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Abstract Levels of Mo and Ru isotopes, excited by the reactions Zr(ct,3n)Mo, 

6Zr(c,3n)Mo, 92Mo(,n) 9 Ru, 4Mo(c,n)Ru, 

and lO0Mo((,3n)101Ru, have been studied by in-beam gaima-ray spectroscopic 

techniques (y singles spectra, beam-y delay, yy-coincidence, and y-ray angular 

distributions). • A new isomer, t112  = 8ns, is foundin 5Ru. Much of the new 

information concerns high-spin states In 95Mo, number of these states are 

predicted by calculations for the configuration 

most of the others can be accounted for qualitatively by inclusion of other 

neutron orbitals, primarily g712  and h1112  for the high-spin states. Similar 

97,99,1OL. 	101 shell-model structures are inferred 'for some levels in 	liu. In 	Ru 

and 99Ru we observed also sequences of high-spin, odd-parity states which can 

be characterized as phonon bands coupled to an 11/2- particle state. 

NUCLEAR REACTIONS 94,. 96 	 98 l00Ru ( ,3ny ) ,  929 M6(anY ) 

,cy(), ccy(t), y-coin. 95 ' 97Mo, 

959799,101R 93Ru or 	deduced levels, J, 7r 95Ru 

deduced t1,2  (level) 	Enriched targets Ge(Li) detectors 

tWork performed under the auspices of the Ti. S. Atomic Energy Coiiission. 
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1 Introduction and Experimental Methods 

In another paper1 ) we have described studies of excited states of even 

isotopes of Mo and Ru populated by the (ct,2ny) reaction The present paper 

concerns some of the odd-neutron isotopes populated by the reactions (o,ny) 

and (a,3ny) The experimental data were obtained at the same time as the data 

pertaining to the even isotopes. 

Since the methods and interpretation of the data are described in 

Ref. ]), we give here only a brief summary. Targets of Zr and Mo, enriched in 

one of the stable isotopes, were bombarded with a particles at the Berkeley 

88-inch cyclotron In most cases the bombarding energy was 30 MeV, although a 

few measurements were made at 21  and 40 MeV Although 30 MeV is close to an 

optimal energy for the (c,2n) reaction, the (a,3 1n) reaction competes toa con-

siderable extent in bombardments of the neutron-rich targets 	and 

98,100M whereas with the neutron-deficient targets 92,9Mo,  the (a,n) reaction 

competes. 

Qamina-ray spectra and angulardistributions relative to the incident 

beam direction were measured with small, planar Ge(L1) detectors. In bombard-

ments of 92Mo, nanosecond isomers were studied by measuring the decay of the 

rays relative to the arrival time of the natural beam bunches. Although the 

searches were less thorough, no isomerswere found with the other targets; a 

limit of < .16 ns can be set on the lifetimes of excited states. Level schemes 

were constructed with the aid of yy-coincidence measurements made with two 

large Oe(Li) detectQrs. The sensitivity of thesemasurements was iower inthe 

early experiments, so that only the strongest of the observed lines could be 

assigned from data obtained with the 92,Mo target. 
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The accuracy of the 1-ray energy determinations is 1.0 keV unless 

otherwise noted. The stated errors on the angular distribution coefficients, 

A2  and A4 , are standard deviations derived from least-squares fitting of the 

data. 

• 	 While writing this paper, we received a preprint of a paper by Mesko, 

Nilsson, and Hjorth2 ) describing similar studies at the Research Institute for 

Physics (Stocicho].ni) of the reactions 92Zr(c,ny), 4Zr(c,3ny), and 4Zr(c,ny). 

We have included theIr regults, which are in general agreement with our own, 

in the discussion of levels of 95No and 97Mo. 

4 
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2. Experimental Results 

2.1. 

The data and level scheme are given in table 1 and fig. 1. Mesko 

et al. ) recently studied the levels of Mo from the same reaction and also 

from the reaction 92Zr(c,n). Their more detailed level scheme is in good 

agreement with the one proposed here. From their (c,n) measurements, they were 

also able to deduce a number of additional levels of relatively low spin. Our 

tentative level at 1073 keV is more firmly established in their work, as are 

the spins of some of the levels. Our coincidence results provide additional 

support for the 3635-keV level, which they assign tentatively. 

