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Spin-parity assignments and evidence for mixed-symmetry states it®Ru
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Spin and parity of some low-lying levels #°Ru have been assigned by measutityinternal conversion
coefficients of the deexciting transitions. The new information, combined with the available experimental data,
has been analyzed in the framework of the interacting boson nmgiel-2) to clarify the structure of the
23, 27, and 3 levels in terms of their mixed-symmetry charac{g0556-281®6)05506-9

PACS numbsg(s): 23.20.Nx, 21.60.Ev, 21.60.Fw, 27.64.

In a recent worK1] we have analyzed, in the framework extend the comparison, given jai], between experimental
of the interacting boson mod€IBM-2) [2], the excitation data and predictions of the IBM-2.
energy patterns and electromagnetic properties of low-lying Low-lying levels of '©Ru were populated in the
positive-parity states in evef?~'Ru isotopes in an attempt g+-electron-capturg-EC) decay of the J"=1") ground
to identify states which possess a mixed-symmé)  state of 1°Rh produced via af,n) reaction on a 93%-
character. We concluded that, to correctly reproduce th@nriched, 1-mg/crirthick 1°Ru target, obtained by sputter-
properties of the levels, it is necessary to take into accourthg on an aluminum backing. The irradiation was performed
the presence of MS states, the lowest ones being fhar®l  using the proton beam of the 7-MV CN Van de Graaff ac-
3] levels. For example, in low-mass ruthenium isotopescelerator of Laboratori Nazionali di Legnaf@adua at an
which display a structure close to thé€3) limit of the model  energy of 6.75 MeV. In order to withstand the high beam
[1,3,4), it is apparent that the presence of additionaléhd  current (1.5 nA), the target was cooled to liquid nitrogen
3" states at an excitation energy close to the one expectagémperature. The bombardment lasted about 18 h, and mea-
for the 3d-boson multiplet in no way can be reproduced in asurements were performed over a time interval of 20 h, start-
scheme limited to fully symmetrigFS) states. However, for ing shortly after the end of the irradiation. Internal conver-
some isotopes an extended comparison of experimental argion electrons were detected by means of a 6-mm-thick
theoretical data was prevented by the uncertain spin-parit@i(Li) detector(cooled to liquid nitrogen temperatyreon-
assignment to several low-lying states. As a part of an exnected to a magnetic transport systédescribed in detail
perimental prograrm5] aimed at gaining new information on elsewhere [6]), having a momentum acceptance
levels in even ruthenium isotopes which could possess MAp/p~18%. The energy resolutidifull width at half maxi-
properties, we report in this paper on some spin-parity asmum (FWHM)] of the SiLi) detector was typically 2 keV at
signments obtained fronK-internal conversion coefficient an energy of 1.5 MeV. Gamma rays were detected by means
measurements if°Ru. On the basis of the new data, we of a HPGe detector having a FWHM of 2.5 keV at an energy
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FIG. 1. Relevant sections of the electron-energy spectra showinkj-tled L-conversion lines ofa) the 446-keV, 2 —2" and the
540-keV, Z —0; transitions;(b) the 735-keV, —0; and 749-keV, 2—3" transitions;(c) the 1341-keV, §—2] and 1362-keV,
25 —0; transitions. The label D.E. ifc) indicates the double escape peak of the 2376-keV.»2; gamma transition.
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TABLE I. Experimental values of thK-internal conversion coefficientin units of 10" %) for the specified transitions are compared with
the theoretical values fdE1, E2, M1, andM 2 transitions. In column 10 are reported the parity assignment and restriction on the possible
spin range deduced from the present work.

