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' : Abstract
»Exc1ted states of 92, 9h 96 98Mo and -9k, 96 98,100 102Ru were studled by
in-beam y-ray spectroscopy. The decays of levels populated by the (a 2n) reactlon.

on even 1sotopes of Zr and Mo were studled by measurement of the Y 31ngles

_spectrum, beam-Y—delay, Yy-c01nc1dences (prompt and delayed), and Y—ray angular

distributions. The most notable new feature of these experiments ls;the-use;

in-beam, of a-sensitive coincidencé’tééhni@ue,*employingltVO-Ge(Li) spectrometers

in conjunction_with a‘two-par&ﬁeter inoremental data-acquisition system, to

establishlthe plscement of'weakftrsnsitions;' The level,schenes are compared
with previous studies of these nuclei. A conslderablevnumber'of‘new-levels,'pre;
dominantly of-high spin (I > 6); were observed.

The observed levels are analyzed in ‘terms- of systematlcs and, where
avellable, detalled shell—model calculations. A general descr;ptlon in terms of

excitations 1n-the low—lylng orbltals,outslde~a-38;proton +'50-neutron core

‘appears adequate to explein much of the data, particularly_in.those nuclei near

the SO—neutron shell. The data are also compared to recent macroscopic calcu-
lation of qua31—rotatlonal bands, the VMI model
The observed spin dlstrlbution in the re81dual nuclei indlcates a: net -

loss of angular momentum in the. emlssion of neutrons and/or unresolved Y rays.

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

with a moment-of—lnertia parameter af 0. S 8’ » the angular~momentum loss

rigid

can be accounted for entlrely by the neutrons whereas for 2{>»O 5 erlgid"

some of it must reside in the unglaced Y=ray transitlons

NUCLE_AR REACTIONS 00»92,9%,96, 92,9h_’,96,98,1ooM (o, 207)3
'measured E_Y, IY’ OL'Y(G)’ ay(t)’ Y'Y—c01n . 92, 9)4 96 98M

ok, 96 98, 100, 102Ru deduced levels, J, m. 92, 9h ,-9hRu ;

deduced tl/2 (levels).' Enriched targets. Ge(Li) detectors.

<



'96‘1023u‘ Data on the oddﬁneutron 1sotopes and level schemes of 95 9

""u;_Introductlon

Studies of Y rays follow1ng (a xn) reactlons on targets of separated

'ﬂeven isotOpes of Zr and Mo, conducted durlng the past three years, have ylelded

va large body of data on exc1ted states of 16 nuclldes. We~have already dlsa

cussed the level schemes of the 50~neutron nucle1 92Mo and 9hRu in‘a’ prellmlnary

' report ) In this paper we descrlbe the experimental methods, present the-g‘-‘u' .

resultant data, and dlscuss the levels of the other even 1sotopes 9h 98Mo and”p

T,

Mo and f

-93(?) 95 97 99 lOlRu are dlscussed 1n a separate paper )
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. v ‘2. E#perimentel Proceduresv
2.14 TARGETS AND BOMBARDMENTS » o |
Targets of 1sotop1cally enriched even 1sotopes of Zr. and Mo~ were

irradiated w1th o particles at the Berkeley 88—inch cyclotron to produce
excited states of Mo and Ru nuciei via (d xn) reactions. In.moet measurements
an a-particle energy of 30 MeV near the peak of the (a 2n) cross«sectlon was .
used in a few the beam energy was 2h or hO MeV. Most of the targets were in
the form of powdered ox1de affixed to a l/h-mil mylar strlp w1th a dllute cement
solution. Target thlckness, “‘5-20 mg/cme; was suff1c1ent to stop rec0111ng |
reaction products; whlle degradlng the beam energy only a: few MeV , A'few-of*the
observed Y rays were common'to most spectra;i llQ, 197, and 1236 keV (19F) )3
184 and 937 kev (18r)%); i8871keV (*8ye)y, 275 and ;eéslkevi(;9Ne)6f
can be accountedefor'byya-particle reactions on-lGO'in the targete.-'Metullic'
foils.(of 98Mo.and ;OOMo) were used in some experiments,IWithgthe resultant
elimination ofuthese_impuritj'lines. Annihilation quanta, arising both from
the buildéup'of_positron emitters (delayed) and frombpair[production_by high-
energy gamma:raye (prompt) were obserVed in all targets. '

| The cyciotron oeem-line‘éonfiguration ie shown in fig. 1. The absence
of slitS'in the-Vicinity of theetarget.and the'large shield anead'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, pr;nc1pally from neutrons ),'

results from 1nteract10ns in the target itselfgﬁ"

2.2. Y-RAY 'ENERGIES, INTENSITIES, AND HALF-LIVES

Spectra were measured with smell, planar Ge(Li) detectors (® 5-cm3),,placed

close to the target at 126° to the_incident beam direction in order to reduce

Y.. All these =

B T UL S S
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the effect Qf:angﬁlar aﬁiéofroﬁieS (Pé(éd$ 126§$’=>O). .Typiéél.resolution was
~ 1.5 keV at iOO keV and‘% 3 keV ét 1;MeV The basic eiectronlc conflguratlon
(fig. 2) is a modlfled version of that descrlbed in ref 7 A conventlonal high-
rate ampllfierrsystemB)‘provides an energy s1gna1,'wh11e‘a time signal is pro-~-
duced by a timé;fo-amflitude converfer (TAC)-Sfarted by the Y-ray puléé'and
stopped by'av(deiayed) pulse generated at the upward zero-cross1ng point on the
c&clétron RF voltage. The time 81gnal is further processed in two ways

1. An,"energy—walk"'compensator corrects for‘the‘energyfdependenﬁ time

-  shift introduced by the'leadinééedge_discriminaﬁorgfr

2. Variétions in the RF phase relafirg to the arrival of beam bunchés

:atithe.targét areAcompensated 5&’& variable-baseline feedback ioop,
>which stabilizes the position of the prompt.y-ray beak in the time
speétrum. -

The lé%er‘iimit of deteétable half-lives, 2 to 3 .ns, ié égﬁérmiﬁéd'pri— N
marily by thébtime resoiution 6f:the detecfdr-électronic system  The,upper
limit is determlned by the - time 1nterval between beam bunches, 1/v, RF’ = 163 ns
fqr a 30 Mevva—partlcle;beam. Y rays with llfetimes much. 1onger ‘than this
(including transitions which follow beta decay éf radioisgtopes produced invthe .
target) appear to have an intensity constant‘in timef_ In one-experiment, wev}
ﬁsed the microéecond—pulsed beam at the BerkeleynHILAC‘to measure a 77 Us half-
.life. | | !

The féllowipgvprocedure was ad0pted'for the measurements of Y;ray ener-
gies, inténsifies,.and lifétimes: ffhe energies and.total intehsifies for an‘

20 Zr and %20 targets) were .

energy range 0 to 2 MeV (0 to 3 MeV in the case of
first measured.as a 4096 channel singles spectrum. (Energy and 1nten51ty call— -

brations were done in separate measurements with radiOactive standard sourcés.)'
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_Next, isomeric transltlons were sought b& measuring 2—d1men51onal energy vs.
time spectra with 512 channels on thevenergy arls to cover 1ntervals of = 600
keV and 8 channels to cover the t1me 1nterval durlng and between beam bunches .
'If isomeric trans1t10ns were observed they were further studled 1n‘measure— | . “
ments of small energy 1ntervals by.employing~more channels on the time axis.

The estlmated prec151on of our energy measurements ‘for strong tran51-
tlons, =~ 0.1. to 0.2 keV, 1s con31stent with the observed agreement for crossover-
cascade relatlonshlps. However, the use ofjexternal calibrations 1ntroduces
additional,-systematic_uncertainties into thetabsoiute energies. We feel that -
a standard error *1 keV on'ali Y rays is a reasonable estimate'of the overall'
uncertainty. vEnergles measured in our experlments are glven on the decay schemes.
Where more accurate values are known, they are referred to in the text

All,sPectrarwere‘analyzed with an on-line shape—fittjng programlo)'on_a

CDC-6600 computer .

