PHYSICAL REVIEW C VOLUME 56, NUMBER 3 SEPTEMBER 1997

Identification of Mo and possible octupole correlations in°”1%\o
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Ten new transitions if®Mo have been observed and levels'fiVio are identified for the first time in a-
v-v coincidence study from the spontaneous fissiorf8€f with 72 Compton suppressed Ge detectors in
Gammasphere. Two sets of bands, each set intertwindflLbiyansitions are observed #’Mo and one such
set in1%Mo. The observed level schemes are interpreted in terms of possible octupole deformation originating
from the strong interaction of thie,,,, andds;, neutron shells{S0556-281&7)04009-0

PACS numbgs): 23.20.Lv, 27.60+j, 25.85.Ca

I. INTRODUCTION In the oddA nuclei the situation is more complex. It has
been early pointed out in the papers by NazareWld and
Static octupole shapes have been discovered in nucléthasman12,13 that octupole shapes might be present in
with N=88-90 andZ=56-58 regions associated with the odd-mass nuclei and be absent in the neighboring doubly
vf 7 viigp and thewrdg -y, Orbitals, respectivelyl—4].  even systems and, secondly, octupole-deformed and
Already it was known that static octupole deformation mayreflection-symmetric shapes might occur in the same Add-

be induced in nuclei where the Fermi level lies betweerucleus, depending on the properties of a single particle or-
single particle orbitals of the type|N,L,j) and bital. In this paper, we w.o.uld like to point out the possibility
IN+1,L+3,]+3) (€., Ps—0oszr Usz—N11r Fr2—i 1312 that under certain conditions, only proton or only neutron

etc), because such orbitals couple strongly through the chctupole coupling may be sufficiently strong to observe the

tupole potential termy s, [5,6]. Calculations which include effects of an octupole shape. We suggest that this may occur

octupole and quadrupole deformation indicate that octupol'ef the Fermi level lies(1) not only between orbitals such as

. - P3o—Qgs2, dgio—h11/0, f70—i130, €tc., to drive the octupole
effects (enhancedE1l crossing transitions between bahds coupling but also(2) the closest Nilsson levels near the

may be observed in nuclei with andN around(34), 56, 90, o i jevel have(); =Q,, for example, the 5/2 [413] and
134. 1t was assumed that _only proton or only neutron octug o~ [532] orbitals. In this case, the overlap betweendyg
pole coupling was not sufficiently strong to produce observ 4 h,1,, Orbitals may be maximal and thus yield enhanced
able effects. It was thought that octupole coupling for bOthoctupoIe coupling in neutron rich Mo and Tc nuclei.
protons and neutrons in a nucleus was needed to give suffi- The Mo nuclei withN=65—-67 are the best possible can-
cient enhancement to produce observable octupole effectgjgates for the observation of parity doublets related to static
The occurence of stable octupole deformatiomNin 64—-66  octupole deformation. The Ba and Mo nuclei produced in the
nuclei has been predicted by Cotflg8]. spontaneous fissiofSP of 2°2Cf are partners and the Ba
Evidence for static octupole deformation has been renuclei have static octupole deformed shaffes3]. Accord-
ported in Ba[1-3], Ce[4], La[9], and Sm[10] nuclei asso- ing to previous work{14], the **"Mo level scheme is very
ciated with the proton and neutron orbitals noted above. Irdifferent from those of the other lighter odd-Mo nuclei,
the deformed single particle shell model, two neutron orbit-and the structure of the low-lying levels df’Mo is not
als vdg;,—vhyqp, lie near the Fermi surface fdd=64—67. obvious. In the present work, we have investigated the band
structure of1°Mo in search for evidence of octupole defor-
mation. We have identified if®’Mo ten new transitions and
*On leave from Soreq Nuclear Research Center, Yavne, Israel. new band structures which are shown to be connected by the
"Present address: Department of Physics, Western Kentucky Unintertwined E1 transitions. These new band structures are
versity, Bowling Green, KY 42104. interpreted as the parity doublets related to static octupole

