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Abstract 

Excited states of 92,914996,98M and 94,96,98,l0O,lO2.R were studied by 

in-beam y-ray .  spectroscopy The decays of levels populated by the (c,2n) reaction 

on even isotopes of Zr and Mo were studied by measurement of the y singles 

spectrum, beam-.'y'-delay, yy-coincidences (prompt and delayed), and y-ray angular 

distributions The most notable new feature of these experiments is the use, 

in-beam, of a sensitive coincidence technique, employing two Ge(Li) spectrometers 

in conjunction with a two-parameter incremental data-acquisition system, to 

establish the placement of weak transitions The level schemes are compared 

with previous studies of these nuclei A considerable number of new levels, pre-

dominantly of high spin (I > 6), were observed 

The observed levels are analyzed in terms, of systematics and, where 

available, detailed shell-model calculations A general description in terms of 

excitations in the low-lying orbitals outside a 38-proton + 50-neutron core 

appears adequate to explain much of the data, particularly in those nuclei near 

the 50-neutron shell. The dataare also compared to recent macroscopic calcu-

lation of quasi-rotational bands, the VMI model. 

The observed spin distribution in the residual nuclei indicates a net 

loss of angular momentum in the emission of neutrons and/or unresolved y rays 

tWork performed under the auspices of the U S. Atomic Energy Commission 
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Calculations based on a microscopic model for neutron evaporation suggest that, 

with a moment-of-inertia parainetera'= 0.5 rigid' the angular-momentum loss 

can be accounted for entirely by theneutrons, whereas for 	0.5 rigid' 
some of it must reside 	 fv y 

IUCLEAR REACTIONS 

E 
	measured E1 , I, -y(0), a-y(t), yy-coin 	92,94,96,9 

deduced levels, , ff. 
92,94 

Mo, 94Ru 

deduced t1,,2  (levels). Enriched targets. Ge(Li) detectors. 
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2. Experimental Procedures 

2.1. TARGETS AND BOMBARDMENTS 

Targets of isotopically enriched, even isotopes of Zr.and:Mowere 

irradiated with c#. particles at the Berkeley 88-inch cyclotron to produce 

excited states of Mo and Ru nuclei via (x,xn) reactions. In most measurements 

an cs-particle energy of 30 Mel!, near the peak of the (ct,2n) cross-section, was 

used; in a few the beam energy was 24 or 4Q  MeV Most of the targets were in 

the form of powdered oxide affixed toa 1/4-mi1 mylar strip with a dilute cement 

solution. Target thickness, 	5-20 mg/cm2 , was sufficient tb.stop recoiling 

reaction products, while degrading the beam energy oiuly.a.fewMeV. Afewofthe 

observed y rays were common to most spectra: 110., 197,  and 1236 keV ( F) ); 

18 and 97 keV (18F)); •1887keV (18Ne)5); 215 and 1226 keV (19N)6)  All these 

can be accounted for by c*-particle reactions on 160 in the targets. Metallic 

foils (of 8 
 Mo and 100Mo) were used in some experiments, with the resultant 

elimination of. these impurity lines. Annihilation quanta., arising both from 

the build-up of positron emitters (delayed.) and from pair production by high-

energy gamma rays (prompt) were observed in all targets. 	 . 

The cyclotron beam-line donfiguration is shown in fig. 1. The absence 

of slits in the vicinity of the target and the large shield ahead of the beam 

stop reduce the background from neutrons and y rays to a negligible level 

with an empty target frame in place. Some background, principally from neutrons 7 ), 

results from interactions in the target itself. 	 . 

2.2. y-RAY 'iERGIES, INTENSITIES, .AID HALF-LIVES 	 . . 

Spectra were measured with small, planar: Ge(Li) detectors ( 5 cm3 ), placed. 

close to the target at 126 0  to the incident beam direction in order to reduce 
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the effect of angular anisotropies (P 2 (cos 126 ° ) = a) ¶Lrpical resolution was 

1.5 keV at 100 keV and 3 lceV at 1 MeV. The basic electronic áonfiguration 

(fig. 2) is a modified versionôf that described in ref. 7. A.  conventional high-

rate amplifier system 8 ) provides, an energy signal, while a time signal is pro-. 

duced by a time-to-amplitude converter (TAC) started by the y-ray pulse and 

stopped by a (delayed) pulse generated at the upward zero-crossing point on the 

cyclotron RF voltage The time signal is further processed in two ways 

1. An "energy-walk" compensator corrects for the energy-dependent time 

shift introduced by the leading-edge discriminator 9 ) 

2 Variations in the RF phase relative to the arrival of beam bunches 

at the target are compensated by a variable-baseline feedback loop, 

which stabilizes the position of the prompt y-ray peak in the time 

spectrum. 

The lower limit of detectable half-lives, 2 to 3 ns, is determined pri-

marily by the time resolution of the detector-electronic system The upper 

limit is determined by the time interval between beam bunches, 1/VRF, = 163 ns 

for a 30 MeV c-partie1e beam y  rays with lifetimes much longer than this 

(including transitions which follow beta decay of radioisotopes produced in the 

target) appear to have an intensity constant in time In one experiment, we 

used the microsecond-pulsed beam at the Berkeley HIIAC. to measure a 77 ps half-

life. 	 . 	 . 

The following procedure was adopted for the measurements of y-ray ener-

gies, intensities, and lifetimes 	The energies and total intensities for an

.90 
energy range 0 to 2 MeV (a to' 3 MeV in the case of Zr and 

92
Mo targets) were 

first measured as a 4096 channel singles spectrum (Energy and intensity cali-

brations were done in separate measurements with radioactive standard sources ) 
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Next, isomeric transitions were sought by measuring 2-dimensional energy vs. 

time spectra, with 512 channels on the energy axis to cover intervals of 600 

keV and 8 channels to cover the time interval during and between beam bunches. 

If isomeric transitions were observed, they were further studied in measure-

ments of small energy intervals by employing more channels on the time axis. 

The estimated precision of our energy measurements for strong transi-

tions, 	0.1 to 0.2 keV,. is consistent with the observed agreement for crossover- 

cascade relationships. However, the use of.external calibrations introduces 

additional, systematic uncertainties into the absolute energies. We feel that 

a standard error ±1 keV on all y rays is a reasonable estimate of the overall 

uncertainty. Energies measured in our experiments are given on the decay schemes. 

Where more accurate values are known, they are referred to in the text. 

All spectra were analyzed with an on-line shape-fitting program 10 ) on a 

CDC-6600 computer. 

2.3. yy COINCIDENCES 

A smaller chamber, which permits positioning of.both detectors close to 

the target, was used in most of the yy-coincidence measurements. The two detec-

tors were placed at right angles to each other and to the incident beam: a 

downward-facing 12 cm 3  planar Ge(Li) detector and a horizontal 35 cm3  coaxial 

Ge(Li) detector, for which the source-to-target distances were about 1 cm and . 

3 cm, respectively. 	 . 

The e1ectronics circuitry is similar to that shown in fig. 2,  except 

that the "stop" signal for the TAC is provided by the second detector, "energy 

walk" compensation is provided for both detectors, and no time stabilization is 

needed. When a coincidence occurs within one or two adjustable windows on the 
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time spectrum, the enerr signals from each detector are analyzed in a multi-

plexed 1 096-channel ADC Normally, one of the time windows is centered on the 

prompt coincidence peak, and the second is set to record "chance coincidences" 

between y rays produced by adjacent beam bursts, events delayed by LT = 

The observed true/chance ratio was lOO. Delayed coincidences can also be 

recorded by setting one of the time windows slIghtly off •the prompt peak. 

