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Prompt y-ray spectroscopy of the'%Mo and %Mo fission fragments

A. Guessous, N. Schulz, M. Bentaleb, and E. Lubkiewicz
Centre de Recherches Nuaires, Institut National de Physique Nlalee et de Physique des Particules, Centre National de la
Recherche Scientifique, Universlteuis Pasteur, 67037 Strasbourg, France

J. L. Durell, C. J. Pearson, W. R. Phillips, J. A. Shannon, W. Urban, and B. J. Varley
Department of Physics, University of Manchester, M13 9PL, United Kingdom

I. Ahmad, C. J. Lister, L. R. Morss, K. L. Nash, and C. W. Williams
Argonne National Laboratory, Argonne, lllinois 60439

S. Khazrouni
Laboratoire de Physique Nuc@e Applique, Faculfedes Sciences, iira, Maroc

(Received 2 October 1995

The level structures of the neutron-rickMo and 1°Mo nuclei have been investigated by observing prompt
y rays emitted in the spontaneous fissiort8Cm with the EUROGAM spectrometer. Levels with spins up to
124 have been observed andbranching obtained. The data can be satisfactorily described WhétMo are
considered as axially symmetric nuclei: 1Mo, rotational bands based on the ground state, the one-phonon
and the two-phonony-vibrational states and a quasiparticle state have been observed, whet&gadrthe
information is limited to the yrast band and the one phondpand.

PACS numbgs): 21.10.Re, 23.20.Lv, 27.68j, 25.85.Ca

[. INTRODUCTION found to be in good agreement with predictions of a rigid
triaxial rotor model. Further analysis of the experimental
In a recent letter we reported the observation of a hardata to examine structures and deformations in the neutron-
monic two phonony-vibrational state in the neutron-rich rich Mo isotopes was undertaken and here we present the
1980 nucleus[1]. The level scheme revealed several rota-information obtained ort®Mo and *%o.
tional bands built on either the ground state, the one phonon
y-vibrational state, the two phonog-vibrational state, or Il. EXPERIMENT AND RESULTS
guasiparticle states. The present paper is a report on the
nuclear structure of the two neighboring even-even nuclei, The decay schemes 8fMo and 1°8io have been inves-
1090 and °&Vo. Level schemes for the three neutron-rich tigated by measuring the promptrays emitted immediately
Mo isotopes result from experimental studies of the spontaafter their formation in the spontaneous fission ZfCm.
neous fission of &*Cm source using the multidetector array The 2*Cm source had a fission rate of roughly 810*
EUROGAM. Induced or spontaneous fission is indeed thdissions/s and was made by embedding curium oxide in a
only way at the present time for producing medium spinKCI pellet. The fission fragments were stopped within 1 to 2
structures in neutron-rich nuclei and the use of a multifoldps and thus most of the rays of interest in this study were
y-coincidence technique is necessary in order to obtain themitted at rest and thus suffered no Doppler broadening. The
sensitivity needed fo rays of interest to be studied among y rays were observed with the EUROGAM spectrometer
all the prompty rays emitted in the fission process. which in its first phase was located at the Nuclear Structure
The level scheme of%Mo has previously been investi- Facility, Daresbury Laboratory. The EUROGAM arr§§]
gated through spectroscopy of theadiations following the used in this experiment consisted of 45 large volume germa-
B decay of1%Nb [2]. The yrast structure has been deducednhium detectors of=70% relative efficiency, each detector
from a similar but less efficient experiment than the presenbeing surrounded by bismuth germanate scintillators to re-
one and yrast states with" up to 10" and 8 have been duce the Compton background. In order to improve the de-
reported for'®Mo and %Mo, respectively[3]. The charac- tection efficiency at lowy-ray energies, five low energy pho-
teristics of the level schemes é#*1°Mo have been related ton spectrometers were added to the array. We recorded
to classical rotors or to rigid triaxial rotof®,4]. Data from events in which at least three unsuppressed Ge detectors
the present experiment were recently analyzed to study thired. This gave mostly doubles and triples of Compton sup-
deformation in the neighboring even-even Ru isotoffgs pressed events on tape. The condition also considerably re-
and relative electromagnetic transition probabilities wereduced the recording of events associated with delgyeal/s
from B decay, due to their lowy-ray multiplicity, without
affecting prompty-ray events very much.
“Permanent address: Laboratoire de Physique MireleAppli- The extension of the level schemes was achieved by using
guee, Facultedes Sciences, Kitra, Maroc. one-dimensional spectra gfrays in coincidence with two or
TPermanent address: Jagellonian University, Cracow, Poland. three additionaly rays. More precisely bidimensional matri-
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FIG. 1. Portions of selectegl-ray spectra obtained from triplg coincidencesy rays corresponding to complementary fragments are
marked by symbolsia) Ge spectrum in coincidence with a raw gate on the 192.7 kéhansition and a background subtracted gate on the
529.5 keVy transition in%o. The line at 376.6 keV corresponds to the-20" + transition in1*%e and results from the spontaneous
fission of 2*8Cm with zero neutron emissiotb) Ge spectrum in coincidence with a raw gate on the 192.0ké\dnsition and a background
subtracted gate on the 796.1 keMransition in 1%Mo.