2.3. Yy COINCIDEnCEs

A_smaller chamber,»nhich bermits'positioning of:hothvdetectcrs‘clcse'tov
the target, waSvused in most of the Yy—coincidence;measurementSLv The two detec- |
tors Were_piaced.at right angies to each other and to the incident beam: a
downward-facing 12 em> planar Ge(Li) detector and a horizcntal'3570m3 coaxial
Ge(Li) detectOr;-for'which the source-to-target distances:were about 1 cm and
73 cm, respectively. | |

The elecﬂronics circuitry is_similar to that Shown'inifig. 2,.eXCeptu
that the "stOp" signal for the TAC is ﬁrovidedrhy the second detector, "energy
walk" compensaticn is provided for both_detectors, and no'time stabilizaticn is

needed. - When a coincidence occurs within one or two adjustable windows on the -
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t1me spectrum, the energy 51gnals froﬁ each detector are analyzed in a multl-.
plexed h096-channel ADC. Normally, one of the tlme'w1ndowsAls ceﬁtered.on’the ‘
prompt coincidence peak, and the second is set to record "chance c01n01dences
between Y rays. produced by adjacent beam bursts, events delayed by AT l/\)RF
The observed true/chance ratio was lOO Delayed colnc1dences_can also be .
recorded by setting one of the‘tlmevwindows slightly off the prompt peak.

R Channel cumbers corresﬁodding to the ehergies of éaéh, Y ray, and a flag'
iﬁdicatihg Whethér the event was a "true" or "chance" coincidence<'were stored'in
the buffer memory of a PDP-5 computer and- perlodlcally wrltten onto a magnetlc
'tape. A total of ~ 107 events were recorded for each target. The tapes were
later scanned on the CDC§66OO computer to produce spectre from one- detector
coincident with a‘specified tranéitioo‘in the other. These spectra, corrected
~for chance coincidences ahd.bafkgréﬁnd.in'the~geting detector;fﬁere then analyied_
in the same‘mennervas'the‘singles-epectra; 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 assignﬁent of’weak'transitions‘to the correct reactionvproducts as well
as to the coﬁstruction of level schemes. The sensitivlty of these_meesurements
'therefore setsflimits on the_flacement'of week transitions; Coincidences between
two higheenerg& (® 1 MeV) y-rays could in general,be ascertalned if their coinci-
.den.ce intensity were greater than ~. Sv%.of the -st;,fongest' transition in the spec-
trum. vBetterfsehsitivities‘were obtained'for*high,low coincidences (low N'200vkeV)_

or lowelow'coincidences, about” 1% and O:2%-cdincidence'inteneity,eresPeCtiVely;a"
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2.4, ANGUiAﬁ ﬁISTRIBUTIONS
Angular dlstrlbutlons relatlve to the 1nc1dent beam were measured with
the detector conflguratlon shown -in flg 1. Measurements were made w1th the |
movable detector at 6 or T different angles between 90° and 157° to the 1nc1dent
beam. A second, flxed detector at 45° prov1ded normallzation to correct fcr |
" ‘beam 1nten51ty varlatlons. Spectra from the two detectors were recorded 51mul—

: taneously, and the dead-tlme in each countlng system was monltored by addlng

the same number of pulser pulses to each spectrum. After analysis of the 8pectra,

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

as

M F

Y « _pulser
M -
Y pulser ’

(o) =

~< ™

where CY is‘tﬁe number of counts in eby—rayvpeak and the M's and F's refer to -
‘ » : F o, . - , o

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

Y rays from the desired reaction.

The_resulting angular'distributions were fittedrby,least squares to ‘the

expression

W&(B)'= const X [l + A P (cosB) + AhPh(cose)] "

The velues of:AE; Ah’ and the standﬁrd deviations’are given in‘Tablee litbvg.
Beceuse“ﬁe did not measure intensities et angleS'greater than 1576, the -

uncertainties ic the small Ah terms are large. ‘The distributions wereralso

anelyzed on the éssumption that Ah»= 0. Since this did not greatly affect the

values derived for A2 we do not quote these values.
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Interpretatlon of the angular dlstrlbutlons in terms of nuclear structure
is cohsidered belown The influence of relaxatlon effectsklslalso 1mportant |
especially_sinoetour targets were suchvas to retain poorly the nuclear allgnment.
A crude measurement of time-differentisl angular'distributious for isomers in
9%Mo~yields a:relaxation lifetime of a fewfnanOSeconds}_ Siuce this is about
equal to the bestbtime-resolution obtaihed in theseeexperiments5;therelmayﬁbe
'consideratle attenuation of the angular distributions eyen‘if:a' Y- ray.is not

measurably delayed Although the systematics of these reaotions would'lead'one

| to believe that,vexclu51ve of a few low-lylng 1somers, the llfetlmes involved

should generally be shorter than 10 -10 ll) we cannot be certaln ‘that in all

cases the observed distrlbutlons are not subject to attenuation.

2.5. ASSIGNMENT OF TRANSITIONS AND CONSTRUCTION OF LEVEL SCHEMES

In general, the strongest transitions obserVed maynbe‘aSSigned to the.

_predominant (a;xn) reaction product expected at a giVenlbombarding energy. Often

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

excited to ground-state trahsition 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 assigmment of other delayed transitions.

In the‘absence of 1somers, most of our 1sotop1c ass1gnments were derlved
from the c01nc1dence results. In some csses, variation of the bombardlng energy
orvtarget thickness wastused to make as51gnments. Although varlatlons in the
reaction energy do cause ‘changes in the relat1ve inten51ties of transitlons

w1th1n the same nucleus, due both to. energy and angular momentum effects, these

-are generally found to be smaller:than the varlatlons between Y rays ass1gned
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to:differentbreaction'products. Experimentally, we.have found that ass1gnments.
. based on such exc1tation conSiderations almost always agree with those derived
from the coincidenCe results.

When a cascade has been established from a c01nc1dence 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 follow1ng transi-
tions by . the absence of a nrompt component. lCascade—crossover energy relations?
vso useful for constructing radiocactive decay SChemes, are of little help in 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 interpretation of the angular distributions
-is that the spins'involved are_underdetermined by the‘data} ‘The theoretical
description of these distributions ) yields pos51ble values of the experimentally
.determined coeffiCients A2 and Ah in terms of the initial and final spins (I if);
the multipolarity (and mixing ratio) of the transition, and the alignment of the v
initial state (dz,‘dg). - Even if the alignment and'final'spin were knoWn, a
definitelprediction'of I,,from the'measured A2 and Ah uould be possible only
under the assumption that the transition had a pure multipolarity. In the pre-
sent case, the alignment is not known. Another'difficulty is that uh is usually
much'smaller than.q212);1so ‘that the measured’Ah's are .small andvoften Zero |

within experimental error.

4]



@

-ll—. - .v : VUCR.L—19986W.

In spite of'these difficulties;‘engular.distributions hate'proven-useful -

in this type of experiment7), because of the fact that the major de-excitation

- l )

peths‘seem always'to-consist'of:stretched “downward casca.des'(If
Under this restriction ‘the sign of A is sufficient to determine whether
zY 1 or 2 and, consequently, the spin difference I —.Iin, ‘Algo, if’ ly =2
and the transition is‘not isomeric,,it may usually be asSumedvto-be'anvE2 rether’
than an M2 transition |

" Adaitional 1nferences may be made from the fact that alignment is approxi—
mately preserved in a stretched downward cascade With no 51de feedinglz_lB).

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

in the commonly observed cascade

B+ > 6+ > bt > 2+ > O+
have approximately the same: distributions

We have used extensively considerations of the type discussed above to
estimate spins of Strongly—populated levels. For weaker trangitions, such simple
assumptions-cannot be expected to hold; in fact 'we find that thevaSSumptionvof

stretched downward transitions frequently leeds to self~contradictory sets of spin '

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

. tain, but may usually be inferred vithin'one or two»units from the de—excitetion‘

pattern.

¥ E - o L o . : e e »
More preciSely, all & = I transitions will have the same Valuebof'AQ and all -
L =2 transitions the seme values of A, and Ah ‘The - ‘alignment (qé,'dh) is 1oVered:

slightly by each transition (see formulas in ref. 12))
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v.in the fellowingksection,by'rays'aseignedbte each.even feaétien product
are summarized in:a table. Yy rays assigned to nelghborlng odd—neutron 1sot0pes
have been omltted these are dlscussed in a separate paperg).‘ Deduetlons con-
. cerning the as31gnment:and'placement ofvtran51tlons are given in_thejlast two o
cplumns of the ‘tables; the'absence‘of a comment in the laSt celﬁmn'indicates.that
the assignment iévthought to be certaih. Spln ass1gnments are glven on the
level schemes aﬁd dlscussed in the text, spins in parentheses are probable,
‘whlle those glven in brackets are more sPeculatlve values based.only'On-decay‘

patterns and level systematics.

