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The low-lying spectrum oﬁGe nucleus is constructed in the context of a deformed configuration mixing
shell model approach based on Hartree-Fock states. We use as two-body interaction the modified Kuo
effective-interaction for thds;pgy,, valence space. Subsequently, the matrix elements for transitions to low-
lying excitations induced by the exotje-e conversion operators on this isotope are calculated. This study is,
among other reasons, motivated by the recent estimations qu the™ branching ratioR (A, Z), which have
shown thaiR,. becomes maximum faZ~30-60, a region of the periodic table that includes the Ge isotopes.
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I. INTRODUCTION inserted into the produced nuclear spectrigng., the 0, 17,

L - etc). In some processes, such as B@decay,u-e conver-

+( AT hzi rr}LSJo:r—]eils]ctg?tnaﬁf z\rllzrsclﬁgllg]n nil:]dég’ezgt:é’“vs;s ro_sion, etc., a great part of the transition strength is predicted to

ces,s 1_’3] which \?iolates the conserv%tign of le ton-flal\jlor proceed via such excitations, so that the restoration of the
[ P broken symmetries and the subsequent elimination of the

quantum numberg , and L, by one unit. Recently, it has . . . . .
b th biect %]ﬁ iderable th tioat d spurious admixture inserted into the calculated spectrum is
een the subject of considerable theoreti@#,5 and ex- required[17-19. In addition, the nuclear deformatiae.g.,

perimental [6-10 work. From the experimental attempts ¢, ayially symmetric nuclear systepnshould necessarily be

performed with the objective to “measure” the branching ra-.sidered by applying appropriate treatments and using re-

tio R,e of this process, stringent limits on the lepton-flavor |izple methods.

violation (LFV) parameters have been obtained while signifi-  The present paper, in addition to the above arguments, is
cant improvements over these limits are expected in the negfiso motivated by the conclusions of the recent calculations
future by the new u-e conversion experiments, i.e., carried out for studying the nuclear structure dependence of
SINDRUM Il at PSI[6,7], MECO at BNL[8,9], and PRIME  the pranching raticR (A, Z) throughout the periodic table

at KEK [10]. On the other hand, the formulation of th  [50]. These results have shown that the coherent fi&fio
—€ nucleon-level Lagrangian has been dqa#] in terms  pecomes maximum wheli~30-60, a conclusion that may
of the nucleon effective fields in a Lorentz covariant form pe helpful in choosing the appropriate target nuclei for future
where all possible types of interactiongpseudgscalar, ;e conversion experiments. In spite of the fact that the in-
(axialvector and tens_or—are included. Fur_thermore, thecoherent(,u‘,e‘) rate (not estimated in Ref[20] and much
one-body nuclear matrix elements of the basic nuclear-levélarder to be calculatgds less significant portion of the total
operators resulting from this Lagrangian have been compate however, it is important for estimating the experimen-
pactly formulated[12] and the many-body nuclear wave i)y interesting quantity of the ratio of the coherent to the
functions(with definite spin and paritydescribing the low-  ota) (4~ €") rate. This quantity needs reliable calculations
lying nuclear excitations induced by the"—€" operators  for hoth coherent and incoherent nuclear strengths. As is well
have been deduced in the context of some nuclear methoggown, the incoherent branching ratio can be experimentally
[shell model, quasiparticle random phase approximatioRstimated by taking the difference between the measured and
(QRPA), renormalized QRPA, efc.for various nuclei ponte Carlo muon decay-in-orbitu™— € vp) spectra[6].
[13-186. Theoretically, this rate can be explicitly evaluated by con-

~ Recently, it was argued that several from the aforemensyycting the excited nuclear states included in a chosen
tioned nuclear structure methods, mostly used to investigatgodel space.

nuclear matrix elements for many electroweak processes, The region of the periodic table with~30-60 includes
rely upon symmetry violating model Hamiltoniaf7-19,  the Ge(z=32) isotopes(the most abundant aféGe 21.2%,
i.e., Hamiltonians for which symmetries such as the transla#2ge 27.79%, and“Ge 35.9%. In the present work, we take
tional and rotational invariance, the particle number conseriis advantage, first, to construct the low-lying spectrum of
vation, the Pauli exclusion principle, etc., are not satisfactohe rather deformeééGe nucleus(it presents moderate de-
rily fulfilled. As a result, spurious contaminations are fqrmation having quadrupole deformation-paramefgy
=-0.219 by using the deformed Hartree-FockDHF)
method[21-23, and, second, to calculate its incoherent and
*Permanent address: Physics Department, Berhampur Universitgoherent(x™, €") transition matrix elements. This method
Berhampur 760007, India. provides, in general, a good description of the low-lying
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M- e- ={S, P}, with S standing for scalary for vector, A for
axial-vector,P for pseudoscalar, and for tensor interac-
tions (the coefficientsa!' contain the couplings of the
specific model[11]). The isoscalad and isovectors,
nucleon currents are defined as