Although the proposed placement of the 386.6-key transition is supported 

by most of the coincidence data, this placement does not explain the observation 

of 386.6-152.1 coincidences. (We do not, however, observe 386.6-348.4 

coincidences which are reported. by Mesko etal. 2 ).. Mesko et al. also note 

a discrepancy between the singles and coincidence Intensity for the 386.6-keV 

transition. It appears likely from both sets of experiments that the 

transition is a doublet, whose weaker component remains unplaced. 

In fig. 2 we compare the levels, derived from our work and that of the 

Stockholm g:bup, with the recent 	 scheme of Moorhead and Moyer 3 ) and 

with levels populated 45)  from the decay of 95Tc and 9SmTc.  The (c,xny) data 

clearly support the assignment 9/2+ for the 948-keV state, which is very 

probably the same as the state at 913. keV populated in the (d,p) reaction with 

= , but assigned as 7/2+. The repult3 of Mesko 	lend somewhat 

weaker support to a 5/2+ assignment for the 1 1 26...keV state, and suggest 

reassignment of the 1222-keV y-ray proposed as a ground state transition in 

Ref. 	In other respects there is good agreementbetween the (c,xny), (d,p), 

and EC-decay results. 	. 	 . 	. 
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2.2. 	6Zr(,3n)Mo 

Our data (table 2) support the level scheme shown in fig. 3. There are 

some differences in this scheme from that proposed by Mesko et al. 2)  from their 

study of the reaction 14Zr(,n)Mo. The 566-keV transition, which they assign 

as feeding the 1116-keV level, in our scheme feeds the 11436-keV state. This 

placement is required by our observation that the 566- and 320-keV 'y rays are 

fully coincident Reassignment of this transition casts some doubt on the 

existence of a 1683-keV level proposed by Mesko et al 

Part of the intensity of the 10214 7-keV y ray is in coincidence with 

y rays of 117 0, 278 0, 658 3, and 751 9 keV We therefore place a transition 

of this energy between levels at 21435  and 11410 keV, in addition to a 102 14 7-key 

ground state transition as proposed by Mesko et al We find the (latter) 

transition to be coincident with a weak 259. O-keV y  ray, which probably connects 

the 1025-keV state with a. state at 12814 keV proposed by the Stockholm group. 

2 Of the alternative placements proposed ) for the 80 14-keV transition, 

feeding levels at 1481 and/or 1116 keV, the latter is in agreement with our 

coincidence results, although the existence of a second transition of about 

the same energy is probable, from their measurements 2 ). A number of additional 

levels of relatively low spin, deduced from the (c,n) data 2 ), were not observed 

In our (c,3n) studies. 

The ordering of the coIncident 117.0-. and 2780-keV transitions is 

uncertain. The placement of the weak 919.2-key transition shown in fIg. 3 is 

likely from the observation of coincidences with these two y rays; it would be 

analogous to the placement of the 902-.keV transltlQn In 95Mo. We cannot exclude 

an alternative placement: between levels at 21435 and 1515 keV. However, this 

placement would be inconsistent with a spin of 15/2 for the 21435-key state. 
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The (c,xn') and 	im() 6 ') level schemes are compared. .in fig. 4. The 

only major disagreement is the absence of the 1146-keV level in the former; 

Mesko et al suggest reassignment of the 1146-keV y ray to the decay of a 
F 

1628-keV state 

6No(a,p) spectra8_10) support the assignment of levels at 680(112+), 

719, 888(1/2+), 1284(3/2+), and 1436(11/2-) keV A more detailed comparison 

awaits (d,p) spectra of higher resolution and sensitivity.  

23 92Mo+c 

Chikhladze
11 ) has reported K and L conversion lines from a (256 ± )4)-.keV 

transition excited in the reaction 92Mo(c,ny) 95Ru. On the basis of its K/L 

ratio and an approximate K-conversion coefficient, he assigned the transition 

an M2 multipolarity and hypothesized the existence of a, short-lived Isomer in 

95Ru: 256-keV (11/2-) 	ground state (7/2+). However, the ground state of 

95 	 12 
Ru has recently been shown.by Ball ) to have spin and parity 5/2+. The 

basis for the original (7/2+) assignment, which was the report 13 ) of an allowed 

ground-state 	transition from 95Tc (9/2+), has also been ±efuted). 

