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1 Introduction 

At the moment. the neutrinoless double beta ~ecay (Ov/3l3) is the best probe 

for physi(~s beyond the standard model of electroweak interactions. Its exis­

h'llce connects with fup.damental aspects of partide,pbysics: 

• thE' lepton numb('r nonconservation; 

• the exist.ence alld nature of neutrinom&4iIs; 

• tIl(' cxistenn. of right-l,landed currents in theeledroweak interaction; 

• tht, (>XiSt<>llCP of a massless Goldstone boson. majoron; 

• tilt' structure ()rHig~s' sector;
 

.' snpeTsymnu:try. "
 

To dah', ouly IOWf>f limits 011 half-lives <T'?}2) t>! different nudei have been 

ol>tailwd ('xperim('ntally. 'Tilt'S£' limit.s art· used to .df'duce upper limits on the 

majonlua:'U<'l.1triuo ma..~. til(' right~hand('d-cl1.rr(>nt admixture parcuueter. thp 

lllajorou-majorana l1Nltriuo ('()\lpling constant, etc. (s('(', fOf'instance. Il] ). 

~.OlH' part.icular sOllrt'e of l:ui<'ert.aintyiu t.he ahove anal),"ses is the ('valuat.lon 

(If tilt' Dudt'af matrix f'lE'Ult'llts t'ntc>nng thr-tbport,tkal t'Xprt'SSiOllS (or these 

fUll~h\lJl£'ntal ohservablf'S. 

In elllllJ('(·tloll \"'ith t,h~ o~> di' c.l(-'(·ay, the d('t.'diou of douhl.· heta dcray wit.h 

t IH' {'mission of t.wn lleUtriut)s (2" fJ,B). which is an allnw('d J>ro('f~SS of st'cond or­

Ill'f in tIll' stau.lartl ll\culd, Nlahl(·Joj th.~ .'xlwrilUl'lltal d"b'l'llliuation of unclear 
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matrix elements involved in the· double-beta-decay processes. This, in turn, 

leads to the development of theoretical schemes for nllc1~ar matrix-demellt 

. calculations both in connection with the 2vf3f3 decays as well as the Ov l38 de­

cays, These decays require the same basic many-body nudE-ax-structure wav(' 

functions combined with different transition operators. More exact calcula­

tions of nuclear matrix elements allow a. more unambiguous extraction of t.ht, 

values of the relevant Ov/3(3 observables mentioned above. 

The f3f3 decay can proceed through transitions to the ground state as 

well as to various excited states of the daughter nudide. Studies of the latter 

transitions allow one to obtain supplementary informatioll about !~i3 dffay. 

Right-handed currents, for instance,·can be probed with the OvfJf3 dCt~ay to the 

first 2+ state of the daughter nucleus, and the detection of such a· trnn&ition 

would verify the existence of right-handed current6 in eleetroweak interal,tions. 

Because of smaller transition energies, the probabilities for fJf3-decay tran­

sitions to excited states are substantially suppressE.'d in comparison wit.h tran­

sitions to the ground state. But as it was shown recently [2}. by using 10\\'­

background facilitiesutilizing HPGe detectors, the 211/3(3 decaY,to the Or It·vl'l 

ill the danghter nudellS may ·be detected for such nuclei as looMo. 96Zr allli 

l&ONd. In this case the energies involved in the 13/3 transitions ar~ larg<, <,nou~h 

(1903; 2202 and 2627 keY, respectively), and the expect.ed balf-livt's cut> of tb" 

order of 1020 _1021 y. The cOlTesponding experinlents were proposM, a:ul th«' 

searches for such transitions in 100Mo, 96Zr and lsoNd w<'re penormccl in [a­

6]. The highest sensitivity ('" 3 ' 1{)21 y) was reached for loo·Mo. In this ('ase 

th(· weight of the sample was -I kg, the enrichment 98.35%, the time of 

nicasurem.ent ,.,.,1 y, and the volullle of the HPGe detector ....,100 cm3. Thili 

sensitivity allowed OIle to deted the 211,8{3 decay of looMo to the ot state Hf 

lOoRu (T1/ 2 '" 1021 y) [4]. In [6] new limits on half-lives ('" (1 - 4) . 1019 ) 

