuia, A. B. Khalibulov
and E. Herrmenn, J.I.N.R. P6-6217, Dubna (1972) and Intern. Conf.
Nucl. Struct. Kiev (1972) p. 99

A. Abdul-Malek and R. A. Naumann, Phys. Rev. 166 (‘19'68) 119k

Z. G. Gritchenko, T. P. Makarova, Yu. Ts. Oganesyan, Yu. E. Penionzhkevitch

and A. V. Stepanov, Sov. J. Nucl. Phys. 10 (1970) 536
V. Zhuk, E. Krupa, V. A. Morozov, T. M. Muminov, H. Fuia,and

A. B. Khalikulov, J.I.N.R. P6-6040, Dubna (1971)

. F. Bazan and R. A. Meyer, Nucl. Phys. A164 (1971) 552

R. Arlt, V. A. Bystov, W. Habenicht, E. Herrmann, V. I. Raiko, H. Strusny
and H. Tyrroff, Nucl. Instr. Methods 102 (1972) 253

R. Arlt, G. Baier, H. Tyrroff, Z. A. Usmanova, H. Strusny and E. Herrmann,
Contrib: Intern. Conf. Nucl. Structure, Kiey (1972) 100

C. Eksthm, S. Ingelman, M. Olsmats and B. Wannberg, Nucl. Phys. _A_lQé
(1972) 178 and C. Ekst.ram private communication, Feb. 1973

c. Gersché; and G. Albouy, C. R. Acad. Sci. 132_6&_ (1967) 183

C. Gersghel, Nucl. Phys. ALO8 (1968) 337 |

R. Arlt, G. Beyer, K.Ya. Gromov, G. Musiol, H. G. Ortleff, H. Tyrroff,

Z. A. Usmenova, H. Strusny and E. Herrmann, J.I.N.R. P6-6285, Dubna 1972



¥

26)

27)

28)

29)

=19 LBL-1948

J. 0. Newton, S. D. Cirilov, F. S. Stephens and R. M. Diamond, Nucl.

Phys. A148 (1970) 593

K. Nakai, Phys. Letters 34B (1971) 269

A. Kerek, A. Luukko, M. Grecescu and J. Szta.rrki"er, Nucl. Phys. Al72
(1971) 603 | | |

F. S. St.ephehs, R. M. Diamond, D. Benson, Jr. and M. R. Maier, Phys.

Rev. C7 (1973) 2163



-20- -

LBL-1948

Teble I. Gamma-Rays of 13'Nd Produced in the 12*Te(10,3ny) 3Tna - |
Reaction at 66.5 MeV. ‘ . %
. . = |
(EY : Relétive' exp Multipolarity Tra?sition %
keV) _ Gamma. A, : ‘ Assignment v o
Intensity ;
108.7 '56.0 -0.03 * 0.10 w1+ 52 s/t + 3/2* ‘§
138.1 by | |
159.5 5.3 |
177.3 100.0 -0.01 * 0.10 m + me® 3/t > 1/2%
' (19/2= +17/27)
195.6 .3
209.0 .0
213.1 5.2
233.4 93.5 -0.01 * 0.10 £3 &) 11/2 > 5/2*
263.9 S.h
268.3 b5 . » ’
285.9 35.6 +0.05 * 0.11 g2 & s/2% 5 1/2% i
29L. 4 bk, |
308.3 10.6
328.2 27.7 -0.20 * 0.10 El 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 .3 ‘
ik, 2 1
418.2 11.6
Lho.1 30.2
4hg.1 2.4 .
453.9 1.8°
460.2 5.2
517.3 2.4

(continued)
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Table I. (cont.)