\V/TRN Au _ Ny S _N|
(@) (b) Jio =Ny TN, JE =Ny N, Ji =N7N,  (2)

FIG. 1. Diagrams contrib_uting tp‘—>e‘_ conver_sion(a) Photo_n Jfk) — N'}’STkNy Jff)} — NO"U“VTKN,
exchange, andb) four-fermion contact interactioinonphotonic
mechanismsmediated by heavy particle®V bosons, Higgs par-

) _ wherek=0, 3 andfozf. The leptonic current$, are de-
ticles, s-fermion, etc). s

scribed in Ref[11].

density matrix elements. This multipole analysis, assuming
conserved vector current theory, leads to seven types of basic
single-body multipole operatorghey are denoted a'&”M, i
1,2, ..., § [12]. These operators are given in terms of the
grojection functions

[21-23. The restoration of some symmetry violations, men-
tioned before, in the DHF method may automatically be in-
corporated. Moreover, the DHF method, by employing a
two-body interaction a modified Kuo effective interaction in
the f5,pggy» active space, has good success in analyzing th
band structures seen in mafiji+Z) nuclei, such as even- M (r) = 8LiL (P YR®), MEP) =i (anYE@).
even isotopes of Ge, Kr, Sr, etf21]. This means that, the 3)
nuclear wave functions of the DHF are well tested and the

confidence level of the obtained results may be high in arhey involve the spherical Bessel functiojgr) and the
region where the ratid? . takes the largest valug0]. In  spherical Harmonicsr},(f) or the vector spherical Har-
view of these events, it would be interesting to examine thegnonics

predictions of the DHF regarding the exojice conversion

matrix elementgcoherent and incoheranin the °Ge iso- YEDI®) = S (Lmim’ |[IMYYE ()8 (4)
tope and compare them with the existing results obtained by mm’

single Slater determinant calculatiogslosure approxima-

tion) [24], and results obtained by using RPA methdd§]. f and 4 are unit vectors_ln the directions of and q,
. . . _respectively. The magnitude of the three-momentum
We remark that, in the sets of nuclei of these studie

[16,20,24 only "’Ge from the Ge isotopes is included. Stransfer|q|=q is related to the nuclear excitation energy

The paper, is organized as follows. In Sec. II, we presenltEX as _— o

o . . i q=m, - €&~ E, (5)

in brief the formalism, first, for thee— e conversion nuclear-

level operators and then for their transition matrix elementsvherem, is the muon massg, is the muon atomic binding

within the deformed HF method. The calculated spectrum ofnergy andE, is the excitation energy of the nucleus.

?Ge and theu-e conversion transition matrix elements are Equation(5) shows that the.™— e~ operators are strongly

presented and compared with previous results in Sec. I, anthomentum dependent.

finally (Sec. IV) the extracted conclusions are summarized. The matrix elements of the fundamental single-particle
operators obtained from the decomposition procedﬁ;}'&

Il. FORMALISM OF g~ —e~ TRANSITION MATRIX 1=1,2,...,7, in a harmonic oscillator basis can be cast in
ELEMENTS IN THE DHF closed analytical forms g4.2]
n,
A. The basic nuclear-level operators A _ —
. (4Tl =€y X Py~ y=(gbi2?>  (6)
In order to write down at nuclear level the relevant opera- u=0

tors describing the assumed.—>e mechanism, one starts wherej = (nl))j; and
from a nucleon-level Lagrangian. Here we use the general
effective Lagrangian written in a Lorentz covariant form Nmax= (N1 + Ny — A)/2, (7)
with isospin structure afll]

with
Gr . _ ~
L= 5 > (eIt + afadts) +iC(adp, N; = 2n; +1;.
VEABED The integerA that appears in Eq$6) and(7) depends on
+aB I+ (@RI + D3], (1) the specific operatof;™. The coefficientsP), are, in gen-

eral, simple rational numbers for the diagonal matrix ele-
(it refers to the nonphotonigi-e mechanisms shown in ments of Eq(6), and square roots of simple rational num-
Fig. 1. In Eq. (1) the symbols areA B={A,V}, C,D bers for the nondiagonal ong¢s2].
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B. The main ingredients of the DHF Dﬁ/IK(Q) - (JM|R(Q)|JK>.