for 96Zr and 150Nd WPfC obtained, and the possibility to n~a.ch thE' sensitivity 

r.,; 1021 y was shown. 
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Up to now, th,' 21/;313 decay to a 2+ excited stat,e has been considered to be 

st.rongly !,>"11PPfPJoised ano practicall.\' ina,ccessi1>lc to detection. [7,8J. However, 

oit has het'll shown rN"cntly {9· n] that: the suppression factor might not be 

so larf1;f', and for a f<>w ntlC"lE'i ea.6Xt>. 116Cd, 82Se. and l00Mo) the half-lives for 

(O~ - 2t) transitions ('au be - lO~3 y. This WQuld IllP.all that the detection of 

s\u·hclt'l'a.yS b('('omes pos."ihlE" using th(> present m:d new illstallationsin the 

Drar('stfuturt". 

So t bE' ~ar('h for {3(3 t.ransitions to t.he excited states has its own special 

iUft'ft",;t, Tbt'or('tical ('akulatiolls for transition probabilities to excited states 

arc' v..ry important.. too. On ODt' hand, th(' cal<':'U1ations stimulat.(" to perform 

nt'w c-xp('riUl('utft, and on thc' (}ther, t.he (~01nparisou b("tw('(>u tlworetical and 

('xJ){'riull'utal f()Sults allows t,o iwprO\'(' paran.lC"t(,fs of the thpory and to devC'1op 

difff'I't"'nt apP1"()ad.l(~ to the' tb<'oft.'t.k·al d<"S('ription of ,J1,d decay. 

In thi"t oa.rtide ft'tmltt\ of thf'Off'tical and experilll<'Utal iUvt·st.igations for the 

jj tlt't'a~' of vUZr tu t'xdtc'd stC\teH ill !Jt~l\lo an' pn"'it'uh·tl. Tbt' half..life fOf t,he 

transition to the gro1Uul stat.t· of t,ht' (iaugbttlf undeus ha.-.; also lU.'Cll cakulatE'd. 

Th(' dt'Cay sro<>Ule for th.' triplet 96Zr .,ool\1l _961\10 [12] is :shown ill Fig. 1. 

~';uTh for /Ji-J transitivlls of ooZr to exC'it:f'd stat('l'j ill 96~I(J Iuw(l be,'u carried· 

_out " ..ith ~",ing a gt'nUaniulll d"h't'tOf to look for i-ray litH's ('orr('s!louding 

to ·tb<' df'("ay HChetllr. The sing}«' d cl('('ay of ooZr is!itl:lJJl~Y supprC"s.....·d dtH' 

to largt! spin diffl.'ft·U(·" hd\\"t,(>u the initial and final Jmd('iallddllt' t.o f'Ulall 

tCaI16itioJJ C'nerf,tV. ~t·v<'rthdt'sN. sudl (}('('ay is possihl~·. and ('an hl' dt't<·t't~'d 

by Jooking for 1-rays ~u'<'()mfltlIlyillR rh.' :j tlt'(~ay in l)(iNh. 

Theoretical estimates for the halflives 

\\'" baw' c·..Jl'lll.lh,d tlw 21-,,);:J dl'C'UY raft's of 96Zr to th~ ~r1l11lld ~taCt> (~.~,) :1Iu\ 

narious ('xdtt'tl stat-los h:,' n~itl~ tilt' qnasiparlid(' random-phase approximation 

(QUPA) tlwory. TIlt' fnrlllahsJU atfllp1f>d for tbt' ~.s, transitiollSis the 0lH' of 
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[13] whereas the calculation of the decay rates to one-phonon states and two­

phonon states is discussed in [9,14,15] . 