Channel numbers corresponding to the energies of each y ray, and a flag 

indicating whether the event was a "true" or "chance" coincidence, were stored in 

the buffer memory of a PDP-5 computer and periodically written onto a magnetic 

tape. A. total of 10 eventswere recorded for each:target. The tapes were 

later scanned on the CDC-6600 computer to produce spectra from one detector 

coincident witha' specified trsnsi.tion in the other. These spectra, corrected 

for chance coincidences and background in the gating detector, were then analyzed 

in the same manner as the singles spectra In order to establish quantitative 

coincidence relations, the coincidence intensities were corrected for detector 

efficiencies and normalized to the singles intensity of the strongest well-

established cascade in each nucleus. 

As described below, the coincidence results were in most cases. crucial 

to the assignment of weak transitions to the correct reaction product, as well 

as to the cOnstruction of level. schemes. The sensitivity Of these, measurements 

therefore sets, limits on the placement of weak transitions. Coincidences between 

two high-enerr ( 1 MeV) y  rays could in general be ascertained if their coinci-

dence intensity were greater than 5% of the strongest transition in the spec-

trum. Better sensitivities were bbtained fdr' highlow cOincidences (low 200 keV) 

or low-low , about.l% and 0 .2% . cOn'ideime' int.enit, respectively. 
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2.4. ANGULAR DISIBUTI0NS 

Angular distributions relative to the incident beam were measuredvith 

the detector configuration shown in fig. 1. Measurements were made with the 

movable detector at 6 or 7 different angles between 900 and 157 °  to the incident 

bem. A second, fixed detector at 45 0  provided normalization to correct for 

'beam intensity variations. Spectra from the two detectors were reôorded simul-

taneously, and the dead-time in each counting system was monItored by adding 

the same number of pulser pulses to each.spectruni. 'After analysis of the spectra, 

the relative intensity of a given transition at each angle was simply computed 

as 

cM 
w (0) 	Y 	X pulser 

y 	pulser 

where C is the number of counts in a y-ray peak and the M's and F's refer to 

the movable and fixed detectors. The sum on cF is taken over the strongest 
I 

y rays from the desired reaction. 

The resulting angular distributions were fitted by, least squares to the 

expression 

w(e) = const X [ + A2P2 (cosQ) + A4P4 (cosO)] 

The values of A2 , A )4 , and the standard deviations are given in Tables ito 9. 

Because we did not measure intensities at angles greater than 157 0 , the 

uncertainties in the small A 4  terms are large. The distributions were also 

analyzed on the assumption that A4  = 0. Since this did not greatly affect the 

values derived for A2  we do not quote these values. 



Interpretation of the angular distributions in terms of nuclear structure 

is considered below. The influece of relaxation effects is also important, 

especially since our targets were such as to retain poorly the nuclear alignment. 

A crude measurement of time-differential angular distributions for isomers in 

Mo yields a relaxation lifetime of a few nanoseconds Since this is about 

equal to the best time-resolution obtained in these experiments, there may be 

considerable attenuation of the angular distributions even if.a y ray is not 

measurably delayed.. Although the systematics of these reactions would lead one 

to believe that, exclusive of a few lo-lying isomers, the lifetimes involved 

should generally be shorter than 10 -10  s 
II ), we cannot be certain that in all 

cases the observed distributions are not subject to attenuation 

2. 5. ASSIG11MENT OF TRANSITIONS MW CONSTRUCTION OF LEVEL SCHEMES 

In general, the strongest transitions observed may be assigned to the 

• predominant (a,xn) reaction product expected at a given bombarding energy. Of ten 

one or more of these corresponds to a known transition; for instance, the first-

excited to ground-state transition in an even nucleus is invariably the strongest 

one observed, and in most cases its energy is already known. If one of the known 

transitions follows an isomer, the lifetime of the isomer provides a unique clue 

to the assignment of other delayed transitions 

In the'absence of isomers, most of our isotopic assignments were derived 

from the coincidence results In some cases, variation of the bombarding energy 

or target thickness was used to make assignments. Although variations in the 

reaction energy do cause changes in the relative intensities of transitions. 

within the same nuc1eus, due both to.energy and angular momentum effects, these 

are generally found to be smaller than the variations between y rays assigned 
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to different reaction products Experimentally, we have found that assignments 

based on such excitation considerations almost always agree with those derived 

from the coincidence results 

When a cascade has been established from a coincidence measurement or 

the occurrence of several transitions with a common half-life, the ordering of 

transitions is usually obvious from the relative intensities. If an isomer is 

present, the isomeric transition is easily distinguished from following transi-

tions by the absence of a prompt component. Cascade-crossover énerr relations, 

so useful for constructing radioactive decay schemes, are of little helpin the 

present experiments. The number of such relationships is small, and the number 

of y rays observed in a typical spectrum, on the order of 100, guarantees 

that a large fraction of these are accidental. 

The assignment of spins and parities poses the most difficult problem. 

These must be inferred from y-decay patterns and y-ray angular distributions.. 

The main difficulty in the interpretationof the angular distributions 

is that the spins involved are underdetermined by the data The theoretica± 

description of these distributions 12 ) yields possible values of the experimentally 

determined coefficients A2  and A 4  in terms of the initial and fial spins (i i , I f ). 

the multipolarity (and mixing ratio) of the transition, and the alignment of the 

initial state 2' ct L). Even if the alignment and final spin were known, a 

definite prediction of I. from the measured A 2  and A4  would be pcssible only 

under the assumption that the transition had a pure multipolarity. In the pre-

sent case, the aligzrnent is not known. Another difficulty Is thatis usually 

much smaller than 2 
	so that the measuredA 4 1 s are small and often zero 

12 

within experimental error. 

16,  

AP 
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In spite of these difficulties, angular distributions have proven useful 

in this type of experiment 7 ), because of the fact that the major de-.excitation 

paths seem always to consist of stretched, downward cascades (I 	I f  = 	- 

Under this restriction, the sign of A2  Is sufficient to determine whether 

= 1 or 2 and, consequently, the spin difference I. I. Also, If 	= 2 

and the transition is not isomeric, it may usually be assumed to be an E2 rather 

than an M2 transition. 

Additional inferences may be made from the fact that alignment is approxi-

mately preserved*  in a stretched,.downward cascadewith no side feeding 12 ' 13 ). 

Even in the presence of considerable side feeding, one finds that the transitions 

in the commonly observed cascade 

8+ - 6+ - 4+ - 2+ - 0+ 

have approximately the same distributions. 

We have used extensively considerations of the type discussed above to 

estimate spins of strongly-populated levels. For weaker transitions, such simple 

assumptionscannot be expected to hold; in fact,, we find that the assumption of 

stretched, downward transitions frequently leads to self-contradictory sets of spin 

assignments. In general, the spins of more weakly populated levels are uncer-

tain, but may usually be Inferred within one or two units from the de-excitation 

pattern. 	 ' 

* 
More precisely, all R. = 1 transitions will have the same value of A 2  and all 

= 2 transitions the same values of A2  and A. The alignment 2' 	) Is lowered 
12 slightly by each transition see formulas in ref. 	)). 
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In the following aection, y -rays assigned to each even reaction product 

are summarized in a table. y ray's assigned to neighboring odd-neutron isotopes 

have been omitted; these are discussed in a separate paper 2 ). Deductions con-

cerning the assignment and placement of transitions are given in.the last two 

columns of the tables; the absence of a comment in the last column indicates that 

the assignment is thought to be certain. Spin assignments are given on the 

level schemes and discussed in the text; spine in parentheses are probable, 	. 

while those given in brackets are more speculative values based only on decay 

patterns and level systematics. 
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3.1. 99Zr(0,2n) 92Mo AND 92Mo(cL,2n)9Ru REACTIONS 

A summary of the results for these 50-neutron nuclei has already been 

published Ina•preliininary communication1 ). The data are given in Tables.1 and 

2 and the level schemes in fig. 3. 