LBL-1948

Ey © Relative exp Multipolgrity Transition
(kev) . Gamma, A Assignment
: Intensity

520.5 5.8

525.0 5.0

S48, 4 3.7

552.2 6.9

556. 7 3.2

563.4P) 4.8

574.9 4.3

581.h°) hi.2 -0.69 * 0.05 M1 + E2 13/27 » 11/27

668.9 51.6 . 40.19 t 0.12 E2 15/2= > 11/2~

682.0 2.9 . | | -
705.9° 30.2 -0.85 * 0.03 ML + E2 17/27 > 15/2~

729.1 8.6 | R

TU8. 4 7.3 -0.53 £ 0.09 ML + E2 21/2= > 19/2~

759.0 7.2

770.7 7.3

779.2 3.0

793.7 15.1 +0.14 + 0.14 E2 17/27 > 13/2~

882.9 21.4 +0.23 % 0.18 E2 19/2- > 15/2-
- 92k.5 7.4 (E2) 21/2= » 17/2
1009.3 8.2 (E2) - 23/2~ > 19/2°
1012.5 6.2

a)The multipolarities of the transitions beiow the 11/2~

previously known.

b)
c)

Composite line.

A small componént of this line belongs to

137H. .

isomeric level

were
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Table II. Gamma-Rays of 135ce Produced in the 0,3nY)lBSCe
' | Reaction at 62 MeV. '
Ey Relative AZXP Multipolarity Transition
(keV) vIGamma. : Assignment
Intensity
103.3 3.0
125.0 .5
149.7 2k.9 -0.02 * 0.06 E3P) 11/27 > 5/2*
159.6 54.1
169.6 3.4 .
175.0 .8 ~-0.k4 = 0.09 Ml + E2 3129.7 »295u,7
189.4 .9 _ i
202.1 11.1 -0.38 £ 0.08 Ml + E2 2686.8 —»2L48hL.7
206.9 6.4 |
213.L 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 (E1) (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 ~0.0k * 0.08 g2°) 5/t » 1/2%
309.0°) 5.3 |
325.4 .6
33L4.8 3.0 ,
358.3 3.4 -0.42 £ 0.11 ML + E2 - o484, 7 > 19/2*
376.0 3.3
379.4 10.4 248L4.7 » 2105.3
381.6 5.8
384.5 8.4
391.8 .0

(continued)

-




-23-

Table II. (cont.)

LBL-1948

ASXP Multipolarity

Ey o : iiep
(keV) Intensitya e
4ok.o 5.4
417.2 7.9
423.0 4.8
425.6 25.6 - 40.28 * 0.16 E2 (23/72% »19/2%)
428.5 L.h , ,
433.4 T.7 -0.63 + 0.06 Ml + E2 2105.3 » 1670.6
L40.0 LR
446, 8 3.5
451.9 6.8
Leh.7 11.7
498.6 h.o
511.0 46.5
521.5 4.3
533.3 T.b
557.0 k.4
569.7¢) 15.5
5T7.9 5.4
580.1 1h.9»
58L. 4 3.0 |
589.7 h7.2. -0.7L * 0.0k Ml + E2 13/27 =11/2"
595.5 - 6.8
603.8 26.1
616.0 6.1
. 620.8 4.3
- 628.0 6.3
635.2 17.6 -0.30+ 0.10 - (ML + E2) 1670.6 »13/2”
647.0 12.2
665.2b) 5.0

(continued) -
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Table II. (cont.)

E, Relative AS*® Multipolarity Transition
Gamma : o Assignment
(keV) Intgnsitya) S
668.3 . 10.9
678.9 15.1
699.6 73.5 +0.35 ¥ 0.11 E2 15/2= > 11/27
724.3 36.6 . -0.79 * 0.03 ML + E2 17/2= * 15/2~
73k.9 2.6
Thi.s L.5
Ths5.2 . 6.6
753.9%) 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 O 17/27 »13/27
862.7 3.9
875.h 3.9
885. 4 5.7
888.2 5.1
89k, 7 4,2
897.6 3.2
- 906.2°) 21.0 +0.30 £ 0.18 E2 . 19/27 » 15/2"
927.3 8.9
9k0.3 .6
© 960.0 .2
964.1°) 21.0
9TT. T 6.3
1000.5 9.2
1004.9 3.3
1012.7¢) b7

(continued)
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Table II. (cont.)