The virtual 1 + states (It.) of the intermediate oddAodd nucleus in the 

2v,d/3-decay matrix element [9] 

(1) 

arc calculated usillg the proton-neutron qRPA (pnQRPA) approach of [16] 

whereas the excited final states Jt = ot j 2t, 2; are described within the 

charge-conserving QRPA franiework [17J . In the displayed reduced matrix 

elemcnts of (1) the op(~rator ::3- is the usual Gamow--Teller operator (16] and 

s = 1'+ 28 ft :!, Furthen;lOre, QJ,(](Jt) denotes the 2v/3/3-decay Q value taking 

into i:l.CCount the excitation energy of the final state Ill) aud E(I~J - 1\!Ij the 

euergy difference 'tetween the mth intennediate 1+·state and the initial ground 

state. Two different sets of 1+ states emerge from the pnQRPA calculation, 

namely one for the initial nudeus (l~) and the other f~r the final nucleus 

(17,;,). The matching of these tw-o sets of statiCs is simulated by the overlap [13J 

(l;l,fit,) in (1). 

The calculations have been performed in a single-particle basis set consist­

ing of the N = 3 and N = 4 major oscillator shells supplemented with the 

N = 5 intruder orbitallho/2 for b~th protons and neutrollS. The single-partidc 

encrgies were ohtained from aO Coulomb-corrected Woods--Sax~upotential [18] 

(Uld a subsequent DeS calculation was performed for the initial (96 Zr) and final 
()6l\1o) nuclei exploiting hvo-body matrix elements obtained from the Bonn 

potential (19] llsing G-matrix techniques. The emerging quasiparticle ener­

gip:-i were compared with the low-energy spectra of the neighboring odd nuclei 

to see how the \V~oods-Saxon basis works for 96Zr and 96Mo. For 96Mo the 

\Voods--Saxon energies are satisfactory but a slight energy shift was adopted 

for 281/2 neutron orbital as well as for IPl/2 and OY9/2 proton orbitals in the 

rase of %Zr. At the same time the,proton and neut~on pairing strength [16] 
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was adj'usted to reproduce the semie~pirical pairing gap~ obtained from the 

.tabulated proton and neutron separation energ~es [20] of the odd nuclei adja­

cent to 96Zr and 96Mo. 

The proton-proton, neutron-;neutron .and proton-neutron two-body G ma­

trix elements needed in the QRPA calculation are scaled [14,16] using the 

experimeutal excitation energy of the first 2+ state in 96Mo and the semiem­
. . 

pirical location of the Gamo'W~Teller giant resonance in 96Nb. The particle-

particle interaction strength {13,16] , gPP' is left as a free parameter t and· its 

most probable value has to be obtained by other means. We have chosen the 

value 9pp ~ 1.0 based on previous analyses 113,16,21} and the study of the 

.A = 98 transition 98Nb( 1n- 9SMo(g.s.), for which the QRPA reproduces 

the experimelltallogjf of 4.5 [22} in the "idllity of gpp ~ 1.0. 

The abow' 9~Nb(1t)decay is the o'nly known It decay dose to the region 

of int.erest, aud them<>asuIcd logjt values of trau."litions to tilt, various {'xcited 

fiua.l stah's .Itof 981fo can be 1-lsed a."'i arough eheckof tlH' (,illnllatf~d uuclear 

ma.trix el(,llH'l~ts for sinvJe hf'ta de('~y transition8 to ('xcitp(lst.at('s. Th~t'..(ll'n\y 

trausitions, ill t.uru, bdng an {'~:-('lltialpart of the 2,I/J,3 de(·ay lllatrix elt>lll('nt, 

an- in (l posit.iOll to snpply rou~h pstillmtpsof thf~ magnitude' of the lllldt'.u 

matrix pkl1lcuts ('uut"('nlillg2v!J/3 <It'cay transit JOBs to e'xdt.pdfinal sta.te'S. 

.Aftl'r fixing the value of UH' strf'llMb pm'au1l'ter !lI'P ill tbe' ah(}n'~d('scrih('d 

mamu'r OIH' may obtaiu·, ill principle. a ddillit(· tlll'ord.ical prNlictiou fortlH' . 

~.S. t.ransition alt.hnu~h t.h(· lIwp;nit.u<!(; of til<' g.s. matrix el('lll('ut. ,"aril's rather 

strolll!:l.v ill t.It(' viduit.y ofypp = 1.0 [1.13.16.21.23]. A lllOI<' llIlHmhi(l'lOHS ob­

sf'rvahl<' for th(' I!:.S. t.rausitiou is HI«' llUlXim\1Ill value of the matrixd('1U(·ut 

(inl.his ('ast' 0.53) andtlH' ("(,rr('sllOlu!iug minimum rl,·("H,·.. halflifi:, (2.0: lO.liy ) . 