&

LS
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3.1. Zr(a 50920 ATD 92Mo(a 2n)9 Ru REACTIONS

A summary of the results for these 50—neutron nucle1 has already been
pnblished in a-pre11m1nary coﬁmnnlcatlonl).' The data are glven in Tables.l and
2 and the level schemes in-fig. 3. | | |

It should be noted that the'coincidence measurements were-ofllower sensi-
tivity tnan.those for other reactlons studied in this nork.- We note also thet the
angular dlstrlbutlons of delayed tran51t10ns were measured with a prompt tlme
gate of 20 ns width. Under this condltlon the anlsotroples of tran51t10ns
with strong prompt components (329 T,. 773, and 1511 keV in 92Mo, 755 and 1428 keV

in 9hRu) are attenuated sllghtly, while those of the pure 8. 8 ns transitions in-

_ 9%‘40, which have”weak prompt components, are 'st‘rongly' attenuated.

The leVel assignments (fig. 3)bhave alread&-been discussed in-detaill);
Other information on‘levels ofv92Mo derives»from‘the EC + B+ decay of.92 ilh)
and-inelastic scattering reections (p,p’y)ls-lT), (a,a')l8),_and (d,d" )19) The
decay of 92Tc;(1'5 8,9+) populates predominantly the 2762 keV 8+ level. The
energies'of transitions following:the deca& of this level ere in good'agreement

with our results. From 92Tc decay the-half—life‘ofsthe-8+.level has been deter-
| 1k
).

mined as'l92‘t 7.ns;'and that of the 26lh—keV‘level'as 1.50 + 0.15 ns’
The 5- state end_all ofktheﬂeven-parlty states.that_we observed in 92Mo

have also been seen’in scattering‘reeotions, Nnmerous:additional o

states have been'seen,in the (p;p‘) and (a, a') studies;7thevonly apparent oter-

lap Wlth our results involves a 3- level at 28h9 2 keV which . decays to the

lSll—kerstate\by a l3h0fkeV Y rayl7), possibly identical to the,l338—keV Y

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

placement for this transition between a level near 4096 keV and the 8+ level is

4 a
. /
4 3
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92

suggested bY~£he Tc.decay.schemelh).":With.this possible eXception; none. of the

proposed states between L4 and 7 MeV -populated weakly in the.decay of 92Tc were
obéerved in our experiments.  Our data are presently the only results on the

9L

excited levels of

3.2, 92 (a,20) 0

. This’iepthe only evec nucleus with N > 50 in’which we:find.an isomer
(tl/2 2 5mns). Its half- llfe, as derlved from a welghted average of the half—
lives of the delayed tran51t10ns, is (109 + O) cs,*

The level scheme 1s'shown in fig. L. .Absence of prompt components in
the decay of the 83.6- and 531 9-keV transitions 1nd1cates that these proceed
dlrectly from the “isomeric level. Placement of the tran51t10ns of 202 8, 292 8,
305 6, 365 2, h8h 5, 598.k, 911 6, 9hl 3, and 1052.3 keV above the isomeric level |
is supported by - (y)(delayed-y) c01nc1dence méasurements. Prompt COincidence spec-
tra lend some support to the placement of the 727 L- and 1166 3—keV trans1t10ns
The placement of most other ¥y ‘rays is well establlshed by c01n01dence rela=
tions, except for the 61.7-," 261 T-, 385.L4-; and 1868 9-keV transitions, which
are tentatlvely plaCed on ‘the basis of enérgy differences only.

Tran31t10ns of LhLg. 2 and 532 1 keV have been observed21 22)

9k

_in the EC +,3+)-
decay ‘of S5-hour ” Tc (I = 6,7+). Aras g&;gl, ) assign the 4&9—keV treneition

to the_2870—keV'level and have not assigned the 532-keV transition,.whereas ;
Barette et al.22) place bbﬁh transitions differently than we do. It seems llkely

that these two transitions’ are identical to the 448.7- and 531.9-keV transitions

Wthh ve obserye in the (a,2n),react1on, i.e., that the isomeric_level is popu-

lated by 9th decaj. This implies that the placements proposed by-Berette'gE_gl,

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

The value reported in ref. =°) (86 ns) contains a calibration error.

Ru. . ‘ i ' . E ) ) v, : &
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. of Barette et al._lndlcate that : our values are systematltally low by about

0.8 keV at 800 keV

The sp1n a551gnment ofbthe isomer may he derlved as follOWS' Spins of .
the levels at 870 keV (2+) 1572 kev~(h+),-and 2h21 keV (6+) are'alreadvaell
23 25 21). The 531.9- keV transition feeds the 6+ state; its partlal
llfetlme indicates that 1t is either an M2 (0.06 51ngle particle un1ts26), or.

an E2 (1.7 ><‘lO‘3 spu ),‘ The spin-parlty of the isomer is thus 8- or 8+. The

83.6~ keV 1somer10 trans1tlon is a pure E2, accordlng to 1ts conver51on coef— .

ficient. (Its partlal llfetlme corresponds to enhancement by a factor of -2 over

the slngle—particle E2 valuegé),l The 'spin of ‘the 2870-keV level is thus 6, wlth '
the same parlty as the 2953 keV level.

The large retardatlon that would be 1mp11ed by the llfetlme of the
531 9 -keV Y ray if 1t were an E2 transition seemed so 1mprobable that we had
prev1ously made a deflnlte odd—parlty as31gnment to the isomeric levelzo). How—
ever, on the basis of theoretical con51deratlons, Ball proposed;recently'that |
these levels mlght have the two-proton conflguratlon (g9/2) 8+, 6+ ?while the
2h2l—keV 6+ state is predominantly a (d5/2) (g7/2) two-neutron stategT).'(In
this hypothes1s, retardation of the 531 9-keV. trans1t10n and enhancement of the
83.6-keV tran31t10ns are to be expla1ned by the predomlnant proton or neutron |
character of the states.v The observatlon of states at 2875 =5 and12960‘i 5 keV
populated strongly by ‘the reaction 93Nb(3He a) withvi - h28):supports this |
hypothe51s, if 1nde°d these are 1dent1cal to our 2870-keV and- 2953—keV states.
On the other hand, this hypothe51s does not explaln well the absence of a transi-
tion from the 2870—keV state to the l572—keV L+ state. The question of the
parity of these.states remains_to:be resolved by measurement of thexeonVersion"H

coeffioient of the 531.9-keV transition.
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The state at 2608-keV is a531gned (5- ) by analogy with the (gg/g) (p1/2
proton states observed in the SO—neutron nucle1 at about thls energy This
a351gnment is also supported strongly by the observatlon of ' the state in the

28)} The angular dlstrlbutlon of the lO36 keV vy

( He ,d). reactlon w1th Z =1
ray from this state also ylelds a Spln of 5 upon the assumptlon that it is a
stretched downward" trans1t10n. " With the same assumptlon levels at 3357 and
336h keV can be as51gned tentatlvely as 8+ and T- states on. the bas1s of the -
angular distrlbutlons, while the 389h—keV level is a551gned a ‘spin of 10 and .

the same parlty as the 1somer1c state, to whlch 1t decays. Rough estlmates-may.

be made for other levels on the ba51s of decay patterns 3318 keV (I = 8 to 10),

3803 keV (I = 9 to 12), hoo5 keV (I = 8 to 10), 4187 kev (1 = 11,12), ‘and
4493 keV (I = 10 to 12).
| - Cop M 1 seen | (e 4) venepian28y o
Some other levels of ” Mo have been seen in the (“He,d) reaction” ). One
of these, an'even parity level at 2295 5 keV may be 1dent1cal to our tentatlvely
assigned level At'23oo keV, A number of low—spln states, observed in the decay

th 21 22) are not appreciably populated by the (o, 2n)

of 52 minute Tc (I = (2+)

reaotion.' In partlcular the second 2+ state at l86h 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 9), is fed with an intensity < 37 in our experiments.
Tran31t10ns in 9hMo populated by (o, xn) reactlons have also been studled

at the Research Institute for Phys1cs in Stockholm A prellmlnary report of - this

work () 1ncludes a. scheme of the ‘more strongly populated levels in agreement

with flg L.
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9k, ) 96

3.3. Zr (a 2n) ~ Mo
The predomlnant de-ex01tat10n path.in 96Mo is
3787 (1o+) (E2)> 2979. 8+ £ 2Ul1 6+ 5‘1628 o EEs 778 20 E2 5 o5 04

From the angular dlstrlbutlon data, the spin-parity a381gnments are qulte certaln .

for all but the - weakly populated (10+) state, for which the ass1gnment is qulte A

probable.i A second observed branch is

S 2hh1 6+

3916 - »>'3370_(8+ﬂ) (£2) > etc; s

where the spln—parlt& of the second 8+ state is also qulte probahle (from the
angular distribution of the 929 3—keV Y ray) ngher-lylng,_weakly populated
states at 4533, h58h and h795 keV probably have splns = 10.