It should be noted that the coincidence measurements were of lower sensi-

tivity than those for other reactions studied in this work. We note also that the 

angular distributions of delayed transitions were measured with a prompt time 

gate of 20 ns width Under this condition, the anisotropies of transitions 

with strong prompt components (329.7, 773, and 1511 key in 9; 755 and 128 keV 

in ' R) are attenuated slight1y, while those of the pure 8.8 ns transitibns in 

Mo, which have weak prompt components, are strongly attenuated. 

The level assignments (fig. 3) have already been discussed in detail 1 ). 

Other information on levels of, Mo derives from the EC + 	decay of 92TC1)4) 

and inelastic scattering reactions (p,p'y) 15-17 
 ), (a,c* , 1 ) ), and (d,d, ) 19 ). The 

decay of 92Tc (I = 8,9+) populates predominantly the 2762 keV 8+ level The 

energies of transitions following, the decayof this levelare in good agreement 

with our results. From 92Tc decay the half-life of the B-i-level has been deter-

mined as.l92 ± 7 ns, and that of the 261 14-keV level as 1.50 ± 0.15 ns). 

The 5- state and all of the even-parity states that we observed in Mo 

have also been seen in scattering reactions Numerous additional 

states have been seen in the (p,p') and (cx,c') studies, the only apparent over-

lap with our results involves a 3- level at 281i.9 ± 2 keV which .decays to'the 

1511-key state by a 1340-keV -y ray17 ), possibly identical to the 1338-keV y 

ray which we observe but have not placed in the level scheme An alternative 

placement for this transition between a level near 1096 keV and the 8+ level is 
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14 suggested by the 92Tc decay scheme). With this possible exception, none, of the  

proposed states between 4 and .7 MeV populated weakly in the decay of 92Tc were 	.' 

observed in our experiments. Our data are presently the only results on the 

94 
excited levels of 	Ru. 	 . 	. 	. 

- 94 3.2. 	92Zr (,2n)M 	 . 	. 	 . 

This is the only even nucleus with N > 50 in which we find an isomer 

(t112 	5 ns). Its half-life, as derived from a weighted average of the half- 

lives of the delayed transitions, is (109 ± 10) na. 	. 

The level scheme is shown in fig. 4. Absence of prompt components in 

the decay of the 83.6- and 531.9-keV, transitions indicates that these proceed 

directly from the isonieric level. Placement of the transitions of 202.8, 292.8, 

305.6, 365.2, 484.5,  598.4, 911.6, 91.3, and 1052.3 keV above the isomeric level 

is supported by. (y)(delayed-'y)_coincjdence measurements. Prompt coincidence spec-

tra lend some support to the placement of the 727. 1 _ and 1166.3-keV transitions. 

The placement of most other y rays is well established by coincidence rela-

tions, except for the 61.7-, 261.7-, 385.1, and 1868.9-keV transitions, which 

are tentatively placed on the basis of energy differences only. 	 . 

Transitions of 1149.2 and 532.1 keV have been observed 21 ' 22 ) in the EC 
+ 4 )  

94 decay of 5-hour 	(I = 6,7+). Aras etal. 21 ) assign the 11)49-keV transition 

to the 2870-keV level and have not assigned the 532-key transition, .whereas 

Barette 6t al. 22.)  place both transitions differently than we do. It seems likely 

that these two transitions' are identical to the 448.- and 531.9-keV transitions 

which we observe in the (c,2n) i'eaction, i.e., that the isomeric level is popu-

lated by Tc decay. This implies that the placements pr.oposed by Earette et al. 

are incorrect.. It should be noted that the more precise y-ray energy measurements 

20 	 . 	 . 	. The'value reported in ref. 	) (86 ns) contains a calibration error. 	. 



• 	 . 	•-15- 	. 	. . 	. 	 UCRL-19986 

of Barette et al. indicate that our values are systematically low, by about 

0.8 keV at 800 keV. 

The spin assignment of the isomer may be derived as follows: Spins of 

the levels at 870 keV (2+), 1572 key (14+), and 21421  keV (6+) arealready well 

established2325 ' 21 ). The 5319-keV transition, feeds the 6+ state;, its partial 

lifetime indicates that it is either an M2 (0.06 single particle units26), or. 

an  E2 (1.7 X10 3  spu Y. The spin-parity of the isomei is thus 8-or 8+. The 

83.6-key isomeric transition is a pure E2, according to its conversion c'oef-

ficient.: (Its partial lifetime corresponds to enhancement by a factor of.2 over 

the sirgie-paiticle E2 va1u2).. The'spin of the 2870-keV level is thus. 6, with 

the same parity as the 2953-keV level. 	. 	. 	 . 

The large retardation that would be implied by the lifetime of the 

531.9-key y ray if it were an E2 transition seemed so improbable that we had 

previously made a definite odd-parity assignment to the isomeric level 20 ). How-

ever, on the basis of theoretical considerations, Ball proposed recently that 

these levels might have the two-proton configuration (g912 ) 2  8+, 6+, while the 

21421-keV 6+ state is predominantly a (d 512 ) (g712 ) two-neutron state27 ). In 

this hypothesis, retardation of the '531 .9-key transition and enhancement of the 

83.6-keV transitions are to'be explained by the predominant proton or neutron 

character ofthe states. The observation of states at 2875 ± 5 and .2960 ± 5 keV 

populated strotigly by the reaction 93Nb( 3He,d) withk 
	1428): supports this 

hypothesis, if indeed these are identical to our 2870-keV and 2953-keV states. 

On the other hand, this hypothesis does not explain well the absence of a.transi-

tion from the 2870-keV state to the 1572-key 14+ state. The question of the 

parity of these.states remains to be resolved by.rneasurement, of thé \ conversi'on 

coefficient of the 531.9-key transition. . . 	. 	. 	. 
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The state at 2608-keV is assigned (5-) by ana1or with the (g912 ) (p11 ) 

proton states, observed in the 50-neutron nuclei at about this enerr. This 

assignment is also supported strongly- by the observation of the state in the 

( 3He,d) reaction with k = 128). The anar distribution of the 1036-key y 

ray from this state also yields a spin of 5 upon the assumption that it is a 

"stretched downward" transition. With the same assumption, levels at 3357 and 

3364 keV can be assigned tentatively as 8+ and 7- states on the basis of the 

angular distributions, while the 3894keV'.leve1 is assigned a spin of 10 and 

the same parity as the isomeric state, to which it decays Rough estimates may 

be made for other levels on the basis of decay patterns 	3318 keV (I = 8 to 10), 

3803 keV (I = 9 to 12), 4005 keV (I = 8 to 10), 4187 keV (I 	11,12), and 

4493 keV (I = 10 to 12). 

94 	 3 	 2 
i Some other levels of Mo have been seen n the ( He,d) reaction ). One 

of these, an even parity level at 2295 ± 5 keV, may be identical to our tentatively 

assigned level at 2300 keV A number of low-spin states, observed in the decay 

of 52 minute 94mTC (I = (2+) 2122) are not appreciaby populated by the (,2n) 

reaction In particular, the second 2+ state at 1864 keV is populated with an 

intensity < 2% of the. 870 keV state. A 3- level at 2.59 MeV, populated in 

the (d,d') reaction 19 ), is fed with an intensity .  3% in our experiments. . 