0556-2813/97/563)/13446)/$10.00 56 1344 © 1997 The American Physical Society



56 IDENTIFICATION OF %Mo AND POSSIBLE ... 1345
s=+i
. O]
s=—I © 5/2[532)
5/2[532] ) @3/2)
1/2
(@ (/27 decoupled band 4
5/2[413] -1 @3/7) @ 699.0
il 5/2[413]
(19/2%) 688.2 /)y
6800 a7/3%)
(17/27) §
6205 R FIG. 1. Level scheme of’’Mo.
(1@’_ . 5550
as/2h § 556.0
— s+
5512 (/2)
4777 y 2564 4060
(15/7) § 3798 /) §
(ﬂ 4108 9/ 2+) \ . 123.4(E1) 2337
3264 A 414.6 306.5 12%)3 L YR |
/21 2539 (/2§
L — AR 3484
e G LY sen oy ye2G,
66.3 35s
WD 07y

deformation. Also, we have identified for the first time nine were identified by comparing the yield ratios of Ba partners.
y-ray transitions in1®Mo. The level scheme of°Mo is  Details are discussed in the results section.

similar to that of 1Mo but with only one intertwined band Total internal conversion coefficientsef) for several
observed. From these data, we suggest that'ié®Mo  low-energy transitions were determined from the intensity
nuclei have static octupole deformations. This is the firstbalance in and out of a level. For example the total internal
evidence for octupole deformation related to only one type ofonversion coefficient of the 152.2-keV transiticsee Fig.
nucleons and in particular to thels,— vhy,,, orbitals in the 1) was determined by comparing the relative intensities of
N=65-67 region. the 306.5- and 152.2-keV transitions in a coincidence spec-
trum obtained by gating on the 123.4-key)/ray in Mo
and the 359.3-keVy ray in %?Ba. The difference in the
relative intensities of the 306.5- and 152.2-keVays should
- | be equal to conversion electron intensity for the 152.2-keV
in %Mo were extracted from the analysis gfray spectra  transition. The theoretical valuex1(E1)=0.0052§ of the

produced in the spontaneous fission BfCf. A 25 uCi  conversion coefficient for the 306.5 keV transition is negli-
?52Cf source was sandwiched between two Ni foils of thick-gible because of its higher energy.

ness 0.5 mil and then sandwiched between 2 mil thick Al Alternatively, one can obtair; by double gating on two
foils and was placed at the center of Gammasphere with 7gansitions in the same nucleus. For example, by double gat-
Compton suppressed Ge detectors at Lawrence Berkeley Nirg on 110.3- and 149.6-keV transitions, the of the 123.4-
tional Laboratory. A total of 9.8 10° triple or higher fold ey transition can be extracted, by measuring the difference

coincidence events were recorded. The Gammasphere Wagrelative intensities of the 256.4- and 123.4-keV transitions.
calibrated with'®3Ba, *"Cs, 1%%Eu, %¢Co, and®'Co sources.

A y-y-y cube was built using theADWARE software[15].
The complexy-ray spectra obtained in SF were analyzed by
the triple y coincidence method. For a given fission fragment
there can be many partner isotopes because 916 neu-
trons can be emitted from the primary fragments following The new level scheme 0f°Mo is shown in Fig. 1. The
scission. They rays emitted by two partners during deexci- bands labeledc), (d), and(e) in Fig. 1, are already identified
tation will be in coincidence with each other. If the transi- by Hotchkis et al. [14]. They also assigned transitions
tions in one of the partner nuclei are known, one can assiga77.7-, 326.4-, 556.0-, 410.8-, 253.9-, and 66.3-keV to
the y rays belonging to the other partner nucleus uniquely,}®’Mo. We have extended the ban@$ and (e) to higher
by using the triple coincidence technique. spins. The nuclei'*® 1%4Ba are some of the partners of
If we set a double gate on the well known transitions in Mo with 5 to 1 neutrons emitted, respectively. In Fig.
1070, we obtain the yield ratios for its Ba partners. If we 2(a), the coincidence spectrum obtained by double gating on
get the same yield ratios by setting double gates on unashe new 166.2-keV and already known 326.4-keV transitions
signedy rays, then they rays in the double gates should is shown. In this spectrum the observed yields'#f 14Ba
belong to the'®Mo nucleus. Wah[16] gives the total yield nuclei are similar to the yields obtained from the intensity
of each Ba isotope. The variation of the yield ratiosanalysis of transitions of Ba partners obtained by double gat-
(y-transitions intensitiosof each Ba partner nucleus was ing on two previously known 110.3- and 348.4-keV transi-
determined in our recent wofld 7]. Many double gated co- tions in 1Mo and to the yield from our more recently com-
incidence spectra were analyzed to assign uniquely the nepleted resulf17]. For example, the peak intensity ratio of
transitions t0'°Mo. The y rays belonging t0'°Mo also 134, {1*°Ba)/l 350 {}*Ba)=2n channel/3n channel is 0.47