ces were constructed with events fulfilling one or two energyplays alsoy lines corresponding to several Xe isotopes, as it
requirements, i.e., events selected by one or two gates set @an be seen in Fig. 1.

threefold or fourfold y coincidences, respectively. One-  Spin and parity assignments are based on previous work
dimensional spectra were then obtained by setting gates cdr2,3] and the observed decay paths of the levels. In addition
responding to specifiy peaks on an axis of a matrix and by assignments result also from the similarities of the two level
subtracting the contribution due to the background. Ex-schemes with the one dP®Mo. For this nucleus, spins were
amples of such spectra are shown in Figs. 1 and 2. Each Mattributed to states by analyzing data obtained in a similar
fragment in the spontaneous fission ¥fCm is associated experiment with EUROGAM phase PL]. The increase in
with a complementary Xe fragment, whose mass depends astatistics, roughly an order of magnitude, permitted the as-
the number of emitted neutrons. Thereforg apectrum ob- signment of multipolarities to transitions from ratios of
tained by setting gates on transitions in a Mo isotope disdouble and triple angular correlation data. Examples of ratios
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FIG. 2. Quadruple-coincidence data showing a Ge detector spectrum in coincidence with the raw gate en @fet@ansitions in both
1040 and 1%e and the background subtracted gate on thies4}; transition in1®Mo. Transitions are labeled by their energigskeV)
for %Mo and by full squares fot“%Xe.



TABLE I. DCO ratios for triple and double angular correlations
in the 1®Mo nucleus. The considered transitions are associated to
stretched quadrupole transitions. Predictiph$] of DCO ratios for
the EUROGAM 2 array for triplédouble angular correlations give
the following values: 1.000.89 for a stretched quadrupole transi-
tion and 1.20(1.09 for a stretched dipole transition.

DCO ratios DCO ratios
Transition Yy vy Transition  yyy vy
47 —2f 0.941) 57 —37 0.933)
67 —4; 1.002) 0.941) 6;—4, 0.9013)
8 —6; 0.993) 65 —4; 1.026) 0.942)

3727 1196) 1.012) 7, -6 1.156)
5/ —4;  1.146) 1051) 5;—4; 1.237) 1.002)

of angular correlations, also called DQ@irectional corre-
lations from oriented statgsatios, are given in Table I.

The level schemes ot*Mo and 1Mo obtained in the
present work are shown in Figs. 3 and 4. Altransition
energies have been determined with an accuracy d.2
keV, except for the 466.4 and 776.6 keV transitions in
%o for which AE,=0.3 keV. The y branching for
1%%\Mo0 and %Mo are reported in Table II, along with the
hitherto unpublished branching ratios f§t®Mo.

Only one extra transition has been added to the yrast line
in 1%Mo. The agreement between the present level scheme
and the results of thg-decay study of®Nb is rather good
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FIG. 4. Partial decay scheme fMo. The relative intensity of
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the yrast band, four in the lowest side band and the levels at
1583 and 2061 keV. The tentative 1215 812 keV and
1583 — 1215 keV y decays are confirmed in the present
work which adds two more transitions between already
known states, namely the 1028 560 keV and 1475—
1028 keV decays. In th&’8lo nucleus all transitions, except
the y cascade starting from the/ Sstate, have been observed
for the first time.

Ill. DISCUSSION

FIG. 3. Partial decay scheme f§tMo. The relative intensity of

1040, with an E4+ /E,; ratio of 2.92, lies in a region of

deformation where level patterns and transition probabilities
have been interpreted in terms of rigid rotation, alternatively
for axially or triaxially shaped nuclei. On the assumption of
a rigid nonaxial rotor, the value of the nonaxiality parameter
deduced from theEz;/EZI ratio, y=18.8°, differs slightly

from the valuey=20.45)° deduced from they-branching
ratio of the 2 level. Excitation energies are calculated
within this model, using the formulas of Rg®]. Table I
shows that if the excitation energies are fairly well repro-
duced at low energy, the calculations for the high-spin states
associated with the axially asymmetric rotor do not repro-
duce the experimental level pattern. In the same way agree-
ment between experiment and theory is not complete for
electromagnetic transition strengths: the md@®e10| repro-
duces nearly the branching ratios for thg 3], and 5

a transition is proportional to the thickness of the line representingstates, but calculations deviate from experiment for the 4

it.