. C'ulltraryto tlU' g.s. transition. tIti' matrix l'klUputs ('nrr('slwU{!illg to traJlsi~ 

tious to pxf"itt,d ()l1('. {lIut two-p]WUOl1 staff'S arl' rat.lwr ins('nsitiv(' to tIl{' \'ahw 

• 
'TIll' \";IIIII' (If 9,_" muM. ill print·iplt', ()(' fix~ 11)·t.1\f' b('ta ~1t't"ay!";Nh(ln ~ !";Mo(~.l!.) (iUl ill lllt' 

fa>l«' (lr 111"':\1... liC'(' [IIJ I bUI \Ill ('xfM'rinu·ul.u data about tbi~ lfall!'iti(ltl ('xi,;ls. 
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of gPP {9,15] and thus alh)w for a more unique prediction of tht> half livet for 

these transitions. This is the case also in the present caJ<:~tion. 

To· improve the accuracy of the half-life computation the energy of tbp 

first intermediate 1+ state, E( 1n in the cnerg-y denominat.or of eq. (1). ha.., 

usually been normalized to experiment, e.g. ill [9,15J ..lu the pr~E'nt ca."i(· thf'f{' 

is no experimental infonnation about the location of 1+ stat.ps in ooSb. Thil\ 

introduces an uncertainty iuto the present calculation siuer in the puQR PA 

formalism it is not possible to predict accurately the 1+ eU('rgies of the odd· 

odd UUdelL"i relatiVf.1 to the adjaccnt even-even ground sta.te. In view of this Wt> 

have allowed th(~ ('xe1tatioll en~rgy of the first 1+ state in 96Nh to vary helWee1l 

0.0 and 1.0 !vIeV. This vari?tion affeds particularly strongly tlw transition~ to 

2-t- states due to the third power, S =3, ill the energy d€'D()lwnator of Nl. (l). 

The variation of t.ht~ 1+ energy reflects upon the values of th~ Va.rinu... matrix 

clements and the corresponding half lives a.... seen in Tabl(· 2. 

Experimental setup 

We have got the possibility to use a 430 (~m3 ,. well.. type" HPGe det.ector 

[241· to study , radiation resulting from 13/3 decay tQex("itE'd state't' of 90Mu 

and (3 decay of 9(JZr~ Du{~ to larger acceptance in solid angle, tht- (}f't.edur 

with a sample inside thf~ well is a ff"w times OlHI'f' effkif'Ilt for siuglf' ·~·-ray:'i 

than conventionally shaped detectors of th(' sault; volumt· wher... smuI'll's ..Lfl· 

mrce-tly laid OIl the endeap cylinder. However. t.he well-typp. erystals are not 

widely used b('cause they an' known to have sew'ral shortcoulings: - I08f\ of 

about 10% il) ·resolut.ion,- a limitation to sampl(' VOlllW~l in the well. - for 

a cascadet)f a few ,-ra.ys the dfidellcyde(~reasesfor cVl.~ry ...,.·liue h(~(~am;p uf 

the superimposit.ion of ,-ray signals. But for the most pi(.Jbahlp nUies th.' .j, J 

d('cay to the f'xt"ited states is accolllpani(~d hy not UlOr(' two ;-raYb only, <wei 

the probability of siIl1ultcweous 'fttl~ ahsorption of two -,·rays is bigh euoup;h 
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for well-type detectors, that one may used for data analyRis. The well size is 

large enough: 01.5 'em x 10 em, with total volume. of the well equal to 17.7 

cm • 

Th(, iIl~tallation was specially designed for low-background measurements 

in e'\lvironment.al studies. The Ge crystal was mounted in a special low­

hackgTound cryosta.t admitting the shielding of the Ge crystal from possible 

radioactive impurities of the dewar. The endcap, the crystal holder and other 

l1JC'tallk part.s were mad<' of v...ry high-pllrit~ aluminium..;..(4%) silicon alloy. 