Eeve 37 [8] E, J7 [8] aR™  o™(E)  a™(E2)  a{™(M1)  o«™(M2) T
1362.2 25 822.6 27 1.235) 0.493 1.24 131 3.37
1865.1 (23) 1325.5 27 0.42257) 0.200 0.423 0.465 1.00 23
734.8 05 1.6328) 0.622 1.64 1.69 4.55
638.7 a7 2.2848) 0.846 2.37 2.34 6.70
503.1 25 4(1) 1.46 4.59 4.08 13.1
1881.1 (2,3%) 1341.5 27 0.41313 0.196 0.413 0.453 0.977 37
654.7 47 2.1313 0.799 2.21 2.20 6.24
519.1 25 4.11(22) 1.36 4.19 3.79 12.0
2099.0 (1,2,3) 1559.5 27 0.38139) 0.153 0.309 0.335 0.692 2;
736.3 25 0.9857) 0.619 1.63 1.68 4.52
2166.8 3 1627.3 27 0.14427) 0.143 0.286 0.309 0.631
2240.6 (2) 499.8 03 4.41(67) 1.49 4.67 4.15 134 2%
2469.4 (r,2n) 2469.4 0f 0.20740) 0.0752 0.132 0.137 0.250 2
604.9 (23) 1.2028) 0.953 2.73 2.65 7.77
588.3 (27,3%) 1.045) 1.02 2.95 2.83 8.41
370.6 (1,2,3y 3.8689) 3.13 11.6 8.54 32.7
302.3 3 19.411) 5.38 22.7 14.3 61.7
229.1 (2) 8(2) 11.4 57.7 29.0 151
2516.8 (1°,2%) 651.6 (23) 0.8412) 0.809 2.24 2.23 6.34 12"
29155 z 1553.4 25 0.1599) 0.157 0.318 0.346 0.698
446.2 (r,2m) 5.37127) 0.599 6.54 5.44 18.7
3070.0 1,2 599.9 (r,2n) 2.7540) 0.971 2.79 2.70 7.95 12"

of 1.3 MeV. Internal conversion coefficients were deter-(5%) isomeric state of°Ru [8].
mined by means of the normalized peak-to-gamiNRG)

able previous to this work8] is given in the second and

2099.0-keV levelFrom the experimental values @iy
method[7]. In most cases it has been possible to normalizeeported in Table |, the whole rang€=0"—-4" would be

the electron peak area of the transition of interest to that of allowed. Spins 0 and 4 are excluded by fit multipolarity
strong transition of known multipolarity lying close in en- of the 371-keV transition from the 2 state at 2469 keV.
ergy, both transitions being recorded simultaneously, i.e., foSpin 3 is excluded by the Idigvalue of thes~ decay from

the same setting of the magnetic field. In other cases refethe J”=1" ground state of%Tc [8], according to the rules
ence was made to thk-conversion line of the 540-keV, given in[10]. Moreover, careful inspection of the gamma-
27 —0; transition recorded in a separated run. Sections oénergy spectrum in the 800—900 keV energy region has re-
typical electron energy spectra are shown in Fig. 1. The exvealed the presence of a weak 873)&eV line, which
perimental values of the measurgeinternal conversion co- matches with a transition to the/ 4level at 1226.6 keV. Its
efficients (k) are shown in the fifth column of Table I. The intensity ratio with respect to the other lines corresponding to
information on spin and parity of the relevant levels avail-

TABLE Il. Branching ratios from the 2 and 2 states in

fourth columns of the same table. To give an idea of thewoy, vaues from present worltast column are compared with

internal consistency of our data, the experimental values Ofg data available in the literatufs].
ay for some transitions of known multipolarity are also re-

ported. Most of the additional information on spin-parity j*

provided by the present work stems from a comparison of
the experimental values afx with the theoretical onef9]
given in columns 6-9 foE1l, E2, M1, andM 2 multipolari-

ties and is summarized in the last column. In the cases dis-
cussed hereafter, some specific additional arguments have

been used to deduce the assignment given in the last column.

1881.1-keV levelFrom the values ofxx for the three
transitions deexciting this level, the limitatid¥f=2",3" is
obtained. The absence of any decay to theabd 0, states
[intensity <0.1% and<0.7% (at the 90% confidence level
of the transition to the 2 level, respectivelystrongly favors

Jf E, (keV) l, [8] I,
23 25 503 183) 17(2)
af 639 223) 10(1)
05 735 10412 57(2)
27 1325 8610) 83(3)
o7 1865 10012 100(19)
24 3 218 A1) <0.2
25 234 133) <0.2
2,5 736 163) 13.37)
af 872 1.82)
0, 968 3.37)
27 1559 10012 100(5)

the 3" assignment. This assignment is also supported by the

fact that the level is populated in th@"-EC decay of the
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FIG. 2. (a),(b) &, dependence of the calculated excitation ener-ratios

E(MeV)
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FIG. 3. Calculated¢, dependence ofa) proton and neutron
boson reduce? transition matrix element§T ,(E2)) for the in-
dicated transitiongpositive sign is arbitrarily assigned {3 ,)), (b)
reducedE2 transition probabilitie8(E2), and(c) the branching

B =W,(2; —0;)/W,(2{ —0;),

BZZW

(25 —41)!