Vg PR it o R TR R Sy

E - Relative g AZXP ' Multipolarity Transition

(keV) - _Gamma a) S Assignment
Intensity :

1019.0. 5.3

1029. 3b) STl

1052.0 9.5

1197.% . 5.5

1368.7 25.0

a)

Gamma-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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g Produced in the 122Te(l60,3nY)l35Nd

Table IIT. Gamms-Rays of 1
Reaction at 66.5 MeV.

EY . . Relative AZXP v Multipolarity Transition

(keV) iG:mma-t a) ‘ A A;signment
Intensity

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 T-0

192.0 13.2

198.5 100.0 -0.6L4 £ 0.03 ML + E2 11/27 » g/2~

207.4 18.4

232.2 12.7 -0.68 = 0.0k ML + E2 15/2~ » 13/2~

234.9 2.9 '

2L3.1 5.1

2uT.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 bk ~0.27 * 0.15 M1 + E2 03/2” + 21/2-

325.3 9.5 o

362.2 39.5 -0.65 * 0.05 ML + E2 13/2™ + 11/2™

410.3 7.8 |

422.8 3.1

440,k 38.3

_ (continued)
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Table III. (cont.)

LBL-1948

Ey Relative AgxP Multipolarity Tragsition.
(keV) Gamma; a) : Assignment
Intensity
376.0
476.5 ;22'6' -0.42 * 0.09 | ML+ E2 17/2= » 15/2~
482.6 6.8 ' :
501.8 9.6
511.8 ‘117Qo
518.3 12.0
525.7 4.3
533.5 T.b
552.1 9.8
554,1 6.4 ,
560.3 18 °) (£2) 13/27 ~ 9/2-
585.0 8.8 -0.53 * 0.08 ML + E2 21/2= > 19/2-
59L.1 33.4 +0.14 *+ 0.11 k2 15/2- » 11/2~
646.9 4.0
670.7 2.8
709.6 12.1 +0.11 * 0.1k E2 17/27 > 13/2
T27.6 19.6 +0.18 + 0.13 (E2) 19/2= + 15/2=
Th7.8 )
. 752.6 2.8
814.8 4.6 |
835.7 7.6 +0.28 * 0.15 E2 21/2- + 17/2-
855.7 6.9 | | S
886.0 ‘ ®2) 23/2™ » 19/2™
888. 4 | lhfs - /
-1015.5 10.0
1060 5.7
1161 11.2
a)

Gamma-reys with a

relative ihtensity_smaller than 2 are not iisted.
b)Intensity deduced from the Y-y coincidence spectra.




-28- LBL-1948
Teble IV. Gamma-Rays of 1_33Ce Produced in the 120Sn(l60,3ny)133Ce
Reaction at 65 MeV. o

EY Rglative ASXP .Multipolarity Tra§sition
(keV) Inziﬁgity a Assignment
134.3 .2
15h.7 3.4
159.5 23.6 -0.35 * 0.06 Ml + E2 2218.5 * 2059.0
170.0 100.0 -0.55 * 0.0k Ml + E2 11/2= > 9/2-
183.6 4.8 |
189.5 20.9 ~0.39 * 0.06 Ml + E2 2L08.0 > 2218.5
197.3 L.k
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'
223.8 7.1
234.8 31.9 -0.46 * 0.07 ML + E2 15/27 > 13/2”
240.8 9.0 '
2L6.0 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 M1 + E2 2903.6 » 2608.7
302.9 7.3 ‘
357.5 13.7 -0.07 + 0.11 3261.1 + 2903.6
38Lh.7 63.8 -0.61 + 0.05 ML + E2 13/27 » 11/27
390.6 5.5 | |
Loo.o - 5.3
416.2 2.8
L23.0 6.9
435.9 4.6
Lhl ) 8.2

(continued)
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Table IV. (cont.)