Th(> S(~t,up was locat(od in the FrE-jus Underground Laboratory. The shield­

ing thickness of 4800 m W.E'. redu('(~s the cosmic radiation effectively. For 

shielding from external b~kgr()und, coming frolD the rock and air, the de­

t.('dor was s'.lrrotmded by 10·- 15 Clll of OFHC copper and then 15 em of 

ordinary IE'OO. To remove radou gas from the inner cavities of the shield, a 

continuous sweeping of th(' detector hy njtrog(~n gas was adopt.f'd, the gas go· 

ing from li(}uid nitrogell cryostat t.hrougb a sp(~dnl hole in tht> copppr shield to 

the aluminium cI!dcap. III additiou, a strong air ventilation keeps a eOllstaut. 

low.Ru act.ivity of 50 Bq/m:l ill the Frejmi Underground Laboratory. 

\\~ithill th('se expct'iuwutal {'ouditiollS tll(' background (·Olmt.iug rat.(> of tlU? 

dt'tt'(~tor is 0.5 nlUllt/mn ill the' .....llergyra.J.igt> from 30 k<>V to 3000 k('V. The' 

enf'rgy f(>~olllt.iou is 2.35 ke\?'oll 1332 k{'V liUf' of llo-Cn. 

Our {J/J source cousisted oi a. 18.74 g saIllpl(' of Zr01 powdt'r. nmtailH'd in 

a plasti(' hag. Tlw hag was rolled with clasp packing aBcl was placed ill the wdl 

of Ow d(·tN:tOl". Th.. isotoj>ic <lhundanct' of ~I{iZr is G7.3/(J, ,vbefPas Ult' natnral 

ahUlulauce is 2.8%. Approximatdy 5.1 . 1022 nuclei of IlliZr W(>f(> ('xpospd to 

ddedioll. The. tiuU' of I1l('<l:-.Ur<>1l1Put was only 19.4 days. 
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Analysis- and- results' 

The'total enel'gyspect~for Zr02 sample is shown in fig. 2. All the ,,-ray 
. IJ • 

!!nes hav~ been identified and compared with detector background activiti('s. 

Different' activities in our sample _have been evaluated. by _taking ·into account'. ~ 

efficienCies for "Y-lines Of ~tOpes ~ntified. The efficiencies have been calcu­

lated according to experimental efficiency curve and experimental values from 

special calibration measurements. The main detector backgi-ouud comes from 

natural 4oK, radioactive chains of 232Th and 238U, nlan..~ade and/or cosmo­

genic activities of 137Cs and' ~Co. The -sample has been found to ha.vesmall 

radioactive impurities of 40K ,(1.2 Bqjkg), 241Am (0:05 Bq/kg) and 2MU (5.0 

rnBq/kg). 

Fig: 3 shows in more detail parts of the energy spectrum -corresponding 

to ')'-lines of the first excited states in 96Mo. He~e the summed PE'ak of tWQ 

')'-rays from the ot level'are presented too, because its detection efficiency is 

. compatible with single 'Y-ray lines (see Table 1). No peaks signaling abollt d,:) 

decay ot usual {3 decay _of 96Zr have appeared at energies corre8ponding to 
transitions tothe excited states in "96Mo. 

The corresponding limits for transi~ions being invpsti~ated have been ~)b­

tained using the likelihoQd function, which is the produ<,t of prohabilities for 

~pectrum bins to have their numbers of events. EVl>ry bill of the spectrum 

is considered -to affect Poisson dis~ibution with mean value equal tc> sum of 

background and contributions of -y-lines. The detectdr response function for 

a ,),-line is taken to be of gaussian form. which is enollgh for low-background' 

measurements, but one ulfl-Y use any shape. Background is a straight Jine fit 

in the range of peak position ± 30 standard deviation..., with rejecting bin:­

,under th~peak. In our analysis background is SUppos('d to be known with a 

negligible error. In that case the likelihood function can bt' ~vritten as 

fli 

L(X) =II f\ e-J'i ~ IJi = X E cmPmi + bj (2) 
i n t• trI' 
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whefe X is th<' mnulWf of transitiollS under study, em is the detection efficiency 

of the mth ,,-line of transition invpstigated, Pm; is the contribution of the mth 
j' . • 

I-line to the ith bin, and b; is the. hackground for the ith bin. Normalizing 

L(X) to lone has obtained the _prohahility density function used toca1culate 

limits for X at any confidence level [25-27]. 