The method employed in this work has comprehensivelyl.he normalized states of good angular momentiimb-
been discussed previoudi®1-23. Here we provide in brief tained via this procedure take the form

its essential ingredients required for our purposes. Assuming

an axially symmetric nuclear regime, the construction of the 2J+1 "

many-body wave functions for the initi&)™ and final|J") | bu(m) = PR dOD}( QR xk(7),  (9)
states needed for a partiale conversion rate, proportional VK

to matrix elements of the type, whereN; is the normalization constant whigassuming

axial symmetry is given by
Mg~ [(IFIOUIIMI2,

_2)+1 (7 _ ; gl
) o= 22 [ a8 sin BB xe( e ()
[the operatorD}' are defined below in Eq(13)] in the 0
framework of the DHF proceeds with the following steps. (10
(i) At first, one chooses a model space consisting of
given set of single-particle orbits) and the appropriate two-
body effective interaction matrix elements.
(i) By solving the axially symmetric HF single-particle
equations self-consistently, the lowest-energy prolateob-

Fhe functionsdy, () are the diagonal elements of the ma-
trix diy(8) =(IM|e7#H|IK).

In the case when the overlap matrix constructed from the
good angular momentum statis),,.), i.e., the matrix

late) intrinsic state(an antisymmetrized product of the HF J N J
orbits |\) denoted asy)) for the nucleus in question is ob- Nyt = (B, (70l i (), (3
tained. is nondiagonal[which means thai¢y,(7) are nonor-

(iii) The various excited intrinsic statég(u)) are ob- thogonal, a diagonalization of the matriMy , ., is car-
lowest-energy intinsic statoweat configurationfollowed 1120 0Ut 10 Give the orthonormal vectots, (7). Again, the
by a constrained HF calculatiofiagged HF for each of index 7 distinguishes between @fferent states having the
tt?lese states 99 same angular momentuth by writing

iv) Then, because the HF intrinsic nuclear stajgs$w)) J _ J

do(no)t have definite angular momenta, a project?cj)ﬁ (I:L)Ln good [P () = KE’:‘YS;”(“)MMK(OZ»'
angular momentum staté},. () is required. ) )

(v) Finally, for practical purposes one has, in general, to~0r more details and explanations of the symbols, the
normalize the good angular momentum staigls ) for each reader is referred to Ref§21-23. _
J and obtain a set of orthonormalized vectfsks,). It should be noted that in the DHF method one considers

In order to, furthermore, explain the above steps, we maké@!l Io_vv-lylng |ntr|ns_|c_ states in the band mixing calculations.
now some additional remarks. Since the nucleus is assumd@ this way, the pairing correlations, which in other methods
to be axially symmetric, each intrinsic state has a definitd RPA, QRPA, etg.are explicitly taken into account, are in-
azimuthal quantum numbef and is denoted byyg(w)),  cluded in the formalism.
where the indexu counts the intrinsic states having the same
K. Apparently, the Statdﬂ)ﬂAK(/.L» are antisymmetrized prod- C. The u-e conversion matrix elements in the DHF

ucts of the deformed single particle orbjts, which in our The deformed orhit$\) entering the HF single-particle
present work are chosen to be shell model or(r_iEf.e Sec. equations are expanded to a chogspherica) basis set of
II'C). As a consequence, they do not have definite angulagtated)j). In the present work, the two-body interaction ma-
momentum but they are linear combinations of states withyix elements are available in the shell model representation.

good angular momentum. ) For basis statel$) we use spherical harmonic oscillator shell
States of good angular momentum are provided prefermodel states a§)=|(nl)jk7). In our axially symmetric solu-

Zglyul\g?r;g?nggﬁherﬁt'og.rengitgr?% Ié(raz;tobry applying with the tions the orbitg\) are eigenstates of thk operator and the
9 proj P latter expansion is limited to states with a givgn so as we

have
pp 2t f dOD2 (QRQ) (8)
e en? M N =2 e liknm) (12
]

on the intrinsic stategx(7), whereQ=(a, B, y) represent
the Euler angles,R()) represent the known general-
rotation operator,

wherej denotes théspherical single-particle angular mo-
mentum andk, its projection along the symmetry axis
(notice thatk, is not summed over since this is a con-
served quantity In Eq. (12) the index 7, distinguishes

R(Q) = exp(- iad)exp(—iBIy)exp-iyd,), proton and neutron orbits, but singee conversion is a
charge-preserving process, its operators do not mix proton
and the functionst\,,K(Q) are defined as and neutron states, and hermé:z,- cjkxlij. The expan-
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sion coefficientscjkA are determined via the iterational 10.0
procedure. 72
In the case of axially symmetric nuclear systems, the ce .
evaluation of the required reduced matrix elements of the 50 1 o ) ]
u-€ conversion operators s . 575+
s 9t —— s
o= 3 T, w F N — .
A=t e 1§ 5 = S i
. & '
wheren=2(N), for proton (neutron states, relies on the o -0 13 g 8
formula 2 :i ———
T
J (1,93 1J 1 —e—o— E =-19.48 MeV
(@) -10.0 1
(B (O™ i () o 507
_23,+1 [ 23+1 E{Jz J Jl} k=0 *
2 NokNok2 5 [Ka v Ky 150
™ . 3 B3, A9 FIG. 2. The lowest prolate Hartree-Fock single-particle spec-
X . dg sin ﬁdKll,K2<XK1(M)|e v0,’ |XK2( 7). trum for ’Ge. The single particle levels are characterized by twice

the projection of the angular momentum to the symmetry axis of the
(14 nucleus(2k;). The HF energ) is in MeV and the mass quadrupole