gies of the indicated levels, when the remaining Hamiltonian paW.,(25 —0;) for two values of the difference of the adopted quad-
rupole effective chargetsee text for details On the right-hand
side, the corresponding experimental branching ratjsesent
work) are reported.

rameters are taken as in Rél]. In (b) the 3} level has been
assumed to be the level at 2131 keV, but its spin valj&Jiis only
restricted to the range 2—&) As in (a),(b), but for £&; dependence

of the excitation energies of the indicated levels.

transitions from the 2099-keV levelas well as to the

to the assignment”™=2" as the only acceptable one.
2516.8-keV levelContrary to what reported ifi8], this

level has definitely negative parity as follows from tBé
multipolarity of the transition to the 1865-keV, 2evel. The
2f—>01+ transition is consistent with a constant value when spin rangel=1,2,3, implied by the value af , is restricted
evaluated in several spectra recorded at different times. Th® the first two values because of the fogalue of thes™

decay to the 4 level rules out the spid=1, thereby leading decay from the ground state of°rc [8].
3070.0-keV levelThis level has definitely negative parity
as follows fromE2 or M1 multipolarity of the 600-keV
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transition to the 2469-keV, 2 level. The presence of a tion energy pattern of nuclei exhibiting(6) dynamical sym-
gamma transition to the;0state[8] rules out spins 0 and 4, metry in the framework of the IBM-1.
whereas spin 3 is excluded by the same argument adopted We now consider, in relation to our previous work on MS
for the 2516.8-keV level. states in ruthenium isotop¢é&], some detailed decay prop-
The definite identification of the2and 2, states at 1865 erties of the 4, 2, , and 3 states in*°®Ru, with particular
and 2099 keV, respectively, is quite important in clarifying emphasis on their dependence on the values of the param-
the nature of the lowest MS statésee below In Table Il eters¢, and &; in the Majorana term of the IBM-2 Hamil-
the measured intensities of the transitions deexciting thesgnian[2]. As is well known, the Majorana parameters are of
levels are reported together with those given[&), from  crycial importance in determining the energies of MS states,
which, in some cases, they differ considerably. For examplewhile they hardly influence those of FS states, at least in a
in the present work, no decay from thg 2evel to the 2 situation close to one of the limits of the IBM-2. In the
and 3/ levels has been detected while, in addition to thediscussion below no mention is made of theparameter as
already mentioned transition to thg 4evel, a transition hav- the excitation energies of the levels considered in this work
ing energy of 968.8) keV, which matches with a transition are essentially not affected by the valueégf when this is
to the 1130.5-keV, D level, has been observed. Also, in this varied over quite a large rang&]. The excitation energies of
case it has been checked that its intensity ratio with respedbe lowest-lying 2 and 3" states(calculated by means of

to other transitions from thé®Rh decay was constant in the NPBOS code[11]) are reported as a function &, and
time. & in Fig. 2. It is seen that, in particular ranges of these

We observe that our assignment of spins 3 and 2 to th@arameters, the excitation energy of several levels changes
1881- and 2099-keV levels is at variance with those choserapidly, implying a strong MS component in their wave
(in the absence of definite experimental informatidar  functions. Instead, the ;2 state maintains its excitation en-
these states by Keret al.[4] in their analysis of the excita- ergy, hence thed-boson FS character, over the whole range
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FIG. 5. Calculatedé; dependence ofa) proton and neutron
reducedE2 matrix elements for the indicated transitiofpsitive
sign is arbitrarily assigned tdT,)), (b) reducedM1 transition
branching
W,(31 —23)/W,(3; —27). The experimental valugg] is shown

probabilites B(M1), and (c)

on the right-hand side.

considered for¢, and é;. The comparison of experimental
and theoretical excitation energies in Figazshows that the
only possibility, in the framework of the IBM-2, to account
for the presence of a doublet df=2" levels around 2
MeV, is to adopt foré, a value in the range 0.25-0.4 MeV.
A similar situation is expected for th&"=3" levels when
their excitation energies are studied as a functiog.dfFig.

the
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evant to the ¢,2; states do not depend sensitively on the
parameterg; of the Majorana term.