Table 1 presents some limits on /3j3-decay transitions of 96Zr to excited 

statc~ in 96Mo, calculated by using single -y-lines or sets of ,-lines. As a rule, the 

USf' of a set of ,-linps cOn"espolloing t.o one transition investigated gives better 

limits for tht' number of transitions, because in that case more information 

ahout the sp<'ctnull is utiliZi·d. 

As to the single t3-d<'cay of 96Zr. the situation is not very good because 

the subsequent ,a-decay of 96Nb givps three or more ,,--rays ~imultaneously, 

l('adillg t.o strong df'cn'asing df't,<'ctlou efficiencies for ')'-ray lines, which is the 

result of a. v('ry large prohahilit~r for Olle -y-ray interaction in the Ge crystal 

(30-70%, (lepl'udiuf,!; on eu<>rgy). The }wst limit on tlu' half-life of the ~d('cay 

of 9tiZr from our sp<,d.null is 2.6· 1019 y, which is slightly less string('ut than 

tilt' value giVt·u in [6] (s('(> Table 2). 

5' Discussion 

Table 2 f{;preS(~llts onr theor('tical and t'xperilllt'nt.al f{':,;ults, and the twst up 

to date ('xp<'rilll<,utal re:'sults of otht'r t'xpcrimt>nt.s. 

The:' uucertaint.y ill the ('ukulatNl nudf'ar matrix d('Ult'nts and, ("011:-;('­

fl'l('Utl~·, in C'xp<,d('d balf·livps is due' to tlu' variation of OIH' panuudC'f ill the 

pllQPR A calculation - tb(' (·xcit.aJif)1l en('r~y of the first 1+ state ill U6l':b ­

lwtw('{'u () and 1 M(·V. It. should 1)(' llot.f'd that tht' magllitlUlt· of tlu' ot ma-· 

trix -('lpllwut is approximately on<' third of the magllitllCl(' of tIl\' g.s. matrix 

f'h·uU'llt. This r,'sult differs from thf' situatiou (·UCOllllt.f·f(·d ill Illll~[o (l'xp('r­

illwufal [-1.28) awl t!Jf'ordi('a) [11.29] I1U1111wrs) and 1ItiCd [~)()J wh('r<' th('st' 
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matrix elements seem to have roughly the same magnit.ude. The validity
 

of the present result can be tested, to some extent, by. co:ri:lparing the oh..
 

s{'rved 98Nb(1t) -+98Mo(Ot) decay rate (logft=5.5) with the cakulat('tl ow'
 

(logft=5.3). On one ham!. this comparison is Ineanillgful !'iinct" most of th('
 

contribution to the 2vf3f3 matrix element comes from the low('st 1+ stat4' (that
 

is Why alsc the location of the first 1+ state in th(' intermediate nucleus should
 

be known rather well), hut on the other hand, due to thl' spf'>dal Ievd <;tn14"­

It, 

ture of !i8Mo (ot state falls below the 2t state), no strong ('laims CClli lJ(· mad('
 

on basis of this comparison.
 

As to the 2vj3{3 decay of 96Zr to the ground state of u6Mo. 011(' cau compan'
 

our expectation for its half-life with calculatiolls 0.£ ~)th('r authors: Tt/2 =
 

8.5 . 1018 y [1) and Tlf2 = 1.08· lOl9 y [23]. It has to be noted that OUf
 

calculation, as well as the other calculations mentioned above, suff('r from
 

the same uncertainty: the rather strong variation 'of the ground-statE' matrix
 

clement as a function of the particle-particle interaction strength, fJl'l" in the'
 

region of physical interest. By slight variation of this parnnlPter afoullli i!s
 

most probahle value a wide range of decay half lives can be achiPVt·n. Thil'i
 

property decreases the prcdidiv(' pm,vcr of the theory in the ea."iC' of groul1d­


sta.te transitions.
 