: A number of lower—lylng states whlch receive moderate—toeweak feeding-
'can.best be discussed w1th reference to ex1st1ng 1nformatlon ‘on the decay of
96Tc (7+), 96mTc (u+), and 2 Nb (6+)30 3h . The 1h98-kev 2+' state is well
establlshed30 35); in addltlon 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 ass1gned :

Spln—parlty h+ 3+, 5+, and 6+ respect1vely30).: Besides the transitions showng
in fig. 5, these states also decay by a number of weaker transitions observed

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

_from the beta feedings and decay‘patterns3o),'conversion coefficients32’33),-and.

While there has in the past been some disagreement on the spin-parity assign--

mentsS2? 33), those reported by Monaro et al )‘seem quiterirm_onzthenbasis‘ofiu”

'all decay data and the present results

[
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'YY-angular correlations3o’36f38). It is interesting to.note that, if the spin

a351gnments are correct, our angular dlstrlbutlons 1nd1cate that the 2&39—keV
5+ state 1is strongly aligned by the (a 2n) reaction, whereas ‘the 1869 keV b+' and
275b4-keV 6+' states are not. ' The lowest b+ and 6+ levels, strongly populated :
by the (o,2n) reactlon are by contrast qulte strongly aligned.

A very: probable state at 2219. keV (M+") and a tentative statepat
2875 keV (7,8+) have also been reported30). 'The'former; pOpnlated in the decay

96 96

of both Tc and “ Nb, was not observed in the (o,2n) reaction. ‘The latter,

1f’1t ex1sts, decays predominantly to the 2hhl-keV 6+ state by a L3k.8-keV transi-

'tlon | ‘The weak Y ray which we observe at th1s energy shows weak coincidence
relatlons that would be con31stent w1th this placement | However, a spin;parity
'of 8+ for the state seems unlrhely, since there are. at least one and possibly
two 8+ states at sllghtly hlgher energy. T+ seens unllkely on grounds of syste-
matlcs (see dlscu551on in follow1ng sectlon) | |

A strlklng difference betWeen the (o, 2ny) level scheme for 96Mo and those

r 92 9k ok,96

Mo and Ru is the absence of strongly populated oddfparity states,

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

that the 2h39-keVﬂlevel is a 5- rather than:a 5+ state. This would be incon- _'
51stent with the conversion coefficient of the 569. 1-keV. tran51t1on32 33), except
in the unllkely event that this tran51tlon were an El with s large M2 admlxture
A further'consequence of a 5- ass1gnment to this level.would be an odd-parity.-
assignment.forfthe-l978-keV spin-3 level. Thisvis also highly improbable, both
because of the conversion coeff1c1ent of the 1200 1-keV tran51tlon32 33) and
"from the fact. that a different 3- state at = 2,25 MeV has been identified in the

96 Mo(d,d') 9), and 2° o(n,Y)39) reactlons
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The only femainipg.caﬁdidate‘for;the e#pected 5- state is the 2734-keV.
level. The angular distribution of the 1105.8-keV transition from this state
indicates a-poséible.spin—S:aésignmént, and we have ténfatively assigned it as
the 5- state. On fhis hypothesis,>the "probable" 1é&é1 at 3&73,kev hag.a deéay‘

pattefn]éonsistent with that expected for a T- state.

Mesko et al. have proposéd a level schemeeg) for 96Mo based on their

(o, 2ny) measurémehts and level schémes_derived frbmuradioactiQe:decay studies
and recent 95Mq(n,¥) resultsho);. | |
‘There is general agfeement with‘our levelygchemé,_althoﬁgh Mesko et al.
‘do not report thev1evels ét 3370, 3916, h533; 458k, and u795 keV. The only
disagreement concerns piacement of the 1106—k¢V .Y ray. -
A number of additional, weak transitiOnsbin the scheme of Mesko et al.
were not'observed by us . Sincé these depopulate states of relatively low spin,

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

Stockholm experiments.

: 96zr(d,2n)98Mo_'

3.k,

The coincidence data. were essential for'theVresolution,of some transitions

in 98Mo from interferingvradiations, With the bombarding energy 30 MeV (and a
96

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

35% of the (0,2ny) cross-section. A particular problem arises from the fact that
: ‘ . ' o 8

transitions of & 723 keV and = 752 keV were found to occur in both 97Mo and 2 Mo.

%o and 723.1 keV '~ -

The weaker components of each of these doublets (752.8 keV in
in 97Mo).were detected only in the coincidence spectra. The transition of SlO.SvkeV,'

obscured in singles spectra by annihilation radiation, was‘unambiguously«éstabliéhéd ‘_'

| and placed in the'gaMo level scheme by its coincidence relations. A'number'of.‘ 
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" weak transitions, mostly of low energy, could not be placed unamblguously,

although a preponderance of 001nc1dence relations with other tran31t10ns in 98Mo"

provides strong ev1dence for thelr as51gnment to that nucleus (see Table 5 last

column)

or the levels shown in flg 6, those at- 788 1432, 1510, 2017, and
9679 keV are also populated in the decay of 51 minute 98 Nb (T = 4 5+)hl h2) ‘A
level at 23hh keV reported tentatlvelyhl he) in ‘the decay of 98Nb, is conflrmed

" by the present results Other levels of 98Mo found in the decay of 51 mlnute

98Nb (222h, 2333 2&19, 2767, 3021, 3050 3211, and 3326 keV) and in the decay

of 2.8 second 98Nb (1+) 41 h3) (736 keV (0+) and 1761 keV (1, 2+) are not detectably

populated'by'the (d 2n)‘reactlon

The levels at 788, lh32 and 1510 keV have prev1ously been ass1gned splns :

and parities 2+, 2+, and L+ respectlvelyhl 35) The ZOlT-keV state is probably. -

the same as the QhOh—MeV 3- state populated strongly by the reactlon 98 o(d d’)lg)Q

The 23hh keVv state is ass1gned 6+ on the basis of its strong populatlon and the
angular distrlbutlon of the 83h-keV % ray. | |
The 262l-keV state is assigned tentatlvely 5= on the ba31s of -the angular
dis trlbutlon of the 1110- keV Y-ray and the energy systematlcs of the 5— states.
in this reglon. " This ass1gnment may be con51dered certaln if the 2017 keV state,
to which 1t also decays, is in fact a 3- state Definite obserVation of decay
of the 5- state ‘to the 3- state was made in thls study only in the case of 98Mo,
although there is tentat1ve ev1dence for this decay pattern also in lOORu. |
The 3272-keV state 1s asslgned 8+ with falrly hlgh confldence from the

angular dlstrlbutlons. Comparlson with the levels of 96Mo suggests an 8+ as51gn—

ment for the 2854~ keV state also, although the: angular dlstrlbutlon of the

o
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siots;kév Y 'rap'ffom:this stste could not be-dstsrmined_because of inter-
férenoe from snnihiiation.radiation. The proosble assignment (74) fof thé
3096-keV stat¢ is‘supportéa by the angularidistribution of the 475.7-keV vy

fay andrthe ekistence of a cfossovet transition'to the 6+ state The 3657 keV
state is assigned {9-) with less confidence from the decay pattern. A881gnments
[9-] to the state at 3769 keV and [10+] to the hlSO-keV state are very tentative.