More detailed information on the viable values for the
parameterst,, &5 can be derived from a comparison of ex-
perimental values and model predictions for transitions de-
exciting the states here considered. Since no absolute values
for E2 andM1 transition probabilities are known, the com-
parison is restricted to branching ratios. Particularly interest-
ing is the case of theRand 2; states. Fog,=0.295 MeV
(the value adopted ifil]), these states are still considerably
pure, their strongest component being tleeaihd 3 bosons,
respectively. This value of, is close to the one&~0.3
MeV) for which level crossing occurs and FS and MS prop-
erties are exchanged by members of the doublet. As a con-
sequence, in a very restricted range of values of this param-
eter, the electromagnetic properties of the two states show a
large variation as illustrated in Figs. 3 and 4. It is to be noted
that the smallB(E2) value of the —0; transition for
&, in the range 0.24-0.28 MelFig. 3(b)] results from the
opposite sign and almost equal magnitude of the relevant
reduced transition matrix elemer3 ,(E2)) (p=v,w for
neutron and proton bosons, respectiyels expected12]
for a transition between predominantly MS and FS states
[see Fig. 8)]. This gives rise to a sizable cancellation due to
the similar values adopted ji] for the quadrupole effective
charges ¢,=0.12 eb, e,=0.08 eb). Instead, for£,>0.3
MeV, the B(E2) drops rapidly since thedboson compo-
nent in the wave function of the;2state becomes the stron-
gest one, so that the transition to the ground state is strictly
forbidden due to thel-boson number selection rule for the
E2 transition Any=0,£1). On the other hand, no such
selection rule is operating in the case of the-20, transi-
tion since the ¢ state maintaingas the 2 and 4 stategits
2d-boson FS character over the whole range
0.24< £,<0.31 MeV. The small values of the corresponding
B(E2) for £,<<0.28 MeV are essentially due to the small-
ness of the relevant, andT . Similar arguments hold for
the 23 —4; transition. The high sensitivity to thé, value
of the branching ratios is shown in Fig(c3 The trend is not
affected by the precise values of the adopted effective
charges; indeed, the dashed and solid curves for each branch-
ing ratio correspond to values of the differeneg—e,| var-
ied by =10% with respect to the value given |if].

Similar considerations apply to absoluE2 transition
probabilites W,(E2), relevant to the 2—2/ and
2, —2, transitions, displayed in Figs.(@ and 4b) as a
function of &,. In the same figure the absolU#l transition
probabilities are also reported. Their trend is related to the
d-boson number selection rules foM1 transitions
(Ang=0). It is interesting to observe how the relative im-
portance ofM1 andE2 contributions rapidly varies as the
structure of the 2 state changes from a dominant
3d-boson FS character to a dominard-thoson MS charac-
ter. In Fig. 4c) the experimental values of the branching
ratios from the g state are compared to the corresponding
theoretical values calculated as a functior£of The branch-

2(b)] and &; [Fig. 2(c)], even though the uncertain identifi- ing ratio W (37 —25)/W,(3; —27) is reported in the
cation of the 3 level does not allow one to draw any defi- same figure; it appears to be almost constant over the re-
nite conclusion. It must be stressed that the properties rebtricted range ofé, considered since the predicted level
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crossing of the 3 and 3} doublet occurs for values of the exact 5) limit and only acquires a value significantly

£,>0.3 MeV [see Fig. 2)]. different from zero foré;<—0.2 MeV, due to the small
The comparisons given in Figs(c3 and 4c) suggest for admixture of components with the same numbed dosons

the Majorana parametef, a value slightly larger than that in the two states. The sensitivity of the calculated branching

reported in1]. This implies that the 2 state would share to ratio W,(3; —2;)/W,(3; —2;) for values ofé; around

a larger extent its MS character with thg 2tate. the one adopted ifi] (§3=—0.27 MeV) is seen to be rather
We now study the dependence on the paramgtef the weak[Fig. 5(c)]. This is due to the fact that level crossing of

37 —2] and 3 —2] transitions(Fig. 5. The (T,(E2)) the 3/ and 3, states occurs for much larger values &f

and the M1 reduced transition probabiliteB(M1) are (i.e., £&3~—0.18 MeV).

shown in Figs. &) and §b). For the reduced?2 transition To summarize, the new information given in the present

matrix element, cancellation effects adeboson number se- Work on the 2, 2, , and 3 levels in '®Ru supports our

lection rule play the same role as in FigaB As long as the previous interpretation of the character of these states.

3, state maintains its @boson MS characterég<—0.2

MeV), the M1 component of the transition to the state Many thanks are due to G. Battistello and L. Pieraccini

proceeds unhindered, whereas it drops rapidly as thst@te  for target preparation and to A. Pecchioli and M. Ottanelli

acquires a 8-boson character. As to tHd1 component of for their skillful technical assistance during the measure-

the 3] —2; transition, it would be completely forbidden in ments.
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