Fortunately~ a.s mentioned in ell. 2, the predictive pOWf'f of tIl<' theor.v
 

is better for the decay ha1f-liv~s·of the excited-state transitiolls. Fer thpsP
 

transitions the theoretical half-lives vary only very litt.l(> in the physical r('gion
 

',:0£ gpp. 

The best experimental limit for the ground-state transition~ T?'h = 1·10)7 

y [31], does not contradict the above-mentioned theoretieal half-lifE.' estimates. 

At the same time the work [32] tells about the observation of 211(313 decay of 

!16Zr iri geochemical experimentwith Tli2= (3.9±O.9)·1019 years. However~ this 

result needs a more careful check and confirmation as authors cannot explain 

the excess of 91lMo (along with 96Mo) and <Io not discuss pffeds connpctpd 
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with warm neutron capture which must lead to a lar~e excess of 95~10,Dot 

ohserv..d in the experiment. Thus, from our point of view, the question about 

the observation of this dCCdy is still open. 

As one can S('(', our experimental limits on ,8{3 transitions of !itiZr t~ the 

first four (>xciterl statE'S in 96Mo exc"e('d the previous oues ~6J by a. factor of 

ahout, two.' It should lw notpd that. t.be time of measur<~mellt ill [til is 5.4 times 

Ulore than in our ('xpcriment, for a d('te(>tor volume less than 25% of our one. 

So t!lt· dctt'dor with a well ,;ives a higher sensit.ivity for such transitions whprP
1
 
J tbpf(' ar(' one or two ')'-rays im·olved.
 

' .. , 
~ Comparisoll of f'Xlwriuwntal r('suIt.s with theoretical ones shows that to 

(If-h'd 2vt:W dc-cay ,')f IlliZr to the ot exdted state of 96rvlo~ it is necessary 

to incleast' tbf' experiW"lltHl sellsit.ivity up to (2 - 3) .1021 years. I~ ma.y be 

a~"hi('v('d hy inCT('itsillF; th(' isotopt> ma.",s up to 100 g c:md measuring tim~ up .to 

1 yea.r. Pra.ctkally lh.~ SaInt' ~eu~itivity would be obtained if one s~rounded 

a Gt· detector of th... preseut volume by 30 - 40 kg of natural zirconium with 

wry low cont('ut of radioactive impurities. 

Oue, should note the perspf'(~tive. implied by the theoretical results, for 

search of 2vjj{'J decay of OOZE to the 2t excited state of ooMo. For this the 

wt'll-type Gc detector suits hetter bec~use of high efficiency for one "Y-ray,'aud 

necessity to select. thE>se tr;ws~tioil.s from data full of more probable 0+ ~ 01 

transitions. 

"" 
~ 6 Conclusioni/'
I':..;. 

J 

r	 Improved experimental limits on 2v/3/3 elf cay of 96Zr to ex'Cited states in 96Mo 

havt' been obtained. The corresponding theoretical half-lives have h~n calcu­

lar,cd with the QPRA model. It is shm·..n that 2vfJf3 decay of 96Zr to the ot 
statf" in 96~\"lo ('ould he dett"ded with nlOdem low-background HPGe detectors, 

largpr samples and statist,i{:al times,leading to ~ensitivitiesup to (2 - 3) .1021
, ' 
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years. Theoret.ical estimate shows that it is possible to deteet the 0+ -+ 2t 
tra.n.~itjon a!r,o. 

TaLIf" 1 

Expt'riment&llimit~ (~;/~") on thf' half-lives for fJ{3 decay of 96Zrto t>xrited statt'll ill llbMo, ,­
Icakulatl~1 using different sets of .,.-lines corresponding to tht'Se tr"nsitions. Ex is the 1c.'vt>1 
I 

f'fWrg)', E denote. the .,.-line efficiency. Limits are give'll at thp r·onfid.·n~t' le'i.·} CL=90%. 

rO•.+2v
lrasll~jtiUfJ Ez .,.-lines 

(keV) (keV) 
o~ -+ 2f 77M.2 
O· -ot ) 147.9 

1497.~ 

1625.9 

778.2
 
369.7
 
778.2
 
1147.9
 

369.7 + 77li.2
 
:l69.7 + 778.2 + 1147.J
 

719.6
 
778.2
 
1497.8
 

719.6 + 778.2'
 