In bombardments of Mo with 30-MeV a particles, we have observed a 

transition of 255-keV  with a half-life of 8.3 ± 1.0 ns. This half-life is too 

short for an f2 transition; very probably the multipolarity isE2. The 

observation of two other transitions with the dame half-life plus prompt com-

ponents proves that, although the 255-key transition is indeed isomeric, it Is 

not a ground-state transition. 

These results remove the disagreement between the proposed 11/2- M2 

isomer and the 5/2+ ground-state assignment. Our proposed decay scheme is 

shown in fig. 5. The cascade of three transitions is confirmed by coincidence 
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data Another y ray of 911 keV, not in strong coincidence with other y rays, 

is placed as a ground state transition. Allfour lines are strongly enhanced 

when the bombarding energy is reduced to 23 •MeV, which supports their assign-

ment to 95Ru. The levels at 91 and 136 keV are also populated by the decay 

of 95Rh 15) and in the reaction 6R(,d) 12) 

The spin assignments of fig. 5 weremade on the basis of the (p,d) data 

and the similar structure of 9 Mo. Alternativepossible assigrmients, consistent 

with our results, are 11/2± and 15/2± for levels at 2024 and 2279-  key, 

respectively. 	 . 	. 	. 	. 

The o'berved cascade transitions do not have a 1ong-lved cOmponent,. 

such as would be expected if the 21/2+ level of 95Ru were below the 17/2+ level, 

giving rise to an Ml isomer, as in 93Mo. Preliminarytheoretical calculations l6 ) 

predict that the order of these.levels should be reversed in 951ju. 

The cascade depicted in fig. .6 was observed in the 92i + 30-MeV a 

spectra. The transitions appear to have a half-1ife of 3 ns., although this 

value is close to the limit of our time resolution. They are possibly 

93 assignable to the reaction 92 4o(a,3n)Ru,a1though their intensities relative 

to transitions in 4Ru 1) increase only slightly when the beam energy is 

increased to 40 -MeV. An alternative assignment would be to the reaction 

92Mo ( apn )9 4Tc  . . . .. . . 

2 	4No(c,n)Ru 

The data and level scheme are given in table 3. and fig. 7. Placement 

of most of the transitions is strongly supported by coincidence data. . These 

data do not yield unequivocal placements for the 189.2- and 2559-keV'y rays, 
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although they strongly suggest that the transitions do occur in 97Ru The 

189.2-keV yray apparently occurs In the decay of 97 Rh a1so'18),  and has been 

placed tentatively as a ground state transition17 ). 

With the assumption of a 5/2+ ground state for •97Ru, the spins 

indicated f or the excited states at 1422 , 879 •, and 1199keV are veil established 

by the angular distributions and decay.patterns. Spins assigned to the states 

at 18145- and 25145 kEV. are probable. The angular distribution of the 193.7-key 

y ray favors a 21/2+ assignment for the 2739.-keV  state. However, this transition 

was not found to be Isomeric (t 1/2  iOns.); If it is an E2 transition, it must. 

be  enhanced considerably relative to the single-particle estimate The 11/2-

assignment for the state at 1821 keV is speculative; alternative possibilities 

are 11/2+ or 13/2+. 

The decay of 97Rhhas been restudied recently by Anton'eva etal) 7 ). 

The only levels common to their study and ours are those at 1422 and 879 •keV. 