LBL-1948

E, | - Relative AP Multipolarity Transition
(keV) Gamma’ a Assignment
» . Intensity
457.6 5.0
46k.6 5.2
496.8 9.5
507.7 7.3
© 511.0 18.6
516.7 21.1 -0.75 + 0.0k ML+ E2 17/2= » 15/2~
530.2 5.0
5kl 2 7.9
553.1 L.k
554.9 12.9 +0.19 * 0.1 E2 - 13/2= »9/27
562. 3 5.8 | |
563.7 15.5
570.1 9.3
577.3 7.5
582.2 L.7
608.7 14.5 -0.64 ¥ 0.06 ML + E2 1163.6 > 13/27
617.3 15.0 _ '
619.7 65.6 +0.30 t 0.15 E2 15/2~ » 13/2~
624 .8 3.k '
630.1 4.6 ‘
6Lk, Y L.k (ML + E2) (21/2~ + 19/2)
691.9 - 7.3 |
706.3 3.9
751.3P) 21.) $0.33 * 0.15 E2 17/2= ~ 13/2"
762.6 28.4 +0.34 + 0.14 E2 19/2~ » 15/2~
T94.7 10.8
798.0 4.0
817.3 3.4

(continued)
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~ Table IV. {cont.)

LBL-1948

Transition

b)This line could be composite.

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

E, Relative ASXP . Multipolarity :
(keV) Ig:zﬂzity a : Assignment
855.7 9.3
891.0 4.0 (E2) (21/2= » 17/27)
896.2 16.6 . 40.15 + 0.1k 2059.0 » 1163.6
908.0 5.5
913.5 h.oL
954.0 16.4 +0.00 + 0.20 (23/2= » 19/27)
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 » 15/27
130L.5 8.3
a)

%
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Figure Captions

Fig. 1. Block diagram of the electronic arrangement. : The set-ups a and b
are used for singlé Y-rays and Y-~Y coincidence spectra, respectively.
D1,D2 = detectors. PA = preamplifier, cooled FET. HV = High voltage

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

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

to amplitude converter. FI = fan in (or gate). RFP = radio frequency
zZero 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 l21)"1‘e +_l60 reaction at 66.5 MeV. The asterisks indicate y-rays in
137Pr.
. - . s . 137 _
Fig. 3. Relative excitation functions of Nd y-rays.

Fig. 4. Example showing the sharp angular distribution of the 581.4 and 705.9
keV y-rays in 137Nd. The lower spectrum has been shifted down by a factor

of 60.

137 354

Nd and 1

Fig. 5. Level schemes of e. The widths of the arrows are pro-

portional to the total intensities of the transition55 The transitions
within the 11/2° band are solid.

Fig. 6. In-beam and out-of—béam Y-ray spectra observed at 90° to the beam

in. the 122sn + 100 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 regsction at 66.5 MeV. The asterisks indicate that the

135

lines belong to Pr.

ok
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135 133

Fig. 8. Level séhemes of Nd and Ce. The widths'of'the arrows are pro-

portional to the total intensities of the transitions. The transitions
within the 9/27 bands are solid.

Fig. 9. In-beam and out-of-beam Y-ray spectra obseried at,90° to the beam

in the 1208h +.l60 reaction at 66.5 MeV.

133

Fig. 10. Relative excitation functions of Ce y-rays.

Fig. 11. Examples of determination of quédrubolé to. 'dipole amplitude mixing
' ! max

ratio, 6,'of7M1 + E2 transitions in ;33Ce'from the’ekperimental A2

angular distribution coefficients. The solid curves.represent the theoretical

A, coefficients versus ]GI/(1+]6|) for complete alignment; the hatched area

represent the experimental vélue of A2 corrected for attenuation of the

170.0 keV, 11/2~ + 9/2- and 384.7 keV, 13/2- + 11/2- transitions.
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LEGAL NOTICE

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.
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