. momentQ is units of the square of the oscillator paramételn the
In the latter equation, the square brackdtrepresents the notationK=0", the totalK-quantum number of the intrinsic state is

Elebslc.h-Go.rdon COSfoICIent and the matrix element of theK:Ei k;=0, where the sum runs over occupied states, and the parity
ernel is written ag22] is m=+1. Protons are represented by circles and neutrons by

a1 r .
(i, (10)| €500y () crosses
o e G )T [ inert core. The spherical single particle energies of these or-
‘iél(_ D™Dk - Qi+ 1T bitals relative to>®Ni are taken as 0.0, 0.78, 1.08, and
’ "k _ _ 4.5 MeV, respectivelysame for protons and neutrgn#s
<c ¢ di { Ji J ok ] effective interaction matrix elements in the regiok
IMMEMME M +p - my ~70-80, several authof21-23 used those of Kuo which
N have subsequently modifig@3]. This effective interaction
XAIDHITS P (- (15 has been successfully used in describing many nuclear prop-
This can be proved22] by noting that erties and important features of the nuclei in this region.
_ The ground statdg.s) of 53Ge in this method corre-
(xi,[&" Y xi,) = def My (B)], (16)  sponds to the lowest*Oevel obtained from the lowest

=0" intrinsic state.
The testing of the DHF g.s. wave function is illustrated in
M (B) = (\lexp(— B3 )IN) = 2 CJ'*kiCJ'hd{ﬁk.(B)' (17  Fig. 2, Where7 the lowest prolate Hartree-Fock single-particle
i spectrum for’?Ge is shown. In this nucleus, the protons are
distributed in thep-f single-particle orbits, but two neutrons
occupy theg orbit (there is a gap of about 1 MeV above the
neutron Fermi surfage
The good angular momentum states, which are projected
out of this intrinsic HF state, are compared with the experi-
mental levels of the ground state band in Fig. 3. We see that,
with the exception of the 2-0" separation(its difference
from the experimental value may be due to the nonexplicit
1. RESULTS AND DISCUSSION consideration of pairing correlationghe relative energies of
i\ll the levels agree reasonably well with experiment. We
ave considered only the levels upte6*. For levels with
J=8" and higher the angular momentum alignment effects
become important and one should carry out full spectro-
scopic calculations. On the other hand, for studying the tran-
sition matrix elements of the exotig.™, €") conversion pro-
The model space employed for the calculations comprisesess, such high-lying levels are, in general, not important
as active orbits thep,, Ofsj, 1p1/ and @, single-particle  [15] (except the dipole and spin-dipole resonances which,
levels, assuming that th®Ni nucleus plays the role of an however, cannot be studied with our restricted model space

where

In Eq. (15), D{f;l stand for the determinants made of the
matrix elements given by Eq17). They are determinants
of rank (n—1) obtained from thenX n determinant given

in Eq. (16) by removing theith row andkth column. The
single-particle reduced matrix elements of the type

(iT499j,» entering Eq.(15) are given in Eq(6).

Let us, first, describe shortly the calculational procedur
followed in the context of DHF metho@21] in order to
obtain the low-lying spectrum.

A. Construction of the low-lying spectrum within DHF
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3.0 In summary for our calculation we consider the following
2o — ¢’ bands.
(i) The lowestk=0" band, which gives on angular mo-
gt @ ———— mentum projection the lowedt=0", 2*, 4%, etc., levels.
20 1 (i) The first excitedK=0" intrinsic band, which on angu-
4t lar momentum projection gives also the excited levéls
P — =0*, 2%, 4%, etc.
o 1 (i) Two K=2* intrinsic bands obtained, respectively, by
' — 2% neutron and proton excitation. These intrinsic bands give the
excitedJ=2, 3", 4%, etc., levels of they band.
(iv) The K=1* intrinsic band, which gives the levels
+ 1 =1* 2%, 3%, etc. None of these levels has been observed even
though they appear in the theoretical spectrum at an excita-
THEORY EXPT tion energy about 1 MeV.
(v) One K=1" negative parity band, which on angular
-1.0 momentum gives the levels=17,27,37,47,.... As discussed
earlier, this band is obtained by exciting a valence neutron
FIG. 3. Theoretical and experimental ground state band spegrom p-f orbit to gy, orbit. These levels lie at an excitation of
trum of the”?Ge nucleus. These levels correspond to the lowest about 2.2 MeV.
=0 intrinsic state. (vi) OneK=0" intrinsic band, which is obtained by pro-
moting a valence proton from-f orbit to gq, orbit. The
In addition to the ground state band, we have consideregojected levels of this band lie very high in energy, at
the following four excited intrinsic positive parity states.  around 5 MeV. Experimentally a negative parity band has
(1) One excited intrinsic state witK=0" is obtained by not been observed for this nucleus. However some negative

promoting two valence protons to=3/2" orbital and then  parity levels have been identified at an excitation of around
performing a “tagged” HF calculation in which the occu- 2.5 MeV.