Il. EXPERIMENTS

A new level scheme 0t°’Mo, and identification of levels

Ill. RESULTS

A. Mo nucleus
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[see Fig. 8a)]. The peak of the Ba/Mo neutron emission is atcoefficients ) for some low-energy transitions and sys-
4n [17]. In the coincidence specti#&ig. 2(@) and Zc)] the  tematics were used to propose spins and parities to the levels
intensity ratios for the same peaks are 0.49 and 0.43, respeef “Mo. An excited decoupledh,;, band has been re-
tively. Hence the 99.9- and 166.2-keV transitions belong tgported in 1% Mo [14] with a bandhead tentatively assigned
107Mo. The 556.0-keV peak which appears to be weak inspin and parity of 7/2. The transition that feeds this level
Fig. 2@), can be readily observed in the 253.9- and 410.8has anE2 character. The transition energies in baodin
keV double gate. The 688.2-keV transition can be also seehig. 1 are very similar to those of the decoupled band in
in this gate, and even more strongly, in the 253.9-and 556.0:%Mo. The a; of the 152.2 keV transitiorisee Table ]
keV or 410.8-and 556.0-keV gates. In Figb® the coinci-  shows that it has aB2 character, such as the band‘fiMo.
dence spectrum obtained by double gating on the knowiThus a spin and parity of 7/2is tentatively assigned to the
326.4- and 477.7-keV transitions is shown. In this spectrunground level. The next band members are assigned™31/2
one clearly sees the new 166.2-, and 99.9-keMys. In Fig.  15/27, 19/27, and 23/2" by assuming that the next three
2(c) the coincidence spectrum obtained by double gating oftransitions are als&2. Also, the transition energies in band
the 99.9- and 326.4-keV transitions is shown. In this spec{c) Fig. 1 are very similar to those of the ground rotational
trum one can see clearly the 66.3- and 239.3-keV transitionsand in 1°®Mo. This implies that core nucleus of this decou-
By analyzing several coincidence spectra, ten new transitionsled band in'°Mo is *°Mo.
of energies 99.9-, 154.1-, 166.2-, 172.2-, 239.3-, 238.4-, The ay of the 123.4-keV transition was measured by
620.5-, 680.0-, 688.2-, and 699.0-keV were placed in thelouble gating on 149.6- and 110.3-keV transitions. In this
level scheme of®Mo as shown in Fig. 1. gate the difference in the relative intensities of the 256.4- and
Previously Hotchkist al.[14] did not assign any spins to 123.4-keV transitions is equal to the electron intensity. The
the levels of!°’Mo. The measured total internal conversion conversion electron intensity for the 110.3-keV transition
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TABLE I. Values of internal conversion coefficients extracted s=+i
for low energy transitions.
5/2[532]
Experimental Theoretical (19/2) 5/2{413)
Nucleus E, (keV) ot Qo
El M1 M2 E2 557.4
107, (15/22) Y
Mo 99.9E1) 0.153) 0.13 0.26 2.65 1.20
110.3€1) 0062 009 0.19 1.84 0.84 P B 1
123.4E1) 0.034) 0.07 0.14 1.23 0.56 /Y R o
152.2€2) 0.328) 0.04 0.08 059 0.27 2505| 1393 Y (/2%
9o  139.3€1) 0043 005 010 079 055 o LU
(7/2- 00 )
was obtained by double gating on 348.4-keV transition in “Mo

107Mo and 359.5-keV transition if*Ba. The difference in
the relative intensities df;,3 4+ | 379 gandl 153 4 transitions is
equal to the conversion electron intensity of 110.3-keV tran; ., e placed in the level scheme ¥fMo. From Fig.
sition. Theay's given in Table | establish that these two 3 identified i i £139.3 397.9 2586
rays haveE1 character. (c), we identified newy transi |or_lsoo .3, .9, .6,
The K-conversion coefficient of 185 [14] for the 66.3- 1550, 4132, gnd 557'4 ke_V it"Mo. The new Igvel
keV transition indicates that it has a?niib’dl/EZ charact.er sch_e_me of1°9|v_|o N shoyvn in Fig. 4. The suggested spins and
The measured half life of 2455) ns for the 66.3-keV Ievél parities tentatively assigned to the levelsffivio are based
[18] is consistent wittM 1/E2 character. So thé parity of the on similarities to Mo, and on theE1 character of the
66.3-keV level should be the same as that of the groun 39.3-keV transition. Thext of the 139.3-keV transition