state, as shown in Fig. 5.
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TABLE Il. vy branching ratios int%106.1%/0 TABLE Il. (Continued.
Nucleus LevelkeV) E, (keV) vy branching(%) Nucleus LevelkeV) E, (keV) v branching(%)
0410 812.1 620.0 6(B) 1657.3 222.9 1®)
812.2 4Q3) 350.4 82)
1027.8 467.4 1a) 589.9 294)
835.8 891) 772.3 483)
1214.7 402.7 26) 1910.0 252.3 22)
654.1 497) 475.6 172)
1022.6 265) 603.5 243)
1475.4 447.6 32) 842.5 323)
914.9 652) 1936.6 869.1 3®)
1583.3 368.5 1®) 1051.6 673)
555.5 362) 2142.0 190.2 W)
771.3 482) 484.5 697)
1724.3 509.8 43) 2199.2 289.2 2q)
644.2 343) 542.0 7%7)
1163.6 212) 2276.0 339.2 2Q2)
1823.9 240.6 2@) 713.1 3@3)
348.5 93) 969.4 3713)
609.3 353) 1243.0 112)
796.1 362) 2368.4 226.3 43)
2036.5 561.2 6@) 416.7 353)
956.5 313) 458.2 222)
2083.3 259.3 3@ 2628.5 260.1 2®)
500.1 275) 429.1 132)
868.6 415) 486.6 633)
2211.6 150.7 2@2)
387.8 353) 10810 586.0 393.2 6&)
628.6 312) 586.1 3%7)
997.1 12 783.0 196.9 16)
2326.1 601.7 82 219.4 11)
1246.3 184) 590.1 782)
2395.8 184.3 4B) 978.3 195.2 B®)
312.7 ]1) 392.4 324)
335.4 111) 414.6 3%4)
571.6 362) 785.5 283)
2611.1 215.3 56) 1232.0 253.7 a)
399.6 174) 449.2 672)
527.8 264) 668.3 282)
1698.7 466.4 1®)
10810 710.4 538.9 5@) 720.6 324)
710.4 5@2) 915.8 515)
884.9 174.6 1.B)
362.7 83)
713.4 923)
1067.6 357.2 1®)
545.5 4%1) . . . . .
896.1 392) A more appropriate description df“Mo is to consider it .
1306.3 239.2 a) as an axially s'ymmetrllc nu.clleus. The level sequence starting
4213 362) at 812.1 keV is then identified as the rotational band based
784.4 602) on the one phonow-vibrational state at 812.1 keV. This is
1434.6 367.0 @) supported by the fact that the ground state and the one pho-
5496 422) non y-band exhibit, as expected, similar moments of inertia
7243 512) (see the inertia parametess for both bands in Table 1Y/
1563.3 495.7 70 Assuming identical intrinsic quadrupolg mo_ments within the
5299 293) grou_nd stgte b_and_and the_band and_ taking into account the
1041.3 173) rotation-vibration interaction, the interbar8(E2) value

may be written11]
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TABLE Ill. Excitations energiegkeV) in 1°Mo. Experimental
values and values predicted by the rigid triaxial rotor model withThe parameters are deduced from fits to the bands using the second

vy=20.4°. (*) Normalization.
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TABLE IV. Rotational energy parameters #4Mo and 1°Mo.

order rotational energy formul&E(l,K)=Ex+A[l(I+1)—K?]
+B[I(1+1)—K?]2. (*) Fits to the band based on the 2061 keV

Yrast Band Lowest side band state with different assumptions on tKevalue.

Expt. Theor. Expt. Theor.
Nucleus K Ex (keV) A (keV) B (eV)

192 180 812 643
561 557 1028 823 %Mo 0 29 26.1 -36
1080 1080 1215 1122 2 794 26.8 —-57
1722 1739 1475 1363 4, 1487 24.8 —66
2455 2539 1724 1920 4; 2001 14.9 83
3253 3483 2037 2111 5* 1999 12.3 153
2326 3008 1%8\10 0 20 27.1 —40
2683 3041 2 552 27.1 —49