pancy of these two protons is held fixed and for the rest of
the particles a self-consistent HF calculation is performed.
(2) We have considered two excited intrinsic states, one

EXCITATION ENERGY (MeV)

0.0

B. Coherent u-e matrix elements

with K=1" and the other wittK=2*, produced by the exci- The coherent mode is the only potentially measured di-
tation of a valence proton to tHe=3/2" level and then per- rectly u-e conversion channgilts rate is currently measured
forming a “tagged” HF calculation. at the SINDRUM 11[6] and MECO[8,9] detectors and is

(3) We have obtained anothKi=2* excited intrinsic state, expected to be measured in the future PRIME experiment at
by exciting a neutron fronk=1/2" orbit to k=3/2" orbit. KEK (Japan [10,20). Also, on the theoretical side, mostly
Good angular momentum states are projected from each dfie coherent contribution is employed for the estimation of
these intrinsic states and these good angular momentuthe branching ratid? .. It is utilized in combining nuclear

states are used for evaluating thee conversion matrix ele- physics input with experimental limits oR,,, to put con-

ments discussed belogee Sec. Il . straints on the LFV parameters entering jla@ conversion
In our model space we can also obtain negative parityeffective currents in modern gauge theorjg$,2d.

intrinsic bandgtheir contribution tou-e strengths in QRPA The scalar and vector g-5.g.S. transition matrix ele-

calculations was found to be very importaiii8]) in two  ments, if the corresponding couplings of the prevailing
ways: by exciting either a neutron or a proton frpaf orbit ~ mechanism inu-e conversion are known to a rather good
to gy, Orbit. The negative parity intrinsic band obtained by approximation(depending on the properties of the nuclear
exciting a proton tayg,, orbital lies high in energy, at around targey, can be determined by the protgh;) and neutron

5 MeV. The neutron excited negative parity band lies at(Fy) nuclear form factorg25]. In Table I, we quote the re-
about 2.2 MeV. In each of the above cases tagged HF calcwsults for F; and Fy of "°Ge obtained with the deformed HF
lation is carried out to obtain the excited intrinsic states.  (present work and compare them with the results (©of the

TABLE |. Proton F; and neutronfFy nuclear form factors, obtained with “spherical” and “deformed”
models in the case dfGe nucleus. The corresponding coherent matrix elements for-#eonversion in
photonic(y-exchanggand nonphotoni¢W-exchangg mechanism are also shown.

“Ge Expt. Independent particle SM QRIPEE] RQRPA[16] DHF (this work)
by, o. (fm) 2.04 2.07 2.07 1.90

Fs 0.443 0.456 0.472 0.441 0.449
Fn 0.435 0.451 0.422 0.429
Mioh(y-exc) 200.9 212.9 169.9 199.1 206.0
MZ,(W-ex0 595.8 477.1 558.9 623.2
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TABLE II. Incoherent transition matrix element of tié- operators for selected spin-isospin combi-
nations. States not appearing in the first column contribute less thariatGall components.

DHF excited states Photonic mechanism Nonphotonic mechanism

J7 Origin Vector Vector Axial-vector

2" LowestK=0" g.s. band 0.997 6.245 0.0002

2" v band 0.035

4 v band 1x10°° 0.001

0* First excitedK=0" band 4<10 0.006

2" v band 0.114 0.438

4* v band 0.001 0.005

2" K=1* band 0.018 0.073 0.005

3* K=1* band 0.011

4* K=1* band 210 0.0002

3 Band (v) 0.0 0.001 x10°5

2" Band (vi) 0.016 0.178

3 Band (vi) 0.016 0.057 0.003

4 Band (vi) 0.016 0.0002

Total 1.157 6.826 0.201
independent particle shell model calculations using a single C. Incoherent u-e matrix elements
Slater determinarjt24], (ii) the normal QRPALS], and(iii) In this work we performed detailed calculations for the

the renormalized QRPALG] (previous works We see that  4ominantu-e matrix elementgscalar, vector, and axial vec-
the proton and neutron nuclear form factors agree rather weg,) pyiensive results including contributions from other op-
among each other and with experiment. It is, howeverg aiorsfor isotopes in the region 30Z<60, where the
worthwhile noting that, in DHF the h.o. size paramebes branching raticR . takes the largest value0]) will be pro-

treated rather as a parameter determined by the variationglyeq by applving special ORPA treatments elsewh@
procedure and not obtained by the known semiempirical for- o %cgﬁe);er?u-g matrixQeIements are of the forr[m@.