. see Table )l obtained by double gating on the 111.3- and
state. Thext of the 99.9-keV transition was measured from ) o . g )
the intensity balance in and out of the 166.2-keV level in 222.5-keV transitionsee Fig. &)] indicates that the 139.3

eV transition ha€1 character but the uncertainty overlaps
spectrum obtained by double gating on the 66.3-keV transi- - : e L
tion and 410.8-keV transition. This result indicates that theWlth M1 assignment within two standard deviatid@s).
99.9-keV transition ha&l character as shown in Table I.

The M1/E2 character of the 66.3-keV transition establishes

the negative parity of the 66.3-keV level. Theray energies In a reflection asymmetric nuclear field, simplex quantum
in this band are very similar to the transitions in 5/8532]  numbers are used to classify the parity doublet states. In
band in Mo and '*Zr. The band(b) may be originating  1%%\o, s= +i can be assigned to the sequence 72",
from this configuration. Thus, we tentatively assigned they1/2-, 13/2%, 15/27, 17/27, 19/27, 21/2", 23/2” ands= —i

spin and parity of the 66.3-keV level as 5/2Since the to the sequence 572 7/2", 9/2°, 11/2", 13/2°, 15/2",
99.9-keV transition i€1, there should be a change of parity 17/2. On the other hand, only ore= +i band with states
between bandsa) and (b). The higher members of these 7/2-, 9/2*, 11/27, 13/2", 15/2°, 17/2", 19/2°, 21/2",
bands are assumed to be connected2ddransitions. They 23/2" is indicated in*®™o. The energy splittingsE(1) of a
transitions in the band built on the 7/2evel in ®Mo and  pand with octupole structure can be evaluated from the ex-

19171 have energies similar to those in baf@ in '©Mo.  perimental level energies by using the relations
Thus, the 348.4-keV level is assigned 7/2The 458.7 keV

level should have spin and parity of 9/2ecause the 110.3 (I+DE(-1)"+IE(1+1)"

keV transition iSE1. Based on these systematics, tentative SE(1H=E(")- 1)
spin and parities are assigned to the levels4fMo. In the 2l+1
present work, two sets of parity doublets are indicated.

FIG. 4. Level scheme of®Mo.

IV. DISCUSSION

and
B. 1Mo nucleus

(I+1)E(I-1)* +IE(1+1)*

The new 222.5- and 111.3-keV transitions are assigned to  sg(1 " )=E(1 ) — 2
109\0 on the basis of the following considerations. The co- 21+1
incidence spectruniFig. 3(c)] with a double gate on the
222.5- and 111.3-keV transitions assigned*t@vio shows Figure 5 comparesE(l) versus (—1,) curves of**Ba

the y transitions of *3-1Ba partners. The 222.5- and and °"1%Mo, wherel, is the ground state spin. The super-
111.3-keV transitions cannot belong t4Mo since the scripts = indicate the parity of the levels. In the limit of
359.3-keV transition in**?Ba is too strong to be the 0 neu- stable octupole deformatio@E (1) should be close to zero.
tron channel. Also, these transitions cannot belond®®™o  As seen in Fig. 5, the parity doublet bands discovered in
because the 602.4 keV transition ¥fBa is too strong when °"1®Mo show fluctuations along théE(1)=0 line similar
this coincidence spectrum is compared with a coincidencéo *3Ba. This suggests that’®”®Mo have a well defined
spectrum[Fig. 3b)] with the double gate on the known static octupole shape similar to that observed4iBa. Also
370.9- and 662.0-keV transitions dP&lo. Based on this the ratio of the rotational frequencies can be evaluated from
analysis, the 222.5- and 111.3-keV transitions are the firsthe experimental level energies by using the relations
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FIG. 5. Plot of SE(1) vs (I — ). See Eqgs(1) and(2) in the text. FIG. 7. B(E1)/B(E2) branching ratios in®"**Mo and **Ba
The error bars are of the size of the point. nuclei.
where the intensities and energies have been taken from the
Lo () E(I+D)T-E(I-1)7 present work. As can be seen in Fig. 7 and Table I, the
R(I ):w_(l) :2E(I T2 —E(-2) (3 averageB(E1)/B(E2) values for®Mo are 0.278) 10~©
fm 2 for thes=+i and 0.299) 10 6 fm ~? for the s= —i