2.5. 	8Mo(0,3n)Ru 

The dominant cascade observed in this reaction is 

2268(19/2-) (E2) > 1572 15/2(-) E2 > 1070 i1/2() (El) > 720 9/2+ E2 > g 	5/2+ 

The ordering of the first two transitions, which is not determined uriambigously 

from the singles intensities, is supported by coincidence data taken with a 

thicker target (which results in a lower effective beam energy). The angular-

distribution data support the spin and multipolarity assignmentá. A spin of 

7/2 for the 618-key state, proposed by Kistner and Schvarzschild 19 ) from Coulomb: 

excitation experiments, is confirmed by the present measurements. Of their 

alternative assignments (7/2,9/2)+ for each of the levels at 3140 and 720 keV, 

I 
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• 7/2+ for the former and 9/2+ for the latter are in agreement with our angular 

distributions. Very weak population of the 321-keV state in the (a,3n) reaction 

favors a 5/2+ assignment over the alternative 7/2+ 19) 

Odd parity for the 1070-keV state is inferred from the absence of decay 

to either of the lower-lying 7/2+ states. Our results are summarized in table ii 

and fig. 8, which also includes a comparison with the 99Ru((,c.'y) scheme19 ). 

A comparison with the decay schemes of 99 ' 9 Rh is given in Ref. 19)  A more 

recent study 	99 of Rh (1/2-) dec 
20ay ) reveals a number of additional, low-spin 

levels between 618 and 2059 keV. 

2.6. 100Mo(,3n) 101Ru 

As in 99Ru, the most intense cascade observed in the (a,3ny) reaction 

proceeds through the 11/2- state. In 101Ru, this state lies below the lowest 

21,22 
912+ state, and consequently is isomeric, with a half-life of 17 ps 	). 

Because of this long lifetime, placement of the 8149. 5--  663.9- 1431. 14-keV 

y-ray cascade above the isomer could not be confirmed by the coincidence 

measurement, but intensity considerations allow only this placement or direct 

feeding of the ground state. The latter possibility can be ruled out, because 

it implies a 9/2+ level at 431 14  keV that almost certainly does not exist 

. 

(e.g., no state at )431•keV was observed inCoulomb excitation
19 	lOL 

) of 	tcu). 

As in 99Ru, the transitions above the 1112- state appear to form a stretched 

E2 cascade. A second, weaker cascade, 

Ml  1861 (15/2+) 	2) > 1001 1112+ E2 > 307 7/2+ 	> g s 5/2t, 

is also constructed from the coincidence and angular distribution data. 
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Our data yield additional information about some of the levels •  

populated by Coulomb excitation 19 ). The spin of the 312-keV state (5/2) is 

confirmed, however, our data give strong preference to a spin of 9/2 rather 

than 7/2 for the 720-ke'V state. Of the spins 5/2 or 7/2 proposed 19 ) for the 

state at 545-keV, the latter is more probable from our measurements. 

Table 5 and fig. 9 summarize our results and compare them with the 
101 	 19 101 cx Ru(ct,'y) scheme ). Studies of the decay of 	Tc and the two isomers of 
101 

give evidence for additional levels at 639 and 8I3 keV 19) 
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3. Discussion 

Even-parity levels of 95Mo and 97Mo have been calculated232) for the 

configurations (p1/2 ) 2 (g9/2 ) 2(vd5/2 ) 3  ( 95Mo) and 

(p1/2)2(g912)2(vd512)_1 97Mo) 	Calculated levels of 95Mo 2) are included 

in fig. 2, and we have also indicated some correspondences with observed 

levels: solid lines connect the first or second level of a given spin with the 

corresponding calculated level; dashed lines represent a possible similarity 

between the n th calculated state and the mth observed state of a given spin, 

n 0 In. 

One evident failure of the calculations is the prediction of too few 

levels below lMeV 2321+) Another, involving the present results, is the 

prediction of lowest 7/2+, 11/2+, and 15/2+ states at too high an energy. A 

plausible explanation of these difficulties can be made in terms of neutron 

orbitals that are outside the configurationspace of the calculations. The 

observed states 766 keV 7/2+, 15 1 1kéV 11/2+, and 2233 keV (15/2+) can probably 
2* 

be assigned predominant configurations 	 Configurations. 

of this type have been suggested by Mesko et al from the decay patterns of the 

states 2 ). The implied "g712  sing1eparticle" configuration for the 7/2+ state 

was previously rejected2) because of weakness of the £ = 4 (d,p) transition, which is 

largely masked by the strong £ = 0 transition to the 786-key state 9 ). More 

recent (d,p) data3 ) resolve the two transitions. The spectroscopic factor for 

the 7/2+ state is indeed low (0.18). 	. 	 . 	• 

Here and in the following discussion, we usually omit the configurations of 

paired particles.. 	. 	.• 	. 	 . 	. . 	. 	. 	. 	. 
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However, 	S(d,p) for all 7/2+ states below 3. 5 MeV is only 0 35 3), 	that 

half of the observed g712  strength is accouxxted for by the 766-key state. 