98 o7

Twenty-nine levels of ” Mo below 4 MeV have been observed in the" Mo(d,p)

reactiOnhu). ‘Most of the loweSt eight can probsbly bs éqﬁatedeith levels
observed‘in thé present studies‘orbfrom 98Nb decay. Because the nesolution of
the (d,p).spectfs’is comparatively low ana Zn vaiuss were not determinéd,'we'
feel there is insufficient information on whioh_to base a comparison of higher-
lying levels observed in the (G,Zny) and (d,p) reactions.. Further‘(d,p)présults

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

in this study.

35,.wﬁda2n9%u
The de—exc1tatlon pattern of 96Ru consists of two strong cascades above

the 1518- keV h+ state (see fig. T):

3817 (10+) B2); n950 ge —E2 2150 6+ E2 . 1518 L+

and

(E2)

> 2588 5(- -Eﬁaﬂl-s 1518 u+

3951'(9+) == 3201 7(-)

The spins are assigned from the angular distributions on the assumption of
stretched, downward.cascades. Addltlonal support for the ass1gnments is 1nferred

from the near constancy of the anisotroples of the E2 tran31tions
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Odd parlty 1s 1nferred for the 2588 keV state from systematlcs The
only crossover 'connectlng the two cascades 1s "the weak 1000 O—keV trans1tlon
between the (9 ) and 8+ levels. The 526 3 keV Y ray whlch we observe cor-
responds to the energy difference between the (lO+) and 7( ) states, but thls
placement Wthh .would be 1ncon51stent w1th the a551gned spins, is also 1nter-
dicted by the ‘coincidence results.‘

Levels at h262 4418, h598 and thl keV are also well establlshed by
the observed c01nc1dence relatlons Slnce they feed through the 10+ state with-
no trans1t10ns to lower.spln levels, it seems probable that all have spins = lO
The moderately strong 600.9-keV vy ray has a characterlstlc "stretched down-
ward £ = 2" angular distribution, which suggests a l2+ assignment for the
hhl8—keV state. ‘The same a551gnment for the h262—keV state, which is more
weakly populated must be con51dered very speculatlve | |

Other weakly populated states at 2891 and 35&3 keV are fairly well

established from;the_c01nc1dence Spectra. Those at 4082, 'h53h 4799, and 5096 keV

are more:tentative, The second 2+ state at 1477 kev 1s well establlshed
Only the first excited state of 96Ru,<observed in Coulomb excitation,
was'previously knownhs’hé). A recent letterh7) reports two new isomers of 96Rh.

"with half—lives 1.5 % 0.5 minutes and 9 l/h minutes. - The former emits Yy rays

of Sll keV (y ) and 833 keV the latter ‘emits these and also Y rays of 632 and .

- .686 keV. Comparlson with our level scheme lends support to these 1sotop1c assign-

_ments, partlcularly that of the longer llved 1somer

 3.6. v96Mo(a;2n)98Ruv
The de-excitation pattern,in,98Ru (fig. 8) displays remarkable Similarif'

ties to that of itS‘isotone,‘96Mo.’,In.each of these nucleivthe<predominant decay‘



a3 . UCRL-19986

path is through ‘the states

B2 ; 6+

(E2) N

(10+) > 8+ > etc.

Inbeach nucieus.a second 8# level receives substantial population. Each has,
vvbes1des 1ts 1owest b+ and 6+ states, a group of.levels of 1ntermedrate spln
(3*- 6) around-2 MeV that recelve moderate feedlng .And in each nucleus, the”
5= and other odd—parlty states are weakly p0pulated and therefore dlfflcult to
identify. The occurrence of these phenomena in nelghborlng 1sotones suggests
thatvthey may somehow_be related to neutron exc1tat10ns. The last two charac-
teristics seem peculiar to, or at least enhanced‘by, thevneutron'number N = 5u{
The 2+, b+, and 2+' statesAof‘98Ru are well establlshed from Coulomb

excltation gs h8) and from the decay of 98 h9 50)

. 6n the basis of our data, assign-
ments 6+ and'Bf to ieveis.at 22?3 and 3127 keV, respectiuely, are strongly indi-
cated. Assigmments (8+) to the 3190-keV state and (10+) to the state at LOOL keV
are only probable, and the [9-] assignment_for the.38§2;keV state isfvery tenta;
tive. | | | .

Elther of the levels 25&6 keV or 2656 keV could be a551gned as the 5- state.
Energy systematlcs suggest a sllght preference for the lower of the two states
(see d;scussion). From their decay patterns, a spin.of 5‘or 6 is inferred for

States at 1797, 2013, and 2266 keV bear a resemblance to the 1869-keV
96

h+', 1978-keV 3+, and 2&39—keV 5+ states of “"Mo. From the angular_dlstrlbutlons

of the 253.7- and h69.9—keV,trans1tions, it would appear that the positions of
- S v 98

the hf' and 3+ states‘are_reversed in “ Ru. However, it should be emphasized
that the‘data reported here are insufficient to allow firm assignments to be
_ v : : \ :

made to any of the three states.
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3.7. 98 (o, 2n )100
1In spite of the scattefing‘of much of the ~°%Ru de—eXCitation:intensity

: among numerous weak Y rays, 1t has been p0551ble to construct a detalled level

scheme (flg. 9) from . the c01n01dence sPectra. Levels at 540, 1228 2078, and L

3063 keV are ass1gned to a sequence 2+ b+, 6+ 8+ on the ba51s of angular
d1str1but10ns, decay patterns, and the1r strong populatlon (The 2+ and b+
vstates, as well as. the 1363-keV 2+' state, are well establlshed from Coulomb
exc1tat10n measurementsh6).a Spln—parlty ass1gnments to more weakly populated
‘states'at 2529 keV (5-), 295h keV (7-), 3507 keV (9-), and ho87.kev.(1o+) seem
reasonably certaln from 51m11ar con51deratlons | It is noteworthy that the |
295h keV (7- ) state decays predomlnantly to the 6+ state and only weakly to the
5- state, in contrast to the opp051te 51tuat10n in the llghter Mo and Ru 1so-v

98

topes and the 1ntermed1ate 31tuat10n in 7 Mo. From the angular dlstrlbutlon of

the 62k, S-keV Y <ray, the 3579—keV state is ass1gned tentatlvely as a second

9~ state. Other spln as51gnments are deduced from decay patterns;‘

vNumerous levels of looRu are known from the decay of Tc.(l+) ‘and
lQQRh.(le) - The most recent summary of these levels and of levels a551gned from

99 5 )

unpublished u(n,Y) data’t ) is glven in ref. There is llttle overlap w1th _

our (a,2ny) results because of the relatively low spins ‘of levels populated by
‘radioactive decay-and neutron capture. The first four excited states of lOORu
are seen both.in our results and in radioactive decav .lThese include the 1132—kev
0+ state, also tentatlvely identified in Coulomb ex01tatlonu6) we 1nfer 1ts
populatlon in the (o, 2n) reactlon from our observatlon of 'a weak 591 5-keV vy

ray. We also as31gn tentatlvely ) level at 1882 keV which is seen in both loo_h

decay and neutron capture. In addition to the 1342-keV transition to the 2+ state,
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the 18825kev state}decays by'transitione to the h+‘and é+' states that are toof
weak3to have_been»gbserved by us. Berzins'g£_§£552X assignespin—parity o+ Qrv
3+vto-thls'leVel; with the latter~spin;favored. Obseruation_of the state in
the (a,2n) reaction-also‘tends to favor the higherhsPin.__ |

Comparisbn-of our Y—ray.eneréies with the_more precise Values.of Ber-
zins et al 52 ) indicates that ours are . systematlcally too hlgh-—by about O 6 keV