Transitions in 4 
 Mo populated by (a,xn) reactions have also been studied 

at the Research Institute for Physics in StockhOlm. A preliminary 'report of this 	' 

work2 ) includes a scheme of the more strongly populated levels in agreement 

with fig. 4. . 	. 	. 	. 	 .,. 

t 

011  
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3.3. 	Zr (,2n) 6M 

The predominant de-.excitation path in MQ is 

3787 (10+) (E2)> 2979 8+ E2 > 214141 6+ E2 > 1628 14+ E2 > 778 2+ 	gs 0+ 

From the angular distribution data, the spin-parity assignments are quite certain 

for all but the weakly populated. (10+) state, for which the assignment, is quite 

probable. A second observed branch is 

3916 	> 3370 (8+1) (E2) > 2441 6+ 	> etc 

where the spin-parity of the second 8+ state is also quite probable (from the 

angular distribution of the 929.3-keV y ray). Higher lying, weakly populated 

states at 14533,  4584, and 4795 keV probably have spins > 10 

A number of lower-lying states which receive moderate-to-weak feeding 

can best be discussed with reference to existing information on the decay of 

6T (+), 	(14+), and 96In 
 (6+)). The 1 1498-keV 2+' state is well 

estcthlished 30 ' 35 ), in addition to the 719 9-keV transition to the 2+ state, it 

decays to the ground state by a transition toO weak to be observed in our spec-

•tra. Well-established levels at 1869, 1978, 2439, and 2754 keV have been assigned 

spin-parity 14+, 3+, 5+, and 6+ respectively 30 ). Besides the transitions shown, 

in fig 5, these states also decay by a number of weaker transitions observed 

only in radioactive decay studies. Their spins seem quite well estab1ised 

from the beta feedings and decay patterns 30 ), conversion coefficients 32 ' 33 ), and 

* 	 . 
While there has in the past been some disagreement on the spin-parity a3sign- 

ments 32 ' 33 ), those reported by Monaro etal 30) 
 seem quite firm on the basis of 

all decay data and the present results 



-18- 	 UCRL-19986 

yy-angular correlations' 68 ) It is interesting to note that, if the spin 

assignments are correct, our angular distributions indicate that the 2 1 39-keV 

5+ state is strongly aligned by the (,2n) reaction, whereas the 1869-key +' and 

275 14-keV 6+' states are not 	The lowest 1+  and 6+ levels, strongly populated 	
S. 

by the (,2n) reaction, are by contrast.quite strongly aligned. 

A very probable state at 2219. key (4+") and atentative state at 

2875 keV (7,8+) have also been reported 30 ) The former, populated in the decay 

of both 6Tc. and 96, was not observed in the (,2).reaction. The latter, 

if it exists, decays predominantly to the 2 1 1-keV 6+ state by a 1 34.8-keV transi-

tion The weak y ray which we observe at this enerr shows weak coincidence 

relations that would be consistent with this placement. However, a spin-parity 

of 8+ for the state seems unlikely, since there are at least one and possibly 

two 8+ states at slightly higher ener&y. 7+ seems unlikely on grounds of syste-

matics (see discussion in following section) 

A striking difference between the (a,2ny) level scheme for 6 
 Mo and those 

for 92,94M and 	' 6Ru is the absence of strongly popiilted odd-parity states, 

particularly the regularly occurring 5- state. We have considered the possibility 

that the 2439-key level is a 5- rather than a 5+ state This would be incon-

sistent with the conversion coefficient of the 569 l-keV transition 32 ' 33 ), except 

in the unlikely event that this transition were an El with a large M2 admixture 

A further consequence of .a 5- assignment to this level would be an odd-parity 

assignment for the •1978-keV spin-3 level. This is also highly improbable, both 

, because of the conversion coefficient of the 1200.1-keV transition 32,33  ), and 

from the fact.tha.-t a different 3- state at 	2.25 MeV has been identified in the 

96Mo(d,d)19), and 	 reactions 
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The only remaining candidate for the expected 5-. state is the 273-keV 

level. The angular distribution of the 1105.8-.keV transition from this state 

indicates a possible spin-5 assignment, and we have tentatively assigned it as 

the 5- state. On this hypothesis., the "probable" level at 3473  keV has a decay 

pattern consistent with that expected for a 7- state 

Meskoetal. have proposed a level scheme ) for Mo based on their 

(o,2ny) measurements and level schemes derived from radioactive decay studies 

and recent Mo(n,y) results ). 

There is general agreement with our level scheme, although Mesko et al. 

do not report the levels at 3370, 3916, 4533, 45814, and 4795  keV The only 

disagreement concerns placement of the 1106-keV y  ray.  

A number of additional, weak transitions in the scheme of Mesko et al 

were not observed by us. Since these depopulate states of relatively low spin, 

they may be accounted for by the lower bombarding energies used in some of the 

Stockholm experiments. 

3.14. 	6Zr(a,2n)Mo 

The coincidence data were essential for the resolution of some transitions 

in 
8 
 Mo from interfering radiations. With the bombarding enerr 30 MeV (and a 

thick target), the cross-section of the 6Zr(a,3ny) reaction was found to be 

35% of the (c,2ny) cross-section A particular problem arises from the fact that 

transitions of 723 keV and 752  keV were found to occur in both 97Mo and 8Mo. 

The weaker components of each of these doublets (752. 8 keY in 8Mo and 723 1 keV 

in 1Mo).were detected only in the coincidence spectra. The transition of 510.5 keV, 

obscured in singles spectra by annihilation radiation, was unnmbiguously established 

and placed in the Mo level scheme by its coincidence relations A number of 
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weak transitions, mostly of low energy, could not be placed unambiguously, 

a] though a preponderance of coincidence relations with other transitions in 8Mo 

provides strong evidence for their assignment to that nucleus (see Table 5, last 
column). 

Of the levels shown in fig 6, those at 788, 1432, 1510, 2011, and 

2679 keV are also populated in the decay of 51 minute 98 	(i = 4 5+) )41 42) A 

level at 2344 keV, reported tentative1y')42) in the decay of 98, is confirmed 

by the present results. Other levels of 8 Mo found in the decay of 51 minute 
98 	

(2224 5  2333, 2419, 2767, 3021, 3050, 3211, and 3326 key) and in the decay Nb 

of 2.8 second 98 	(1+))4143) (736 keV (o+) and 1761 keV (1,2+) are not detectably 

populated by the ((t,2n) reaction 

The levels at 788, 1432, and 1510 keV have previously been assigned spins 

and parities 2+ 2  2+, and 4+ respectively135) The 2017-keV state is probably 

the same as the 2.0)4-MeV 3- state populated strongly by the reaction 

The 23)4)4-IçeV state is assigned 6+ on the basis of its strong population and the 

anguar distribution of the 834-keV y ray.  