mulas(see discussion in Reffl5,18) as is the case in other

methods. The value obtainetl=1.90 fm, is quite smaller 9 \2 [ dg

than those of the other methods and slightly different than S, = (—f) f—f|<\];j, M|Q.lg.8)? f= (I, M).

that given by the standal’® parametrization. If in DHF we £ AMy 4

use the value of RPA and QRPA calculatiofib,18, b (18)

=2.07 fnT! (see Table), at qg=m,-,=0.525 fn* (the co-

herent momentum transfer 6fGe), we obtain proton and In S, (Ss for the scalar,S, for the vector andS, for the

neutron form factors equal t6,=0.392 andF\=0.371, re- axial vector operator€), [13,14]) partial contributions

spectively, values which are not in good agreement with theoming from all excited states produced by our DHF

experimental data. Subsequently, the obtained in DHF cohemodel space are summed over. Since [hes) of "°Ge

ent matrix elements are appreciably smaller than those conucleus corresponds to the lowestl@vel obtained from

responding to the valub=1.90 fm. the lowestK=0" intrinsic state, one important category of
In Table I, the coherent matrix elementdZ, of the the statesf) will correspond to the excited levels pro-

present DHF calculations and those of Réf,16,24 refer  jected from thisk=0" intrinsic state. The statd$), how-

to the photonic andW-boson exchange(nonphotonig  ever, can in addition be deduced from the good angular

mechanisms. As can be seen, the results of DHF for thenomentum states projected out of other excited intrinsic

y-exchange process lie in-between those given by the othestates. In Table Il, the incoherent matrix elements listed

methods[15,16,24, but those for theN-exchange mecha- represent the sum of the contributions of all stategh

nisms are a bit larger. Since, neutrons do not participate ienergies up to about 5 MeV and spin up 36=6") pro-

the photonic mechanism, the DHF method gities '°Ge) a  duced as described in Sec. Ill A. We see that the main

larger neutron contribution compared to other methods. Wéncoherent rate originates from the excitations of the g.s.

should mention, however, that, the neutron contribution foband and that the maximum contribution comes from the

the photonic diagrams is assumed to be zero by definition diirst excited state, a*2state that is reproduced very well,

the specific isospin dependence of the vector-type operator iat the experimental energy value by our DHF model.

the u-e process, whicliat the quark levelis determined by An interesting feature comes out of the calculated

the ratio of isovector to isoscalar couplingmrametel of  strengths for negative parity bands. In previous RPA calcu-

Eqg. (2) of Ref. [13])]. The axial vector contribution is van- lations, such excitation@specially the 1state$ provided a

ishing for the 0 g.s. of the even-eveffGe nucleus. great portion of the incoherent rate. In the DHF results, the
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TABLE IIl. Deformed HF results for coherent, incohergiM? .=S,+3S,) and total(M2 ,=M2,+M2)
matrix elements irﬁGe. The photonic antlV-exchange diagrams are included.

Mechanism S/(coh Sa(coh) M2, S/(inc) Sa(inc) M2 M2,
v exchange 206.0 206.0 1.2 1.2 207.2
W exchange 623.2 623.2 6.8 0.2 7.0 630.2

contribution of all negative parity states included in the trun-nances, could hardly be studied within methods such as the
cated model space differs significantly from that obtained byusual SM, ordinary RPA, as well as in our DFH method. It
RPA methods. This may be attributed to the following rea-could, for example, be studied in the context of the con-
sons. The sphericd},, orbital, which does not contribute to tinuum RPA[28] or the large scale shell model calculations
the spectroscopic properties of nuclei in the region of Geleveloped recently29]. The latter method was used very
isotopes[21], is not included in our valence space. Thus,successfully in the study of stable and exotic nuclei in the
several I states, which in RPA methods may give significantregion of Ge isotope&p andfpg shell nuclej using as inert
incoherent matrix elements, are not constructed in our DHEore either*®Ca or ®Ni as is our case herg80,31. Such
model. Essentially, the rate that proceeds via the negativdetailed calculations may shed light on the question of the
parity excitations in the present calculations comes from théevel of spuriosity of the 1 multipole states. For RPA meth-
K=1" band[case(v) of Sec. lll Al. The onlyJ™=1" state ods the I states contribute a great portion into the total
included into the sum of Eq18) is the one produced when incoherentu-e rate, but recently it has been found by Bes
a neutron from theg,, orbit is excited(that produced when a and Civitaresg19] that this contribution for some nuclear
proton is excited from thggy, orbit lies much higher Thisis  systems is rather fully spurious.
why the comparison with RPA results is worst for the pho- As is known, spectroscopic calculations like our transition
tonic mechanisngonly protons contributethan for the non- matrix elements of Eq(18), which rely on an inert core,
photonic one(see Table Il). The general characteristics of consider effective charges for protofes) and neutronge,).
the DHF transition matrix elements resemble ¢epherical  Since, there are no methods of calculating them starting from
shell model oneg13,14 where also reduced model space first principles, they have to be fitted or adjusted. Thus, their
was usedin the case o6-d shell model results fof’Al [13] values depend on the effective interaction and the active
the negative parity contributions are not estimated model space used. In previous calculatigg&] performed