Other high-spin states observed in the present study are in good 

agreement with the..calculated states. 	 . 	. 

Low-lylngl/2+ states at 786 and I 039keV contain most of the s112 

strength (S(d,p) = 0.59 and 0 .19, respectively3 ). The occurrence of at least 

one of these below, the lowest calculated 112+ state is thus ascribable to 

neglect of the Vs112  orbital in the calculations. The 3/2+ states at 20 1  and 

1370 keV and the (5/2+) state at 1126 keV appear to correspond with cal- 

culated states. All three have low (d,p) spectroscopic factors 3 ), consistent 

with the prediction that they are predominantly seniority-3 states24). The 

state at 81.-keV (probably 5/2+) is populated with moderate intensity by the 

(d,p) reaction (S = 0.17 compared to 0.59 for the ground state 3 )). The state 

thus contains some single...partjcle d 52  strength, although the nature of larger 

components of the wave function is unknown. 

The odd-parity states. t1938.keV 11/2-and 2611 keV (15/2-)] may be 

assigned configurations (Vh11/2)(vd5/2)2 + (Vd 5,2 ) 292 (octupol e  vibr ) 3  

The former type of configuration has been suggested by.Mesko 	2) The 

spectroscopic factor for the 11/2- state (S(d,p) = 0.26) indicates that it 

contains a considerable portion of the Vh11,2  single-particle strength. 

Figure 4 includes levels of 97Mo calculated by Bhatt and Ba1l2). ' One 

prominent discrepancy between the calculated and observed levels which was not 

found in 95Mo is the absence of the low-lying 3/2+ state in the calculated 

spectrum. This state, discovered by Mesko etal, in the Zr(c,n) reaction 2 )', 

was not observed in the 6MO(d,) reaction 3 ), and should thus be a multiparticle 
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state It is very likely assignable to the same configuration as the first-

excited state of 95Mo, (vd512 ) 12 	Its existence is further evidence against 

good closure of the d 512  shell at N = 56 in Mo 23925) Occurrence of a probable 
. _..L. ------------- 
saie at aDOUt the same energy as the one in 	is also likely due to 

this effect, since 21/2 is the highest spin attainable with the configuration 

(Trg9/2)2Cvd5/2)_1 The marked overall resemblance of the level structure of 

97Mo to that of 95Mo is strong evidence against a single d 512-hole confIuratjon 

in 9TMo. 

In spite of the apparent inappropriateness of the neutron configuration 

(d512 ) for 97Mo, the calculations based on this configuration predict rather 

closely the energies of thel3/2+, 17/2+, and 19/2+ states. This Is not 

unexpected in.vjew of the fact that the lowest calculated states of these spins 

in 95Mo have predominant components of the type 

that is, they are of seniority-one in the neutron component, and thus similar 

states should exist in 97Mo. More surprising, in view of the above dis-

cussion of 95Mo, is the rather good agreement for the 15/2+ state. 

The observed levels of 97Ru appear quite similar to those of the Mo 

isotopes, the only major difference being the observation of a probable 21/2+ 

state in place of the 19/2+ states of 95Mo and Mo. As diøcussed in the 

previous section, this spin assignment, based on an angular distribution, seems 

questionable on other grounds; a spin of 19/2 for the 2739-key state Of 97Ru is 

by no means excluded. The occurrence of the lowest 7/2+, 11/2+, 15/2+, and 

11/2- states at somewhat lower energiós in RU is consistent with the above-

suggested configurations for these states in 1'Io and the reasonable supposition 

that the \)g712  and Vh11/2 quasiparticle energies are lower in 97Ru. 
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Although the structures of 99Ru and 101Ru tend to bt more collective, 