‘at 540 keV

3.8, 100Mo(a,2n5102Ru |
Thebcoincidence results’for 2Ru were of somewhat lower sens1t1v1ty
due to experlmental problems but nevertheless were adequate to place unam—»
blguously some weaker Y ‘rays (of energy 235 4, 277 l 292.1, 333. 8, 621 5, |
680.7, 727.6, 775.2 and l26h;5 keV) that had not been reported in earlier
studies of the ~0° Mo(a,2n) reactlon53‘5h),' These define new levels at 2372,
2650, 29k2, 3387; 343k, and h056 keV (see fig. lO).‘ According to the.coincidencel~
results, the "235.l-keV Y ray" is actually an unresolved doublet. (ln par- |
tlcular, the two components of .the doublet are in c01ncidence w1th each other. )
The stronger component is definitely placed between the 2942~ and 2706-keV
- levels, while'the weaker'one,is placed between‘the 27o6_kév level and a.probable
level at 2471 keV. | | o
The 1047.3 keV Yikray is almost certainly not the same as the _
'(10&6 50 + 0.07)-keV transition observed in the decay of both T02Rn isomers®?).
‘Our coincidence spectra very probably place this Y ray. -'above-the-llOB—keV L+
‘state, whereas'the transition observed in radioactive decay was definitely placed |

between a state at 1521 keV and the first 2+ state56). The lSQl;keV state is

- known also to decay by a- ~518. 5-keV Yy vray with 1/3 the 1nten51ty of the
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10h6.6-keV transition55’56); the 418-keV Yy ray is deflnltely absent in our
spectra. Likew1se, the 1789-keV (h+) and 2219-keV 5+ levels populated by the
decay of 2.9 year 2Rh (I ) also were not observed in our experlments.-tA g
limit of ~ 2% may be placed on thelr feeding via the (30-MeV o 2n) reaction, in
marked contrast ‘to the 31tuat10n 1n 96Mo_ and 98Ru, where 1ow-ly1ng states of
1ntermed1ate spln do recerve substantlal populatlon A llmlt of 1% can be set

- on feedlng of a 0+ state at 9hh keV, known from the. decay of 206 day lOQRh

(In = (1-))5556y

The dominant cascade topulated,by the (a,2n) reaction,

. > gs 0+ .

2706 (7) —t> 1875 6+ —£2 '5‘1108 b 25 475 o E2

has been well characterlzed except for the quantum numbers of the initial state
and the multlpolarity of the 1nit1al trans1t10n. This 831.h-keV’transition has a
very weak angular anisotropy;'we find A = 0.10 % 0. Oh whlle Ewan et al. 5h)

report A = -O 03 0:02 (The dlsagreement in 51gn may not be 31gn1f1cant

2
since the values are w1th1n a few. standard deviatlons comblned error, and the
beam energles and target condltlons dlffer ) Ewan et al. also report a small
but 31gn1flcant negatlve polarlzatlon for the 831 L-keV Y ray whlch together |
with the weak anisotropy, was 1nterpreted to 1mply mlxed (Ml + E2 or El + M2)
multlpolarlty.' Thus the spln of the 2706 keV state is very probably 5, 6, or T.
Its strong populatlon and decay pattern favor spln T. Although the. mixed multi—

polarlty and short llfetlme (tl/

o = 5 ns) of the 831 h-keV tran51t10n would argue

by angular dlstrlbutlons (this work’ and Ewan et al. 524), polarlzatlon measure-

‘ments (Bwan . et al ), and Yy angular correlatlons measured in the decay of
2.9 year loth56) 1
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in favor of even parlty, we feel that 0dd parlty is more llkely on the ba31s of

' systematlcs. In summary, the 2706—keV state is assigned (7 )s where the 5p1n is

very probable'but'the pafity is speculative. .
The'2372-keV state is tentatively assignedn(s-).on the'basié of systematics

and decay pattern, although the angular distribution of the 1264 .5-keV Y ray

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

assignment for'the:2706-kev state. The assignmehts given to the levels at 2650,
2942, and 3387 keV arevdependent.on the spinsg&nd pafities of the 2372- and
2706—keV states, and are therefore very tentative.

Tran51t10ns of 628.0 and 1104.0 keV can be a531gned reliably to the_decay

of the lth-keV 2+!' state by comparison of their. energles and relative 1nten51-'_

ties with those of similar tran51t10ns observed in radloactlve decay55 56) Coﬁf}f‘v~
55)

parlson of our Y-ray energles with those measured by Gehrke and Helmer shows

'fhat ours are systematically about 0.6 keV too high.
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| | } --h. Diséussion ‘
h.l.: SHELL-MODEL INTERPRETATION OF THE OBSERVED LEVELS :

In refs. ) and 57) the levels of 2Mo and 9hRu are dlscussed in terms
cf‘the protonvcenfigurations (g9/2 (pl/g)g(gg/e)z, and (pl/2)(g9/2)3._’Tne'.
energles, de-exc1tatlon patterns, and all but one of the measured transition -
' probablllties are in excellent agreement w1th calculatlons of Ball et al. 57)Hl
based on experlmentally determlned effectlve interactlons in thls two—orblt -
conflguratlon space.‘ It 1s remarkable that only one level observed. in our
study of these nuclei, the‘h597—keV (I = 12)° level of 2Mo may fall outside
-this descripticn. Peker has suggested an 1nterpretat10n of thlS level as the‘_
(89/2)h>I 12 state5 ), although the calculatlons of Ball et al 5T 59) place
such a state. hlgher in energy Thus, 1t appears that the levels of 2Mo and -
9§Ru populated:by,thei(a,2n) reaction can be described by the hypothesis of an
.inert_SO—neutronﬁ+ 38-prctcn core60_63)'

For 1sotopes w1th N > 50 bnumerous addltlonal exc1tatlons are poss1ble.v'

. N _
The lowest of these are expected to be (va, ) I = 2,h'exc1tat;ons; © Such exci-=

5/2:
tations can also couple to proton excitations to give seniority-h

2, .2

. : h
(Vd5/2) (ﬂgg/z) ~and (vds/e) (npl/g)(ngg/e) states, as well as states of higher
seniority. Other ‘states can arise from the exc1tat10n of neutrons to the hlgher
orbitals:

: 3/2, and h. The 31ngle-particle energlesfof these

51/2’-g7/2’ 11/2
orbitals relative to the'ds-/2 in molybdemum are 1.6, 1.6, 2.0, and =~ 2.3 MeV,

respectively6h)}

¥ : :
Here and in the discussion below we sometimes omlt the conflguratlons of palred

) partlcles, i, e..(g9/2) may represent a senlorlty two—state of the cenflguratlon

<g9/2>n, or {(pl/2)0+(g9/2)n'2]'.,_
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The ex1stence of a relatively large energy gap above the 4 | subshell

512' ,
has encouraged several authors63 65, 66) to calculate levels of 9hMo and 96Mo-_:

1gnor1ng hmgher neutron“orbitals. Invflg. 11 the 'calculate_d.65 66) levels of |
9hM0 tconfigufatlonsv(vds/g)e(ﬁpl/2)2(ﬂg9/2)2“for even parity states;:
(vd5/2)2(ﬂpl/2)(ﬁg9/2)3 for odd-parity states], and 6Mo conflguratlon

(\)ds/2 (ﬂpl/e‘ (ﬂg9/2) ] are compared with the experlmental levels. We haVe
included only the lowest or lowest few calculated levels of a glven spin. Even-
parity states of 9uMo 1ncludlng the proton COnflguratlon (g9/2)h have aleo been
calculated66) these differ very sllghtly from the levels shown in flg ll w1th

the exceptlon of a few addltlonal states arlslng from pl/2 pair promotion

&9/2
(eg. the flrst ex01ted O+ state is lower by 0.k MeV) These and odd-parity
states of 96Mo have not Yyet been calculated |

9hMo, ;nterpretatlon of the experlmental results is dependent on the

n
_uncertain ?arity.of the'spin—8 isomefic state (and coneeQuently tﬁeuparities of
the sfates laﬁelled'6iland.10t, whichbare connected to the isomer bylE2 tranéi-_
tions). vaitsnparity.were odd; it vould fall oufslde the quoted theoretical.
description, since the lowest calculated 8~ and lO— states each lie.abouﬁ 1 MeV
higher than the observed states. Ancther 1nterpretat10n of an 8- (or a 6-) state
)(vh |

mlght be the conflguratlon (va ); from the recent dlscovery ) that -

5/2 11/2
the ‘energy of the hll/2 single—particle state is rather low (*’2.31MeV) this does
not seem unreasonable. A lO— state cannot’ be formed from these orbltals, but
- _ : | 5

could be ascribed to a-senlorlty—h excitation [(vd 5/2 )(vhll/2)]8 (Wg9/2)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.