The 2621-keV state is assigned tentatively 5- on the basis of the angular 

ditribueion of the lllO-keV y-ray and the energy systematics of the 5- states 

in this region This assignment may be considered certain if the 2017-keV state, 

to which it also decays, is in fact a 3- state. Definite observation of decay 

of the 5-. state to the 37 state was made in this study.oniy in the case of 

100 although there is tentative evidence for this decay pattern also in 

The 3272-key state is assigned . 8+ with fairly high confidence from the 

angular distributions Comparison with the levels of Mo suggests an 8+ assign-

ment for the 2854-keV state also, although the: angular distribution of the 
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510.5-key y ray from this state could not be determined because of inter-

ference from annihilation radiation. The probable assignment (7-) for the 

3096-keV state is supported by the angular distribution of the 1475.7-keV y 

ray and the existence of a crossover transition to the 6+ state. The 3657-keV 

state is assigned (9-) with less confidence from the decay .  pattern. Assignments 

[9-] to the state at 3769 keV and [10+] to the 4150-key state are very tentative. 

Twenty-nine levels of 8M below 4 MeV have been observed in the 97Mo(d,p) 

reaction44 ). Most of the lowest eight can probably be equated with levels 

98 
observed in the present studies or from Nb decay. Because the resolution of 

the (d,p) spectra is comparatively low and £ values were not determined, we 

feel there is insufficient information on which to base a comparison of higher-

lying levels observed in the (a,2ny) and (d,p) reactions. Further (.d,p) results 

would be useful for elucidation of 	two-neutron components of states observed 

in this study. 

3.5. 	4Mo(c,2n) 6Ru 

The de-excitation pattern of 6 
 Ru consists of two strong cascades above 

the 1518-keV 4+ state (see fig. 7): 

3817 (io+) (E2) > . 29508 	
E2 > 2150 6+ 	E2 > 118 14+ 

and 

3951 () (E2)> 3291 () 	E2 > 2588 5(-) El,M1 > 1518 14+ 

The spins are assigned from the angular distributions on the assumption of 

stretched, downward.cascades. Additional support for the assignments is inferred 

from the near constancy of the anisotropies of the E2 transitions. 
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Odd parity is inferred for the 2588-keV state from systeniatics The 

only "crossover" connecting the two cascades is the weak 1000 0-keV transition 

between the (9-) and 8+ levels The 526 3-key y ray which we observe cor-

responds to the energy difference between the (10+) and 7(-) stated, but this 

placement, which would be inconsistent with the assigned spins, is also inter- 

dicted by the coincidence results. 

Levels at 4262, 4418, 4598, and 4711 keV are also well established by 

the observed coincidence relations Since they feed through the 10+ state with 

no transitions to lower-spin levels, it seems probable that all have spins 	10. 

The moderately strong 6009-keV y ray has a characteristic "stretched, down-

vd i = 2" angular distribution, which suggests a 12 ássigament for the 

)4)418-keV state. The same assignment for the 1426•2-keV state, which is more 

weakly populated, must be considered very speculative 

Other weakly populated states at 2891 and 3543 keV are fairly well 

established from the coincidence spectra Those at 4082, 4534, 4799, and 5096 keV 

are more tentative The second 2+ state at 1477 keV is well established 

Only the first excited state of 6Ru,, observed in Coulomb excitation, 

was previously knom4 ' 46). A recent letter 4 ) reports two new isomers of 6Rh 

with half-lives 1.5 ± 0.5 minutes and 9 1/4 minutes. The foer emits y rays 

of 511 keV (±) and 833 key; the 1attr emits these and also y rays of632 and 

686 keV. Comparison with our level scheme lends support to these isotopic assign-

ments, particularly that of the longer-lived isomer.  

3.6. 96M( a 2) 98R 

The de-excitation pattern in 8Ru (fig. 8) displays remarkable similari- 

96 
ties to that of its isotone, Mo. In each of these nuclei the predominant decay 
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path is through the states 	 . 	. 

(10+) (E2) > 8+ E2 > 6+ 	. > etc. 

In each nucleus a second 8+ level receives substantial populatioi. Each has, 

besides its lowest 14+ and 6+ states, a group of levels of intermediate spin 

(3 - 6) around2 MeV that receive moderate feeding. And in each nucleus, the 

5- and other odd-parity states are weakly populated and therefore difficult to 

identify. The occurrence of these phenomena in neighboring isotones suggests 

that they may soinehowbe related to neutron excitations. The last two charac-

teristics seem peculiar to, or at least enhanced by, the neutron number N = 514. 

The 2+, 14+, and 2+' states of 8R are well established from Coulomb 

excitation 	.) and from the decay of 99,50 Tc 	). On the basis of our data, assign- 

ments 6+ and 8+ to levels at 2223 and 3127 keV, respectively, are strongly indi-

cated. Assignments (8+) to the 3190-key state and (10+) to the state at 14001 keV 

are only probable, and the [9-1 assignment for the 3852-key  state is very tenta-

tive. 

Either of the levels 2546 keV or 2656 keV could be assigned as the 5- state. 

Enerr systematics suggest a slight preference for the lower of the two states 

(see discussion). From their decay patterns, a spin.of 5 or 6 is inferred for 

both. 

States at 1797, 2013, and 2266 keV bear a resemblance to.the 1869-key 

14+', 1978-keV 3+, and 21439-keV 5 states of 96 Mo. From the angular distributions 

of the 253.7-and 1469.9-key transitions, it. would appear that the positions of 

the 14+' and 3+ states are reversed in 8Ru. However, it should be emphasized 

that the data reported here are insufficient to allow firm assignments to be 

made to any of the three states. 	 . 

a 



3.1. 98Mo(,2n)b00Ru 

In spite of the scattering of much of the 100 Ru de-excitation intensity 

among numerous weak y rays, it has been possible to construct a detailed level 

scheme (fig. 9) from the coincidence spectra. Levels at 540, 1228, 2078, and 

3063 keY are assigned to a sequence 2+., 4+, 6+, 8+ on the basis of angular 

distributions, decay patterns, and their strong population (The 2+ and 4+ 

states, as well as the 1363-keV 2+' state, are well established from Coulomb 

excitation measurements46) Spin-parity assignments to more weakly populated 

states at 2529 keV (5-), 2954 keV (7-), 3507 keV (9-), and 4087 keV .(io+) seem 

reasonably certain from similar considerations It is noteworthy that the 

2954 keV (7.-) state decays predominantly to the 6+ state and onlyweakly to the 

5- state, in contrast to the opposite situation in the lighter Mo and Ru iso-

topes and the intermediate situation in 8 
 Mo. From the angular distribution of 

the 624 5-keV y ray, the 3579-key state is assigned tentatively as a second 

9- state Other spin assignments are deduced from decay patterns 

Numerous levels of 100Ru are known from the decay of ' °°Tc (1+) and 

100Rh (1-) The most recent summary of these levels and of levels assigned from 

i 	. 52 	i unpublished 99 	 51 Ru(n,y) data ). is given n ref. 	). There.s little-overlap with 

our (a,2ny) results because of the relatively low spins of levels pojulated by 

radioactive decay and neutroi capture. The first four excited states of °Ru 

are seen both in our results and in radioactive.decay. Theseinclude the 1132-keV 

46 0+ state, also tentatively identified in Coulomb excitation); we infer its 

population in the (c,2n). reaction from our observation of a weak 591.5-key y 

ray. We also assign tentatively a level at 1882 keV which is seen in both 

decay and neutron capture. In addition to the 1342-keV transition to the 2+ state, 
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the 1882-keV state decays by transitions to the 14+  and 2+' states that are too 

weakto have beenobserved by us. Berzins etal. 52 ) assign spin-parity 2+ or 

3+ to this level, with the latter spin favored. Observation.of the state in 

the (a,2n) reaction also tends to favor the higher spin. . 

Comparison of our y-ray energies with the more precise values, of Ber-

zins etal. 52 ) indicates that ours are systematically too high--by, about 0.6 keV 

at 540 keV. 