the same trends can also be seen in these nuclei. Thus. the lowest 7/2+ states 

are connected to the ground states by small E2 matrix elements 19 ), which 

suggests -  that they are Vg 	 excitations rather than mernber; of a phonon 

miiltipiet. The 11/2+ - 7/2+ and (in 101Ru) 15/2+ - 11/2+ spacings are also 

95 similar to the.nes observed in 	consistent with assignments 

(vd 5/2 ) 21 (vg7/2 ) for the 7/2+, 11/2+, and 15/2+  state3 The 13/2+ - 9/2+ 

spacings are also similar to those of 95Mo. However, the lo'west.9/2+  as well - 

as the second 5/2+ and 7/2+ levels lie considerably lower i)I 99Ru and 1011ju than 

in the Mo isotopes; therefore these states. are probably more collectve than in 

Mo isotopes. This is analogous to the trend in the 2+ states of the neighboring 

1 	 - even nuclei  

The most notable difference between our results for 99Ru and 101Bu and - 

those for the other nuclei is the predominant population of odd-parity states. 

This is undoubtedly due to the marked lowering of the Vh 11/2  quasiparticle 

state and related excitations, which places these states below the even-parity 

states of the same spin. - 	- 	 • 	- 

The odd-parity sequences in 101Ru and 99Ru appear to be a good example 

of phonon-coupled bands (see fig. 10). The resemblance to thesequences 

6+ -> I+ 	> 2+ -> 0+ in 102Ru and 100Ru (even to the extent of similar 

angular distributions of the transitions) supports an intepretation of these 

states as (maximum-spin) oner-, two-, and three-phonon excitations based on-the 

particle sLate. By contrast, Coulomb--excitation results indicate that 

the low-lying, even-parity states are not simply characterized by the weak- 

19 ) coupling model as one-phonon excitations based on the 5/2+  ground_states. 
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A plausible explanation of this difference is the dominance of the (vd 512 ) 

configuration in the phonon, which would result in even-parity states whose 

• character is intermediate between that of the weak-coupling description and a 

multiparticle,.(vd 512 ) 3  configuration, subject to the exclusion principle. On 

the other hand, the (\h1112 ) 2  configuration is probably not a major component 

of the phonon structure, and thus the weak-coupling módél should be more 

appropriate to the odd-parity states. This finding is also. in accord with the 

26 	 . 	. 
prediction of Kisslinger ) that coupling of phonons to the high-spin, opposite-

parity orbital of each major shell, should be weak. 
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FIGURE CAPTIONS 

Fig. 1. Levels of 95ko observed in the present experiments. Spins in brackets 

2 are those given in Ref. 
).. 

Fig 2 Comparison of Mo levels observed in (ct,xnI) reactions (present 

measurements and Ref. 2)), the 	 reaction 3 ), radioactive decay'), 

2)4 
and calculated ). The indicated correspondence between observed and cal-

culated levels is discussed in section 3 

FIg 3 Levels of, 97Mo observed in the present measurements Spins in brackets 

are those given in Ref. .2) 

Fig 4 Comparison of No levels observed in (ct,xny) reactions (present 

. 	 ,7 	 • measurements and Ref. 2 )), radioactive decay 	) 	
2, and calculated ). The 

indicated correspondence between observed and calculated levels is discussed 

in section .3 

Fig. 5. Levels of, 95Ru observed in the reaction 92Mo(a,ny). 

Fig. 6. Levels of (
93 	9 

Ru or .Tc(?)) deduced from y-ray measurements in 

bombardments of 92Mo 
with 30-MeV a particles. 

94 Fig. 7. Levels of 97Ru observed in the reactionMo(c,ny). 	. 

Fig. 8. Levels of 99Ru observed in the reactions 	 (present results) 

and 99Ru(cz,cx'y) (Ref. 19)) 

Fig 9 Levels of 101Ru observed in the reactions 100Mo(c,3ny) (present results) 

and 101Ru(c*,cOy) (Ref. 19)) 

Fig, 10. Comparison of odd-parity 
. t 'phonon" bands in 101Ru and 99Ru with the 

ground...state bands of the neighboring even nuclei 
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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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