This interpretation ie in agreement with the (3He,d) resulté?e),i(eee'eubsection



30 S ~ UCRL-19986

3.2.), in that the lowest calculated 6+ and 8+ states have the predomlnant con-\
flguratlon ) (ng9/2)2. However, the lowest observed 6+ level (2h2l keV) |
' then not explained by the calculations and must be assumed to 1nvolve exci-
tatlon in other orbltals In fact - from the low value of log ft for EC decay of.
9k T°[<“d5/e)("g9/2)]7+bt° the 2421-keV 6+ state, Peker has interpreted this
state as a. (vds/z)(vg7/2) exc1tat10n5 ),‘as suggested also by Ball27)
Other levels of 9hMo show good corresPondence Wlth the calculated Spec—
trum The energy calculated for the second 8+ state is- close to that of the
3357—keV (8+) state. The 1nd1cated correspondence (fig. ll) between the lowest

calculated 12+ and 11+ states and two observed levels of hlgh spln is suggested

by their decay patterns, but only if the parlty of the "lO+ state" is in fact

' even thls hypothes1s is at any rate only speculatlve. The observed 5— and L~ o

states are known from the (3He d) study ) to be predomlnantly (ﬂpl/e)(ng9/2)
exc1tat10ns,,as are the calculated states. Thus the observed 5- and - h— states

are analogous to the odd—par1ty, senlority-two excitations in the SO—neutron

5T, 67)

nuclei The lower-lying 4- state in the calculated spectrum has the dom-

inant conflguratlon (ﬁpl/g)(ﬂg9/2)7/2+, which would not be populated by a 51ngle- |

partlcle transfer reactlongs). The (7-) observed state has about the same energy
as the lowest calculated T= state. The calculated wave funct10n66) has the
tdomlnant components [(ﬂpl/g)(ngg/e)] (vd5/2)§+ and (npl/g)(ngg/e) in approx1-‘
mately equal amounts, the. latter belng the” conflguratlon of the T- states in the
SO-neutron nuclel. Either component should decay to the 5- state, in agreement
Vith the observed decay mode. The 3- state which lies con31derably below the

lowest calculated 3- state, is thought to be more collectlve 9)
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I Thebeven—parity levels of 96Mo\also corfespond well with,the'calculated
' spectrum. Exceptionsbarelthe observed L+', 3+, and 6+ states, which occur well
below the calculated energies. The same arguments applied to the lowest 6+ state

91"Mo would favor a (vds/z)(ng/g) configuration for the lowest 6+ state. in

of
9qwo alsoSS). This configuratlon might also account for the L+! and . 3+ states,
although (yd5/2)(VSl/2) is an alternative possibilityiforvthe 3+ state. Either

conflguratlon could account for the high E2 contentBO)

of the 3+ » é+ transition.

In the absence of such detalled calculations of . levelslln other Mo and.
Ru nucle1 we attempt here only a more qualltatlve dlscuss1on of the systematlcs.
Figures 12a and 12b illustrate these systematlcs. The levels shown are those
(from prev1ous studies and the present experlments) for Wthh probable spins
and parities.haue been assigned. |

A number of smooth. trends are evident. The 5;>state occuns at very -
nearlyvthe same energy'in most‘of the nuclei. (It may be a'little lowen in
102w Its:position:ié~not_wellleéteblished in‘98Ru; the lower of the two

98Ru would better fit the 5- level systematics.) This

states assigned (5,6) in ‘
92,94 9hRu:

suggests: that ite structure is predominantly the same as in Mo and
(Wpl/z)(ﬂgg/é). The T- and 9-'statee show‘a systematic trend with increeeing ;
neutron number toward lower energy and a brefefence for decay to evén-parity
states (6+ and 8+, respectively) This indicates some change in theif structurex
as neutrons are added ‘The change in the. calculated structure of the T— state

9k

" from 2Mo {kﬂpl/g)(ﬂgg/z) } to Mo {the same conflguratlon mlxed w1th

[(Trpl/2 ngg/Q)J (vd5/2)2+} has already been noted a similar change {admlxture’
of the conflguratlons [(npl/z (ngg/é)]s_( .5/2)h+ and [(ﬂpl/g)(ﬂgg/z) 3 (vd5/2)§+]}

occurs in the calculated 9- states.'.Other changes, possibly the addition of such



~32- : '  UCRL-19986

vconflgurations as (vhll/e)(vds/z), (vhll/z)(vg7/2), and [(Wpl/e)(ﬂgg/g) ’3]5_ 7
| (X)§+;h+_(k Vg7/2, 9d3/2, or vhll/e) may account for the continued lowering of

these levels as even more neutrons are added. (Various comblnatlons of these com-
ponents may account for the probable second T~ and 9- states in lOORu.')_AHowever,
the preference,for decay by El’transitions in the heavier isotopes cannot be

: explained by any such admlxtures, these transltlons must be ascribed -to (small) -
admlxtures of components 1nvolving orbitals 1n other major shells. Their
occurrence in heav1er isotopes’ may be due to increased hlndrance of the E2

' transitions resulting from changes in the maJor camponents of the wave functions.

The energles of the lowest 2+ and h+ states in Mo 1sotopes decrease

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

olnterpreted62 63, 65) as a change from a nearly pure (ﬂg9/2)2 conflguratlon to

5/é shell

Although the behavior is similar in

) . The expected filling of the vd
63,68)

one whlch is predomlnantly (va

5/2

. 9%% - . .

in o is only partrally achieved

Ru isotopes, there is a:marked'trend toward greater collectivity, as, ‘evidenced
\g. S

_ by contlnuously decrea51ng energy and 1ncrea31ng B(E2) values»s).

The lowest 6+ states are probably predom1nantly (vds/g)(vg7/2) exc1—_e

6

tations as was already inferred in the dlscu551on of Mo, thelr energles

are relatively constant. The 8+ and 10+ states -show an 1ncrease 1n énergy w1th

increasing N, whereas the 8+' state appears to be relatlvely constantfln energy B i

" The calculated structure56 ). of these states in 9hMo have the dominant components

8+ : ,(“gg/g) o o i
104': (mg.,)2 (va_, )2
T8y p) gy (Va5 0) 5,

' X | .*‘ |
8+': (ng9/2 6+(\)d5/2)2+ with smaller contributions. from o . .

‘(“g9/2)h+(vd5/2 4 and (ﬂg9/2)6+(Vd5/2)h+ .
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Siﬁilar strﬁctﬁree might be expected iﬁ'the othéf isofoﬁes; with possiole
addltional eontrlbutlons from comoonents 1nvolv1ng other neutron orbitals in
the more neutron—rlch 1sotopes. The reason for’ the 1ncreasing eeergles of the
8+ and.10+ states is not clear, but'mey_invol#eeeither'eﬁallOequilibrium defor-
mafions inofhese-high-spiﬁ etatesv which wOuld faise.the enefgy of the highQK"
substates derlved from the Wg9/2 orbltal, or 1ncreased correlatlons 1n the
ground states whlch would lower thelr energles relatlve to the states under. f
con81deratlon, |

Even within the limited, 3-orbital (mp) 5, TEy) 5, VA ,) configuration

. 5/2
9h

space of the ~ Mo calculatlons, the largest 51ngle components of the wave-

‘functions comprlse only = 50%-to 80% of" the states66).: For thls:reason,lthe

simple shellfmodel»conflguratlonsecalculated or'hypothesized_ih~the above. dis-~

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

calculations. do suggest that .certain configurations are not‘impoftant com-

ponents66)f' Most notable among these are (ﬂgg/g)y exc1tations of senlorlty—h
which 11e hlgher in energy than other exc1tatlons of ‘the same spln
[eg. (ﬂg9/2) (Vd5/2)2], and are probably not 1mportant components of the

observed states.