719.6 + 778.2 + 1497.8
 
778,2
 
847.7
 
1625.9
 

77iol.:.! + 817.7
 
i78.2 + ~47.i + 1497.8
 

(; 
1/3 

(%) (10111y) 

20.4 7.9 
13.7 4.2 
5.!JO 2.3 
V·~ 1.8 

6.1 
6.8 

5.Y;) 1.7 
5.:17 2.1 
6Jn' 2.7 

4.1 
!i.I 

7.56 :l.~ 

6.74 'l.b 
4.51, 1.6 

5.1 
!),4 
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Table 2 

The r.aJru.lated nuclear matrix elements (MllT), corresponding ,expectatilitit for the half lives 

,(Tlj2)cale) and experimental results' for fJ13 decay of 98zr. Limits OIl the IJ decay or 96Zr are 

presented in the last row. An limit.s are giVf'll at the CL=90% with ex~ption of that· mat"" 
b, which bas CL';68%. 

Tratsition (~+2,,) (In19 rIII a:pW YJiiK 
our work ' other.; 

~ -+0+ .0.12 - 0.31 5.8· 1017 - 3.9 . IOu; (3t'9 ± 0.9rt~g.II, 

>·0.01'· 
. 0+ -+ 27 0.0046 - 0.038 3.3· 1019 - 2.2.1022 > 7.9 > 4.1 c 

0+ -+ at 0.040 - 0.10 2.1 ·14)20 -1.3 . 1()2' >6.8 > 3.3 e 

0+ -2; 0.00064 - 0.0091 5.1· 1023 - 1.0.1026 > 6.1 > 2.5 c 

0+ -2j >5.4 >3.,3" 
,,-decay > 2.6 > 3.8" 

.. G-odlemical experiment, {32} (see discussion in the text)
 

b 2" decay mode, taken from ref. [31]
 

(' Taken from ref. [6)
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:8Zr 

2; ~ ~ "! 

....- .....-------- 1625.9 

-..................."-t--+-.._- 1147.9 .
 

Qp =163 keY
 

QIJIJ :: 3350 keY
 

t'ig. 1. L(~v,'l sdtt~lI}(' for tllf~ t.ril'lf't of !)iiZr !)(iNh . !16Mo. ElH'rp,ips an­

,l,-uhf,-,. in kl'V, tlJt~ f('}ative i-ray int.pusities an' ~ivf'l1 ill pel'{'puts. ,• 

~Mo 
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let 
I 
< ,

It 

'<' .. 
.. 

>.. 
It

•• 
~ 

'Cl 

51 
it--'".. 

'. 

1M .n. Uti 

'" ~
ii
. I. 
::I 
0 
U 

~ .s• ! 

Fig. 1 The total energy IlpeCtrum [(>(;orded With zr02 powder sample iti 
19..1 day~. 

II 



•- 15s:: 15 
:s 
0 
U 

7DolbV 1141.9 keY 

•• tt 

5 

'-t"'r¥~r-r-'r""tr-r''t-T""T""~...Ih,....,....,...,-r-T' 

71. 115 'II '15 7,. U.' U45 11551150 

EDft"lJ (keV) 

16
 

.~ ... 

,. 15 

JS 
Uf.1.¥' 719.6 keV 

%I It 

I " 
IS 

II S l 

> 
5 .. 

-.c • •.. 
-0 .,.. 36S 311 375 JII 71' 115 720 725 
~ 

0-


Fie. 3.' I»artial~i-r..y :O;1"'(·tt~.l ill .IJC' ('rwr,;,y fimv,c's c'urr,osIlUllfliuV; '0 d('n,~ of 

first exdtt"C1 :ootatc-s in 9t~~I". TIll' arruws irldic-ai(' til«' ('xp"dc'fll-lim' p()sitjol~ 

fur ~,"le Ir.ow.,itiUlIS: JGfJ.i k.·V (0: - 2: ). 719.6 k.·\" (2J - 21
1J. ;;8.2 kt'V 

(~t - O;.J. 11-17.9 k.·\· (t-lJ(' loiulUlllc"(I.U'ak fur 0: ).-\",-1). 

1160. 
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