100 	102 
3.8. 	Mo(ct,2n) 	±u 

The coincidence results for 102Ru were of somewhat lower sensitivity 

due to experimental problems, but nevertheless 	were adequate to place unam- 

biguously some weaker y rays (of energy 235.14, 277.1, 292.1, 333.8 2  621.5, 

680.7 2  727.6., 775.2, and 12614.5 keV)'that had not been reported in earlier 

53 studies of the 
100

Mo(c,2n) reaction' 14 ). These define new levels at 2372, 

2650, 29142 2  33879 3143 14, and 14056 keV (see fig. 10). According to the coincidence 

results, the 123.5.4_keV  y ray" is actually an unresolved doublet. (In par-. 

ticular, the two components of.the doublet are in coincidence with each other.) 

The stronger component is definitely placed between the 29142- and 2706-keV 

levels, while the weaker one is placed between the 2706 keV level and a probable 

level at 2471 keV. 	. 	. 	 . 	. 

The 10 147.3 keV y ray is almost certainly not the same as the 

(10146.59 ± 0.07)-key transition observed in the decay of both 102Rh isomers 55 ). 

Our coincidence spectra very probably place this y ray. above the 1108-keV 14+ 

state, whereas the transition observed in radioactive decay was definitely placed 

between a state at 1521  keV and the first 2+ state 6 ). The 1521-key state is 

known also to decay by a 1t18.5-keV y ray with 1/3 the intensity of the 
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1046 6-keV transition' 6 ), the 1 18-keV y ray is definitely absent in our 

spectra Likewise, the 1789-keV (+) and 2219-key 5+ levels populated by the 

decay of 2. 9 year 102 (i = 5) also were not observed in our experiments ARh 

limit of 2% may be placed on their, feeding via the (30-MeV a,2n) reaction, in 

marked contrast to the situation in . 9 Mo, and 98 Ru, where low-lying states of 

intermediate spin do receive substantial population A limit of 1% can be set 

on feeding of a 0+ state at 94 keV, known from the decay of 206 day 

(' = (l))5556 ) . 	- 

The dominant cascade populated by the (a,2ri) reaction, 

2706. C.?) 4- 1875 6+ E2•> 1108 + E2.> 175 2 
	E2 >gs 0+ , 

* 
has been well characterized except for the quantum numbers of the initial state 

and the multipolarity of the :initial transition. This 831. 1 -keV transition has a 

very weak angular anisotropy, we find A 2  = 0.10 ± 0 04, while Ewan et al. 54  

report A2  = -0.03 ± 0.02 	(The disagreement in s.ignmay not be significant, 

since the values are within a few standard deviations combined error, and the 

beam energies and target conditions differ ) Ewan et al also report a small, 

but significant negative.polarjzation for the 831.-keV y ray which., together 

with the weak anisotropy, was interpreted to imply mixed (Ml + E2 or El + M2) 

multipolarity. Thus the spin of the 2706-key state is very probably 5, 6, or 7. 

Its strong population and decay pattern favor spin 7 Although the mixed multi-

polarity and short lifetime (t112  .5 ns) of the 831. 1 -keV transition would argue 

* 	
. 

by angular distributions (this work and Ewan etal. 
51

), polarization measure-

ments (Ewan etal ), and yy angular correlations measured in the decay of 
102... 56 2.9 year 	th ). 
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in favor of even parity, we feel that odd parity is more likely on the basis of 

• systematics. In summary, the 2706-key state is assigned (74, where the spin is 

very probable but the parity is speculative. 

The 2372-keV state is tentatively assigned (5-.) on thebasis of systernatics 

and decay pattern, although the angular distribution of the 126 14.5-keV y ray 

• was not measured. If this. assignment is correct, it would lend support to the 7-

assignment for the 2706-key state. The assignments given to the levels at 2650, 

29142, and 3387 keV are dependent on the spins and parities of the 2372- and 

2706-keV states, and are therefore very tentative.. 

Transitions of 628.0 and 11014.0 keV can be assigned reliably to the.decay 

of the 1104-keV 2+' state by comparison of their energies and relative intensi-

ties with those of similar transitions observed in radioactive decay' 6 .). Corn-

parison of our y-ray energies with those measured by Gehrke and Helmer 55 ) shows 

that ours are systematically about 0.6 keV too high. 	. 
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4• Discussion 	. 	 . 

4.1. SHELL-MODEL INTERPRETATION OF THE OBSVED LEVELS 	. 	. 	. 

In refs. 	and 57 ).the levels of -92Mo and Ru are discussed in trms 

of the proton configurations (g912 ), •(p,2 ) 2 (g 12 ) 2 , and (p112 )(g912 ) 3 . The 

energies, de-excitation patterns, and all but one of the measured transition 

probabilities are in excellent agreement with calculations of Ball 

based on experimentally determined effective interactions In this two-orbit 

configuration space. It is remarkable that only one level observed., in our 

study of these nuclei, the 14597-keV (1 = 12)level of 
92
Mo, may fall outside 

this description. Peker has suggested an interpretation of this level as the 

(9912 ) 4  I = 12 state 8 ), although the calculations of Ball etal. 57 ' 59 ) place 

such a state higher in energy. Thus, it appears that the levels of 92
Mo and 

94 
lu populated by. the (a,2n) reaction can be described by the hypothesis of an 

inert 50-neutron + 3 -proton core 	). 

For Isotopes with N > 50, numerous additionalexcitations are possible. 

The lowest of these are expected to be .(vd.512 ) 2  I = 2,4 excitations. 	Suôh exci- 

tations can also couple to proton excitations to give seniority-4 

(vd512 ) 2 (7rg91 ) 2  and (vd 512 ) 2 (7rp11 )(Tg912 ) states, as. well as states of higher 

seniority. Other states can arise from the éxcitationof neutrons to the higher 

orbitals: s1,2 , .g712 , d312 , and h1112 . The single-particle energies .of these 

orbitals relative to the d 512  in molybdenum are 1.6, 1.6, 2.0, and 2.3 MeV, 

respectively6  ). 	. 	. 	 . 	. 	. 	 . 

Here and in the discussion below we sometimes omit the configurations of paired 

particles, i.e.. (g9 12 ) 2  may represent a seniority two-state of the configuration 

) (9912 ) or [(p1120 (g912 ) 	].. 



The existence of a relatively large enerr gap above the d 512  subshell 

has encouraged several authors 6 ' 6 ' 66 ) to calculate levels of Mo and Mo 

Ignoring higher neutronorbftals. In fig. 11 the calculated 6 ' 66 ) levels of 

[confiirations (d512 ) 2 ( 112 ) 2(g912 ) 2  for eyen parity states, 

(vd512 ) 2 (irp112 )(rrg912 ) 3  for, odd-parity states], and ivio [configuration 

(vd512) 	
'1/2 	9/2 3 are compared with the experimental levels. We have 

Included only the lowest or lowest few calculated levels of a given spin. Even-

parity states of. Mo including the proton configuration (g 912 ) have also been 

calculated66 ); these differ very slightly from the levels shown in fig. 11, with 

the exception of a few additional states arising from p1, 2  - g912  pair promotion 

(eg the first excited 0+ state is lower by 0 MeV) These and odd-parity 

stat.es:of 6Mohave not.yetbeen calculated. 