L.2, COMPARISON WITH THE VMI MODEL
Marlscottl, Scharff-Goldhaber and Buck have proposed a two-parameter OO-
69)'“

descrlptlon of quas1-rotational bands, the varlable moment of 1nert1a model™

In this model, the ratlo of energies of the 6+ 8+, lO+ ces states to that of
-the o+ state, E /E2, can be predlcted as a functlon of Eh/E - The orlglnal

. reglon'of validity, 2.231 \~Eh/E2‘< 3.333, is extended by the-edmission:of.

negative values for the moment of inertia‘parameter,%r s to values:ofOEn/Ee‘as
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low as‘l 82670;71); The reglon l 826 \'Eh/E \.2 231 1s referred to as the
spherlcal" reglon, since %S%I .- 0, whereas in the "deformed" reglon

(2.231 \"Eh/E < 3. 333)€S(I 0)-85 B MariscottiYO) has recently proposed -

an 1nterpretat10n of the mathematlcally equlvalent "Harrls model" equatlons72)

which is valid in the range 1 \'Eh/E <1.826 (the ' maglc reglonY%)). Solutions

of the VMI or Harrls equatlons for E /E2 are continuous in the spherlcal and

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

region70). | |
Our results are eompared'with.VMI7calculations:in fig. 14. They include

for the first ﬁime 10+ states of‘huclei iﬁ'this'region. ‘The calculated curves

for Eh/E < 1.826 (dashed curves) follow the prescrlptlon given by Marlscott17o)

We note that:
1) The trehds ere in general agreement with the calculated curves.
2) EXperimental points for 96Me faiJ well belew the curves. v(Somewhat
'better agreement would hsve been obta1nedv1f the arerage energy of
the two loleying h+ states had been used instead of the energy of
vthevlower one.) . | |

9k 96

3) Mo and Ru, whlch lie sllghtly 1ns1de the maglc ' region, do ndt_

,follow the predlcted dlscontlnulty.

L) Although_the'lowest 10+ states of 90 and 9h3u have not been observed,

the'sheil.model'prediCtions57) for these states lie far above the

calculated curve. 'IfbinEfact the lowest 10+ state lies near the shell-

model prediction, a quasi-rotational descriptionﬁof these "magic!
-nuclei would be superfluoﬁs, since the shell model alsbvpredicts (even

' more accurately than VMI) the energies of the other states.

Ry
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k. 3. MECHANISM‘QF‘THE'(d-én) REACTION

Although the _purpose of these studles was -to obtarn 1hforuatlon about
the structure of low-lylng states, some data on the dlstrlbutlon of angular
momentum in the reactlon was also obtalned The (a 2n) reactlon process is
thought to consist of several distinct steps:,

1) Compound nucleus formatlon, which can be understood in terms of an

optlcal model. | -
2) Neutron evaporatlon, whose rate is dependent on ueutron—transm1s31on

coeffic1ents (functions of E and AT) and'the level dens1t1es'

neutron
of the initial and final nuclei (functions of E and J). The details
of ahgular momentum transfer in the neutron—emission process are not
well understood7 )3 in particular; there has been no experimental
Verification'of statistical model,'spin—dependent ievel densities
forvhiéh—spin,states;k-In some cases»y—raykemission may compete
with neutroh emissiohTh); |
3) Gaﬁua ray cascades{3 Foriresolved transitiohsvthat have.heen placed.
in the level scheme; the spins Of:theiinitial.stateS‘in'these ca8-
cades are known or. inferred approx1mately from the scheme itself. “
To 1llustrate the spln—dlstrlbutlons at - various steps of.-the reactlon
we choose the system 98Mo + 284ﬂeV o (28 MeV is the average lab energy in our
thick'target); in this case the relatlvely high sensitivity of the coincidence
data permits placement of-weaker Y rays in the level scheme. - The histogram
in fig. 15 shows.the experimentalvspin—distributioh in lOORu_(in steps of zh)
just before the emission of those y—rays whose placement is known ("unaccounted

98

feed;ng in flg. 9). The solid curve;vfor Mo + 28-MeV a, calculatgd from the

optica1~model'
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equations of HuiZenga and Igo(S), 1s skewed

to hlgher angular momentum, whlch indicates there is a net loss of angular

. 2R 100,
momentum in decay from Ru to the observed states_of Ru. The two broken
curves show the calculated spin-distribution in lOORu after,the_emissiou of two
neutrons.' These curves were calculated: from the equations of ThomasT6); The

curves forﬁf— andif: 033g;igid bracket the ekperimental results; the value

rigid ,
%; 0.5 %;rigid 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'(Ei; Ji) to a state (Ef, Jf)

is given by the equation

_ S +% O J. + 8 . v v
- - Q(E i o | N
P(EJE-J):-l- E T(E ) .
TitYirTe e’ T b Q(E, .9, ) 17 os| %" “neutron’
S—IJf— 2]. Si

76),'and- T, is the trans-
mission coeffieient for a neutron with orbital angular momentum £, as given by

.

where @ 1is the level density, as given by Thomas

Blatt and(Weisskqpf
The brakeu curves in fig. vlh'kwere calculated by 'i"ntegration over the two
neutreu energiesvand‘summatiou overvall intermediate spins. .In order to account
for those decays wuich.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 00cur'when.Eneutrbn for the transition from a state

of 5p1n J to an Yrast state of the same spin (E = J(J + l):;) is p051t1ve, and

not otherwise. All parameters in these calculatlons are the same as those which
| 76) | |

7

Thomas used for his single-neutron calculations

We have not taken surface interactions or charged-partlcle em1ss1on 1nto

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

small in our experiments, these effects must be small. H
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If in fact the weak (but possibly numerous), unplaced Yy transitions
do not carry off significant angular momentum, it‘may'be concluded that the

theoretical descrlptlon (w1th€;a“0 Si;' ) provides a satisfactory accountlng

rigid
of angular—momentum lOSS during neutron em1331on.1 The“same calculations also
predict appro#imately correct ratios of the gross ‘cross-sections (o,n)/(o;zn)/(a,3n).o
However, the calculated‘energy distribution'in‘lOORu.after neutron evaporation is
- much higher than obseryed,Ithevpredicted'average-excitation energy being”only a’
few MeV below the neutron'separation eneréy This uould imply that there are

numerous, unresolved Y rays of high energy which, however, carry off llttle

 net sPin.
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Fig.

Fig.

Fig.

6l : R UCRL-19986

FIGURE CAPTIONS
1; Target chamber and y-ray detectors configuration used for meosure-.'
ment of angnlar d;strlbutlons. The inset shonsdthe last part of'the beam-.
line. N | | |
2; Siﬁpiified block diagram’of the'electronic'oirouitry'for measuring
energies,:infensitie55_and.lifetimee of-férays.

9k

3. Level schemes for 92Mo and 7 Ru.. Only levels and transitions observed
in the present study ere shown. The numbers next to arrows at the right side
of:the level scheme arevthe "unaccounted feeding in percent ‘that s, they

represent the feedlng by neutron em1s310n ‘and Y-ray tran51t10ns Whluh were

v not resolved or placed in the scheme. The same comments apply to figs. kflO.

Fig;
Fig.,
Fig.
"Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

4. Level scheme of 9HMo._
B 96,

5. Level scheme of “ "Mo..

6.  Level seheme of 8o

7. -Leveldecheme of 9§Ru.

8. Level‘soheme of 98Ru. V

9. Level scheme of 190Ru: |

10. Level scheme of lo?Ru;_

11. ' Comparison of the known levels. of “ Mo and “ "Mo with shell-model
calculat10ns65 66)

lé,v Systematlcs of the: even—parlty states

13. Systematlcs of the odd—parlty states.

lh.“Comparison-of the-observed quasi-rotational bands with the VMI-model .

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

follow the Presoription'of M&riséottiYO).
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Flg 15 Angular—momentum dlstrlbutlon at var1ous stages of the reactlon

98Mo(28—MeV a 2n)lQO Ru. The SOlld curve shows the dlstrlbutlon 1n 10? *

’after abSorption of~thef'a ‘particle calculated from" an optlcal modelYS)..i
The dashed and dot dashed curvesbrepresent ‘the dlstrlbutlon after em1551onvu
of tﬁo neutrons, calculated w1th a mlcroscoblc evaﬁoratlon mode176), fof_

two falues of the moment—of—lnertla parametex'zsj Thefhistogram répreéenté -

the' experlmental dlstrlbutlon ‘inc lO Ru prlor.to the»émission of those Y

'rays thatvarguplacgd_ln'the'level schemé'(fig. 9). =
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LEGAL NOTICE

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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