3005 4318

(K=2,n,=1|M(E2,AK)|K=4,n,=2)/(K=0,n,=0,
B(E2;K=2,;—K=0,l{)=2M3(1;22—2|1:0)2{1+a,[ 1 (1
IM(E2AK)|K=2,n,=1),
+1)=1i(l;+ D]} D , , L ,
wheren,, is the number of aligneg-vibrational phonons in
wherea,= —M, /M, andM, andM,, are intrinsic interband the intrinsic state. The experimental ratio of 132 com-
matrix elementsM, containing the rotation-vibration cou- pares favorably with the ratia/E expected for rotational
pling strength. The quantitg, can be considered as an ad- bands built on purey-vibrational states.
justable parameter and be deduced from ratios of reduced As for %Mo, the yrast band and the band in %80
transition probabilities, under the assumption that the transinave similar inertia parametes (see Table IV. Such a
tions between th& =2 andK=0 bands are predominantly picture is forseen for quadrupole vibrational excitations since
E2 radiations, as suggested by tKeselection rule and as the moment of inertia is not expected to be altered greatly
observed in the lighte®®o and 1Mo isotopes[12,13.  through small oscillations around the ground state shape.
Using the average valua,=0.0642), and Eq.(1), calcu- However, for this isotope no candidate for a harmonic double
latedB(E2) ratios have been obtained for the interband tranphonony-vibrational state has been observed in the present
sitions. The experimentally determinBdE2) ratios and the study. Note that'%Mo is less populated in the spontaneous
calculated ratios are given in Table V. The agreement supfission of 2*3Cm than %Mo or *Mo.
ports the axially symmetric description of the nucleus. The best fits of the band based on the state at 2060.8 keV
It has been shown recently that the 1434.6 keV level inexcitation energy in®Mo to the second order rotational
108vi0 is an excellent candidate for a harmonic double phoformula are obtained foK=4 and 5. The band head most
non y-vibrational statd1]. If in a similar manner one con- probably has a quasiparticle configuration. Indeed, moments
siders the 1583.3 keV level if*“Mo as a potential two pho- of inertia of two-quasiparticle bands are systematically larger
non y-vibrational state, the ratio of the intrinsic energies of (and consequently their inertia parameters smpatlean the
the band head&«_,/Ex—», is equal to 1.87 indicating that moments of the ground state bands and this is effectively
anharmonic effects are present in the vibrational mode. Doebserved in the present case, as can be seen in Table IV.
ing the same kind of calculations as[ifi], one may extract Knowing that a 8,=0.31 value has been inferred for
from the measured branching ratios the following quantity: 1*Mo from the lifetime measurement of the 2state[14],
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FIG. 5. Comparison of experimental
y-branching ratios in'Mo (full lines) and val-
: ues calculated within a simple rigid triaxial rotor
model(dashed lines
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TABLE V. Experimentally determine@(E2) ratios and calcu-  state band of'%Zr for the »[411]3/2" configuration and

lated ratios for interbané =2— K =0 transitions in*“Mo. from the sideband in'®Zr and the ground-state band in
1037y for the »[532]5/2" configuration[3]. No experimental

Transitions involved Experiment Theory value of|(gkx—9gr)/Qol is known for they[413]5/2* con-

(25 —01)I(25 —27) 0.17316) 0.27611) figuration. However, calcglations pred.m. andgg to nez{rll)/

(37 —27)/(3F —4}) 0.44341) 0.44126) cancel each othdi3], setting a Igwer+l|m|t of 0.07 € b)

(45 —20)/(45 —47) 0.009827) 0.006225) on the|(gx—gr)/Qo| value forK™=4" band. In the case of

K=5, the average value fof(gk—9gr)/Qo is 0.092)

(e b)~1, whereas a value of 0.1%p) ! is deduced from

the y branchings in the ground-state bands Nb and
Nilsson diagrams for protons and neutrdsy may suggest  Nb and the lowest sideband #*Nb for the proton qua-
several configurations for the 2060.8 keV level with-4 or  Siparticle state with a stretchéd™=5" configuration. So the

5. the w{[422]5/2[303]5/27}5~, the w»{[411]3/2*  eXxisting data suggest that the 2060.8 keV level has a neutron
[532]5/27}4~, or thev{[411]3/2"[413]5/2"}4* configura- ~ Configuration, but they are unable to discriminate between
tions. The identification of the proper configuration could the two suggested configurations.

eventually be obtained by comparing the intringidactor

extracted from they branching in the rotational band built on IV. SUMMARY

the quasiparticle state to the one calculated using g factors

fsrtcr)gd\]'gl dg:]r]lieirggggs \I/\r/]ithogi QUE_IE' LndeidK for a ments produced in the spontaneous fissiorf®6€m results
gulri 1R, B0cT 18k, in the extension of the level schemes B¥fMo and °2Mo.

+Kz0k,. More precisely, the quantity deduced from branch-they consist primarily of rotational bands observed up to
ing ratios is the difference between the intrinsic and rotaimoderately high spins and built on the ground state, the one-
tional g factors over the intrinsic quadrupole moment phonon state and, for'®™o, also on the two-phonon

_ 4 1 1 v-vibrational state and a quasiparticle state. The experimen-
[(9k—9r)/Qo| =0.93%,| 5| T[(1+1)(1-1)] (eb)"%  tal results can be reproduced satisfactorily within a descrip-
tion of 1041%o as axially symmetric nuclei.

(65 —41)/(6;—67) 0.0324) 0.0349)

A detailed study of prompty rays emitted by Mo frag-

whereE, is the energy of thé—1—1 transition. The mixing
ratio 62 is deduced from the following formula:
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