At this point, we find it interesting for the reader to with the modified Kuo interaction in thés,pgy, valence
shortly discuss the main features of our present method ispace, i.e., same as in the present work, the effective charges
conjunction with the advantages and drawbacks of varioug,=1.6e and e,=1.0e have been used for all nuclei in the
methods employed up to now to investigate the incoherenipperp-f shell. These effective charges satisfactorily explain
u-e rate. Up to now, transition rates to excited nuclear statethe B(E2) values of a large number of nuclei in this region
for the u-e reaction have been studied by employing severa[21]. In the present calculations of the transition strengths for
methods. ?Ge use of the above values for the effective chamgyesd

(i) Closure approximatioiin the context of the indepen- &, has been done both for photonic andexchange mecha-
dent particle shell mod€l24] and QRPA[15]) which pro-  nisms.
vides the average total rate to all excited staéiresluding the Before closing it is worth mentioning that the shape of a
continuum spectruipnof the final nucleug15]. nucleus is unambiguously determined from the measurement

(i) Relativistic Fermi gas approach utilizing a relativistic of the static quadrupole moment. In the-80 region, such
Lindhard function to compute the average incoherent rate fomeasurements are quite difficult. In RE32], the calculated
a nuclear matter system followed by a projection into finitequadrupole deformation parameter féGe was found to be

nuclei via a local density approximatiq27]. B=-0.214, which corresponds to an oblate nuclear shape.
(ii) Sum over partial transition strengths evaluationHowever, if one follows this theoretical result assuming that
(state-by-state calculationsf the incoherent rate. the shape of the nucled&Ge is oblate, the description of the

The excited nuclear states are explicitly constructed by utispectroscopic data is very poor compared to the prolate case.

lizing reliable nuclear structure models such as the QRPAFurthermore, this is, in addition, not supported by the fact

shell model, etc[13-185. that the only nucleus for which there is some indirect experi-
The method used in the present paper belongs to the lattenental evidence regarding oblate shape is®$e nucleus

category. From the above description it becomes clear thd83]. For this reason, we assume a prolate shape%¥ae,

methods(i) and (ii) may estimate the part of the rate that and in Fig. 2 we present the lowest prolate single-particle

goes to the continuum but they are not appropriate for evaluenergies.

ating the individual contribution of each accessible channel.

On the other hand, RPA, QRPA, shell mod&M), DHF,

etc., offer the possibility of detailed term-by-term investiga-

tion of the individual(x~, €) conversion channels included  We have calculated the low-lying spectrum QGe

in a chosen valence space. Obviously, the contribution of thaucleus in the context of a deformed configuration mixing

continuum spectrum, which includes the giant dipole resoshell model method based on Hartree-Fock states by using as

IV. SUMMARY AND CONCLUSIONS
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two-body interaction the modified Kuo effective interaction accessible individual channels.

for the f5;0pgy» Valence space. Using these axially deformed The fact that the interaction used in the present DHF cal-

HF wave functions, we have performed calculations for theculations is well tested in the region of Ge isotopes provides

coherent and incoherept™— € transition matrix elements us with quite high confidence about the obtained results for

of the "°Ge nucleus. This moderately deformed isotope lieshe low-lying transitions induced by the-e operators. How-

in the region of the periodic table where the branching ratiocever, detailed calculations for transitions to higher excita-

R,e takes the largest value. tions not derived by our reduced model space and especially
From comparison with previous results of the literatureto the continuum spectrurtincluding the giant dipole and

where the nuclear deformation was not considere®@e, spin dipole resonancgare still needed. This requires special

we conclude the following. In the description of the coherenttreatmenie.g., large scale shell model, continuum RPA,)etc.

u~—€ channel all methods do not show appreciable differ-due to the high sensitivity of the™— e~ matrix elements and

ences. However, in the case of the incoherent rate the DHEs use as input to severely constrain the parameter space of

gives very small matrix elements especially in the case of thelementary models predicting LFV processes.

photonic mechanism. This is mainly due to the fact that the

treatment of this nucleus and the spectra derived by DHF and

RPA methods are different. Also, the model space of QRPA ACKNOWLEDGMENTS

calculations is much larger than that of the DHF, so that a This work was supported in part by the Europaisches Gra-

state-by-state comparison of the incoherent contributions oltuiertenkolleg Basel-Tubingen and the IKY-DA-02 project

tained by the two methods cannot be directly done for al(T.S.K)).

[1] P. Scheck, Phys. Rept4, 187 (1979. Phys. A665, 183(2000).