band. Also theB(E1)/B(E2) branching ratio values in the

and parity doublet bands of 1Mo are similar to the
B(E1)/B(E2) branching ratios in the parity doublet bands
o () E(1+1) —E(I-1)" of 3Pm[19] which is formed by the octupole coupling of
R(IT)=—-= " - (4)  the proton 5/P413] and proton 5/(532] orbitals. The aver-
w ()  E(+2)"-E(-2) ageB(E1)/B(E2) value for®Mo is 1.54) 106 fm 2 for

the s=+i band, similar to the ratios in**Ba. The
The variation ofR(1) as a function of (— 1) for 1Mo  B(E1)/B(E2) branching ratios in'®Mo are an order of
and **3Ba is plotted in Fig. 6. At the limit of stable octupole magnitude smaller than iR®™o and 143Ba. This effect is
deformation, the ratio between the rotational frequencies o§imilar to the situation in %'%1la [14], where
the positive and negative parity bands should approach unityg(E1)/B(E2) branching ratios if*3La are an order of mag-
In Fig. 6, one can see that these ratios fluctuate around unityiitude larger than in*’La. Therefore it implies that the oc-
Thus these ratios likewise indicate theX:'°Mo have well  tupole correlations are stronger fdr=67 than forN=65.
defined static octupole shapes. The nucleus with octupole . o710
bands decays throughEl and E2 transitions. The _ TABLE II. B(E1)/B(E2) branching ratios in%"1%o. Inten-
B(E1)/B(E2) branching ratios are evaluated by the expresSIieS are normalized to a value of 100,

sion Nucleus E, (keV) 1717 |, B(E1)/B(E2)
i 1076 fm~2
B(E1) _ _ 1A(ED) E(E2) (10°® fm%, (50 ™o 154.1 9/2 712* 70.9 0.1%4)
B(E2) 1,(E2) E(E1)3 2539  9/2 52~ 100
172.2 11/2° 9/2~ 53.4 0.288)
2,0 326.4 11/20 7/2t 100"
1sl 239.3  13/2 11/2t 656 0.41)
sl 4108 13/ 9/2 100"
el n 123.4 11/2 9/2* 109.8 0.299)
it n 233.7 11/2 7/2~ 100*
=" b . 256.4  13/2 11/2~ 41.0 0.144)
®or ‘/‘x:%“‘ / 379.8  13/2 92° 100"
08 149.6 15/2 13/2* 17.4 0.41)
06 —m—s=i'ta . 406.0  15/2 112~ 100"
0al T 4054  17/2 15/2°  61.9 0.3%1)
02k —w—s=+i %Mo 555.0 17/2 13/2* 100"
Y N S S 1%%Mo 139.3 112 912° 747 0.7318)
0 1 2 3 4 5 6 7 8 9 10 M1 12 326.4 11/2 7/2~ 1OO+
o 2586  13/2 11/2° 430.7 1.85)
FIG. 6. Ratiog/R(I)] of the rotational frequencies v$ €1), 397.9 13/2 9/2* 100"
wherel is the spin of the level anlg, is the spin of the ground state. 155.0 15/2° 13/2* 89.1 2.16)
See Eqs(3) and(4) in the text. The error bars are of the size of the 413.2 15/2 11/2~ 100*

point.
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V. SUMMARY AND CONCLUSION formed nuclei withN=64—-67. This is the first time such
octupole deformation is reported based on only one pair of
the nucleon orbitals. ThB(E1)/B(E2) branching ratios in-

coincidence study of the spontaneous fissiorf8€f. Spins dicate that the octupole correlations are strongeNm67

and parities of levels if%"1%Mo have been assigned on the than inN=65.

basis of total internal conversion coefficients and the system- The work is supported in part by the U.S. Department of
atics of the level schemes of the neighboring Mo nuclei. TwoEnergy under Grant No. DE-FG05-88ER40407 and Contract
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Ten new transitions in'®Mo have been observed and
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