In 4MO, interpretation of the experimental results is dependent on the 

uncertain parity of the spin-8 isomeric state (and consequently the parities of 

the states labelled 6± and 10±,  which are connected to the isomer by E2 traxisi-

tions). If its parity were odd, It would fall outside the quoted theoretical 

description, since the lowest calculated 8- and 10- states each lie about 1 MeV 

higher than theobserved states. Another, interpretation of an 8-. (or a 6-).state 

might be the configuration (vd 512 )(.vh 12 ); from the reôent discovery 6 ) that 

the enerr of the h 1112  single-particle state is rather low ( 2.3 MeV) this does 

not seem unreasonable. A 10- state cannot be formed from these orbitals, but 

could be ascribed to a .seniority.J excitation [(vd 512 )(vh1112 )] 8 (wg912 ) 2 . 

On the other hand, if the parities of these states were even, they would 

be in reasonable agreement with the lowest calculated 6+, 8+, and 10+ states. 

3 	 28 This interpretation is in agreement with the (He,d) results.),(see  subsection 
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in that the lowest calculated 6+ and 8+ states have the predominant con-

figuration66) . (g9i2 )• Howevr, the lowest observed 6+ .leel (21 2I keV) is 

then not explained by the calculations, and must be assumed to involve exci-

tation in other orbitals. In fact, from the low value of log ft for EC decay of 
94 

to the 221-keV 6+ state, Peer has interpreted this 

state as a (\'d512 )(vg712 ) excitatjon 8), as suggested also by Ball27 ). 

94 Other levels of 	show good correspondence with the calculated spec- 

trum. The enerr calculated for the second 8+ state is close to that of the 

3357-keV (8+) state. The indicated. correspondence (fig. 11) between the lowest 

calculated 12+ and 11+ states and two observed levels of high spin is suggested 

by their decay patterns, but only if the parity of the "10± state" is in fact 

even; this hypothesis is at any rate only speculative. The observed 5- and 4- 

states are known from the (3He,d) study28) to be predominantly (7rp112 )(g912 ) 

excitations, as are the calculated states. Thus the observed 5- and I- states 

are analogous to the odd-parity, seniority-two excitations in the 50-neutron 

nuclei' 6 ). The lower-lying 1 state in the calculated spectrum has the dom-

inant configuration (7rp112)(7rg912),2 , which.wouid not be populated by a single 

particle transfer.  reaction28). The (7-) observed state has about the same enerr 

as the lowest calculated 7- state. The calculated wave function 66 ) has the 

dominant components {(7rp112 )(7rg912 )] 5  (vd51 ) 	and (7rp112 )(7rg912 ) in approxi- 

xnately equal amounts, the latter being the configuration of the 7- states in the 

50-neutron nuclei. Either component should' decay to the 5- state, in agreement 

with the observed decay mode. The 3- state, which lies considerably below the 

lowest calculated 3- state, is thought to be more collective 19 ). 	. 
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The even-parity levels of 6 
 Mo also correspond well with the calculated 

spectrum. Exceptions are the observed l+', 3+11 and 6+ states, which occur well 

below the calculated energies. The same arguments applied to the lowest 6+ state 

94 
of Mo would favor a (vd512 )(vg712 ) configuration for thelowest 6+ .stte in 

aiso 8 ) 	This configuration might also account for the ).+' and 3+ states, 

although ('d512 )(vs 112 ) is an alternative possibility for the 3+ state. Either 

configuration could account for the high E2 content 30 ) of the 3+ -- 2+ transition. 

In the absence of such ddtailed calculations of levels in other Mo and 

Ru nuclei, we attempt here only amore qualitative discussion of the systematics. 

Figures 12a and 12b illustrate these systernatics. The levels shown are those 

(from previous studies and the present experiments) for which probable spins 

and parities have been assigned. 

A number of smooth trends are evident. The 5- state occurs at very 

nearly the same energy in most of the nuclei. (It.may be a little lower in I 

102Ru. Its position isnot well.etablished in 8Ru: the lower of the two 

states assigned (5,6) in 8 
 Ru would better fit the 5- level systematics.) This 

92,9 	914 
suggests that its structure is predominantly the same as in 	Mo and Ru: 

The 7- and 9- states show a systematic trend with increasing 

neutron number toward lower enerr and a preference for decay to even-parity 

states (6+ and 8+, respectively). This indicates some change in their struCture 

as neutrons are added The change in the calculated structure of the 7- state 

from 	{jrp112 )(1rg912 ) 3 } to 4MO {the same configuration mixed with 

has already been noted, a similar change {admixture 

of the configuration [( 112 )(g912 )] 5  (vd512 ) 	and 

occurs in the calculated 9- states. Other changes, possibly the addition of such 
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configurations as (vh1112 )(vd512 ), (vh1112 )(vg712 ), and 

(x = vg712, 3/2' or Vh1112 ) may account for the continued lowering of 

these levels as even more neutrons are added. (Various combinations of these corn-

ponents may account for the probable second 7- and 9- states in 100Ru.) However, 

the preference, for decay byEl transitions in the heavier isotopes cannot be 

explained by any such admixtures; these transitions must be ascribed to (small) 

admixtures of components involving orbitals in other major shells. Their 

occurrence in heavier isotopesmarbedueto increased hindrance of the E2 

transitions resulting from changes in the major cnponents of the vave functions 

The energies of the lowest 2+ and 1+ states in Mo isotopes decrease 

between N = 50 and N = 52 and then remain relatively constant. This has been 

2,3,5 interpreted 	) as a change from a nearly pure (Trg912 ) configuration to 

one which is predominantly (vd512 ) 2 . The expected filling of the Vd512  shell 

in io Is only partially achieved6 ' 68 ). Although the behavior is similar in 

Ru isotopes, there is a marked trend toward greater collectivIty, as, evidenced 

by continuously decreasing enerr and increasing B(E2) values ). 

The lowest 6+ states are probably predominantly (vd512 )(vg 	- 712 ) exci 

tations as was already inferred in the discussion of 94,96 
their, energies 

are relatively constant The 8+ and 10+ states show an increase in energy with 

increasing N, whereas the 8+' state appears to be relatively constant in energy.  

The calculated structures 66 ). of these States in have the tat :cornonents: 

2 8+ : ( 7rg912 ) 

	

lO+: (g912 ) +(vd512 ) 	 . 

8+ 1 :with srnallercontrjbutjons.from 

22 	 2 	2 	 . 

	

(7rg912 ) 4 (Vd512 ) 	and 	
9126+5•/2+ 	 .. 
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Similar structures might be expected in the other isotopes, with possible 

additional contributions from components involving other neutron orbitals in 

the more neutron-rich isotopes The reason for the increasing energies of the 

8+ and 10+ states is not clear, but may involve either small equilibrium defor-

mations in these high-spin states, which would raise the enerr of the high-K 

substates derived from the 7rg912  orbital, or increased correlations in the 

ground states, which would lower their energies relative to the states under.  

consideration. 

Even within the limited, 3-orbital 	1/2' Trg
912 , vd512 ) configuration 

94 
space of the Mo . calculations, the largest single components of the wave- 

functions comprise only 	50%to 80% ofthestates 66 ).. For thi.sreason, the 

simple shell-model configurations calculated or hypothesized in the above dis-

cussion can only be considered a partial characterization of the states The 

calculations do suggest that certain configurations are not important com-

ponents ). Most notable among these are (7rg912  excitations of seniority-

which lie higher in enerr than other excitations of the same, spin 

[eg. (7g912 ) 2 (vd512 ) 2 ], and are probably not important components of the 

observed states. 