[2] Y. Kuno and S. Okada, Rev. Mod. Phyg3, 151 (2001J). [17] J. Toivanen and J. Suhonen, Phys. Rev. Lég. 410(1995.
[3] J. Suhonen and O. Civitarese, Phys. R8p0, 123(1998. [18] J. Schwieger, A. Faessler, and T. S. Kosmas, Phys. R&6,C
[4] T. S. Kosmas, Nucl. PhysA683, 443(2001). 2830(1997). N

[5] T. S. Kosmas, Invited talk at 3rd International Workshop on[19] D- R. Bes and O. Civitarese, Phys. Rev63, 044323(2001).

Neutrino Factories based on Muon Storage Rings, Nu-[zo] R. Kitano, M. Koike, and Y. Okada, Phys. Rev. &, 096002

, (2002).

FACT01, Tsukuba, Japan, 200[Nucl. Instrum. Methods [21] R. Sahu, D. P. Ahalpara, and S. P. Pandya, J. Phys3G03
Phys. Res. AS03 247 (2003)]. o (1997; K. C. Tripathy and R. Sahubid. 20, 911 (1994);
[6] Prog. Part. Nucl. Phys31, 1 (1993; the SINDRUM Il invited Nucl. Phys.A597, 177(1996); K. C. Tripathy, R. Sahu, and S.

talk at[5]. P. Pandya, J. Phys. @3, 433(1997.

[7] P. Wintz, in Proceedings “Honolulu 2000,” Statusg® con-  [22] R. Sahu and S. P. Pandya, Nucl. Phygl14, 240 (1984; J.
version at PSI, invited talk at Workshop on New initiatives in Phys. G 14, L165 (1988; Nucl. Phys. A529, 20 (1991);

LFV and v-oscillations with very intense muon and neutrino A571, 253(1994; R. Sahu, F. Simkovic, and A. Faessler, J.
beams, edited by Y. Kuno, W. R. Molzon, and S. Pakvasa Phys. G 25, 1159(1999.
(World Scientific, Singapore, 2002p. 72. [23] R. Sahu and V. K. B. Kota, Phys. Rev. 65, 024301(2002;
[8] W. Molzon, Springer Tracts Mod. Phy4.63 105(2000. 67, 054323(2003.
[9] J. Sculli, the MECO experiment, invited talk [d]. [24] T. S. Kosmas and J. D. Vergados, Phys. Lett.2R7, 19
[10] M. Aoki, the PRIME experiment, invited talk &b]. (1989; Nucl. Phys. A510, 641 (1990; Phys. Rep.264, 251

[11] A. Faessler, T. S. Kosmas, S. Kovalenko, and J. D. Vergados, (1996
Nucl. Phys. B587, 25 (2000; T. S. Kosmas, S. Kovalenko, [25] T. S. Kosmas and I. E. Lagaris, J. Phys.28, 2907 (2002.
and |. Schmidt, Phys. Lett. B11, 203(2001); 519, 78(2001); [26] Ch. C. Moustakidiset al. (unpublishegl

F. Simkovicet al, ibid. 554, 121(2002. [27] H. C. Chiang, E. Oset, T. S. Kosmas, A. Faessler, and J. D.
[12] T. S. Kosmas, Prog. Part. Nucl. Phy48, 307 (2002; V. Ch. Vergados, Nucl. PhysA559, 526 (1993.
Chasioti and T. S. Kosmas, Czech. J. Ph§8, 467 (2002; [28] E. Kolbe and T. S. Kosmas, Springer Tracts Mod. PHY&3
nucl-th/0202062. 199 (2000.
[13] T. Siiskonen, J. Suhonen, and T. S. Kosmas, Phys. R&80,C  [29] E. Caurier, F. Nowaki, A. Poves, and J. Retamosa, Phys. Rev.
062501R) (1999. Lett. 77, 1954(1996.
[14] T. Siiskonen, J. Suhonen, and T. S. Kosmas, Phys. Ré2,C  [30] J. M. Daugaset al,, Phys. Lett. B476, 213(2000.
035502(2000. [31] O. Kenn, K.-H. Speidel, R. Ernst, S. Schielke, S. Wagner, J.
[15] T. S. Kosmas, J. D. Vergados, O. Civitarese, and A. Faessler,  Gerber, P. Maeir-Komor, and F. Nowaki, Phys. Rev.66,
Nucl. Phys. A570, 637 (1994; T. S. Kosmas, A. Faessler, F. 034308(2002.
Simkovic and J. D. Vergados, Phys. Rev.58, 526 (1997. [32] G. A. Lalazissis, S. Raman, and P. Ring, At. Data Nucl. Data

[16] J. Schwieger, T. S. Kosmas, and A. Faessler, Phys. Lett. B Tables 71, 1 (1999.
443 7 (1998; T. S. Kosmas, Z. Ren, and A. Faessler, Nucl. [33] S. M. Fischeret al, Phys. Rev. Lett.84, 4064(2000).

054315-8