.2. COMPARISON WITH THE VMI MODEL 

Maris.cotti, Scharff-Goldhaber., and Buck have propos.ed a two-parameter 

description of quasi-rotational bands, the "variable moment of inertia model" 6 ) 

In this model, the ratio of energies of the 6+, 8+, 10+ 	states to that of 

the 2+ state, E1/E2 , can be predicted as a function of E 4/E2 . The original 

region of validity, 2.231 < E/E 	3.333, is extended by the admission, of 

negative values fOr the moment of Inertia parameter, 0 , to values of E/E2  as 
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low as 1.82670511). The region 1.826 < E 4 /E2  2.231 is referred to as the 

"spherical" regIon, since. '(I = 0) = 0, whereas in the "deformed" region 

(2.231 < E4/E2 < 3.333)(I = o) =. 	Mariscotti 10) has recently proposed 

an interpretation of the mathematically equivalent."Harris model" equations 12 ) 

which is valid in the range 1 < E4/E2 < 1.826 (the "magic" region71 )). Solutions 

of the VMI or Harris equations for E1/E2  are continuous in the spherical and 

deformed regions, whereas there is a discontinuity at the boundary. of the. "magic" 

70 	. region ). 

Our results are compared with VMI calculations in fig. 14. They include 

for the first time 10+ states of nuclei in this region. The calculated curves 

for E4 /E2  < 1.826 (dashed curves) follow the prescription given by Mariscotti 70). . 

We note that: 	. 

i) The trends are in general agreement with the calculated curves. 

Experimental points for 06
Mo fail well below the curves. (Somewhat 

better agreement would have been obtained if the average energy of 

the two low-lying 4+ states had been used instead .of the energy of 

the lower one.) 	. 

• 94MO and Ru, which lie slightly inside the "magic" region, do not 

follow the predicted discontinuity. 	. 

Although.the lowest 10+ states of 9&o and 4 u have not been observed, 	
H 

the shell model predictions 57 ) for these, states lie far above the 

ca.lculated curve. If in fact the lowest 10+ state lies near the shell-

model prediction, a quasi-rotational dscription•of these "magic' 

nuciei wouidbe superfluous, since the shell model also pedicts (even 

more accurately than VMI) the energies of the other states. 	. 
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4.3. MECHANISM OF THE (a,2n) REACTION 

Although the purpose of these studies was to obtain information about 

the structure of low-lying states, some data on the distribution of angular 

momentum in the reaction was also obtained. The (•,2n) reaction process is 

thought to consist of several distinct steps: 

Compound nucleus formation, which can be understood in terms of an 

optical model. 

Neutron evaporation, whose rate is dependent on neutron-transmission 

	

coefficients (functions of E 	and M) and the level densities neutron 

of the initial and final nuclei (functions of E and J) The details 

of angular momentum transfer in the neutron-emission process are not 

well understood73 ); in particular, there has been no experimental 

verification of statistical model, spin-dependent level densities 

for high-spin states In some cases y-ray emission may compete 

with neutron emission 7  ). 

GATMa ray cascades For resolved transitions that have been placed 

in the level scheme, the spins of the nitial states in these cas- 

cades are known or inferred approximately from the scheme itself.  

To illustrate the spin-distributions at various steps of the reaction, 

we choose the system 8M+ 28-MeV a (28 MeV is the average lab enerr in our 

thick target); in this case the relatively high sensitivity of the cOincidence 

data permits placement of weaker y rays in the level scheme. The histogram 

in fig. 15 shows the experimental spth-d1stribution in 100Ru (in steps of i) 

just before the emission of those (-rays whose placement is known ("unaccounted 

feeding" in fig 9) The solid curve for 8M + 28-MeV a, calculated from the 

optical-model 
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equations of Huizenga and Igo '5 ), is okewed 

to higher angular momentum, which indicates th.ere is a net loss of angular 

momentum in decay from 102Ru to the observed states of 100Ru. The two broken 

curves show the calculated spin-distribution in 100Ru after the emission of two 

neutrons. These curves were .calOulated from the equations of Thomas 76  ). The 

Curves for 	
igid and ''= 0. 	igid bracket the experimental results; the value 

0.5 
Oerigid. results in a curve which is close to the experimental distribution. 

the "moment of inertia", enters as a parameter in the theoretical level 

densities.) 

The probability of neutron emission from a state (E., J.) to a state (E f , Jf ) 

is given by the equation 

J+s 

	

, 	f2 1  
P(EiJ.,E,J) = 
	

E ,J j 

	

 i 2(E.,J.) 	E 	2.. 	T(Eneut on ) 	' 
1 1 

 

S= Jj  1 

where 0 is the level density, as given by Thomas16),  and T is the trans-

mission coefficient for a neutron with orbital angular momentum 5, as given by 

Bl•att and Weisskopf 7T ). 

The broken curves in fig. lt were calculated by integration over the two 

neutron energies and summation over all intermediate spins. In order to account 

for those decays which result in the (a,n) or (a,3n) product (whose spin-distri-

butions are different from that of the (a,2n) product), it was assumed that 

neutron emission will always occur when Eneutr  for the transition from a state 

of spin J to an Yrest state of the same spin (E = J(J.+ i)) is poi.tive, and 

not otherwise. All parameters in these calculations are the same as those which 

Thomas used for his single-neutron calculations 76 ) .  

We have not taken surface interactions orcharged-particle emission into 

account. Since the (ct,p) and (c,pn) cross-sections are found to be relatively 

small in our experiments, these effects must be small. 



-37- 	 IJCRL-19986 

If in fact the weak (but possibly numerous), unpiaced y transitions 

do not carry off significant angular momentum, it may be concluded that the 

theoretical description (wit1' 0.5'.d) provides a satisfactory accounting rig 

of angular-momentum loss during neutron emission.. The same calculations also 

predict approximately correct ratios of the gross cross-sections (cL,n)/(a,2n)/(ct,3n). 

However, the calculated energy distribution in 100Ru after neutron evaporation is 

much higher than observed, the predicted average, excitation energy being only a 

few MeV below the neutron separation energy. This would imply that there are 

numerous, unresolved y rays of high energy which, however, carry off little 

net spin. 
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FIGURE CAPTIONS 

Fig. 1. Target chamber and y-ray detectors: configuration used for measure-

ment of angular distributions. The inset shows the last part of the beam-

line. 

Fig. 2. Simplified block diagram of the electronic circuitry for measuring 

energies, intensities, and lifetimes of y-rays. 

Fig. 3. Level schemes for 92Mo and !Ru. Only levels and transitions observed 

in the present study are shown. The ni.mibers next to arrows at the . Fight side 

of the level scheme are the "unaccounted feeding" in percent; that s, they 

represent the feeding by neutron emission and y-ray transitions which were 

not resolved or placed in the scheme. Thesame comments apply to figs. -lO. 

Fig. 4. Level scheme of Mo. 

Fig. 5. Level scheme of 96Mo. 

Fig. 6. Level scheme of 

96 Fig. 7. Level scheme of Ru. 

98 	 . 	 . 	. 	. Fig. 8. Level scheme of 	Ru. 	 . 	 . . 

100 Fig. 9. Level scheme of 	Ru 

Fig. 10. Level scheme of 102Ru. 

94 Fig. 11. Comparison of the known leve of Mo and 6 
 Mo with shell-model 

6,66 calculations. 	). 

Fig. 12. Systematics of theeven-parity states. 

Fig. 13. Systematics of the odd-parity states. 

Fig. 14. Comparison of the observed quasi-rotational bands with the VMI-model 

predictions. The VMI calculations for the magic region (dashed lines) 

follow the prescription of Mariscotti70). 
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