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Shell model calculations have been performed for low-excitation states in the Zr isotopes b&vesrd
96Zr with an emphasis on thgfactors and electromagnetic decay rates for the lowksn2 3 states. Overall
the 2" states are reasonably well described. In contrast, Tretees present a puzzle because the measgured
factors imply a single-particle configuration whereas the experimét8atransition rates imply collective
structures that cannot be explained by shell model calculations. A consistent description o$tiwes8 in’%Zr
and®Zr is sought in terms of coupling between the single-particle structure and a collective octupole vibration.
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I. INTRODUCTION acting boson model, and Wernet al. [13] extended the
study to%Zr, including a consideration of the excited-stgte

The g factors of low-excitation states in the even Zr iso- factors.
topes from®%Zr to °6Zr have recently been measured by the  The first part of the present studin Secs. Il and Il
transient-field technique in inverse kinemafjés-3] with the  concerns shell model calculations g@factors in the Zr iso-
result that the data on magnetic moments inNl¥50 region  topes betweedZr and °6Zr, performed using basis spaces
are now becoming quite extensive. Although there have beeand interactions that have previously been used to calculate
many shell model calculations on the Zr and Mo isotopeghe level sequences and transition ratés]. While some
nearN=50, most have not considered these observables, easpects have been reported in RgBs14,15, the focus here
pecially in nuclei with a few nucleons beyom=50. is on theg factors of the lowest 2and 3 states.

In the simplest single-particle model, the ground states of It has been recognized in the earlier work that thestate
the Zr isotopes have a filled2p,,, subshell, and while the g factors in the Zr and Mo isotopes with>50 may show
major neutron shell is closed &=50 in °°Zr, the 12ds;,  evidence of collective features that are not easily accounted
subshell is closed ati=56 in °Zr. Between®zr and%Zzr,  for in shell model calculations. Given that the measured
the low-excitation structure is expected to be dominated by(E3) for °6Zr is among the strongest octupole-phonon to
neutron 25, configurations. ground-state transitions observed in nugles,17, by some

Pioneering shell model calculations for the Zr isotopesmeasures stronger even than those fourfd@a and?°®Pb, it
were performed by Talmi and Unrid], Auerbach and Talmi can be expected that collective features beyond the scope of
[5], and Vervier[6] in the 1960s. Model spaces with a few limited-basis shell model calculations will also be important
orbits outsideiaSrs, or 3025, cores were considered. In the in relation to the 3 states. After discussing the shell model
mid-1970s Gloecknef7] determined effective interactions calculations in Sec. lll, which provide a benchmark against
for the Zr and Nb isotopes witfSr taken as an inert core which the importance of collective components can be evalu-
and protons filling the(2p;/,, 19q,) levels and neutrons ated, it becomes evident that there is a dichotomy concerning
in the (2ds,, 3s/,) levels. There has been ongoing interestsingle-particle and collective features of the Sates. As a
up to the present time. For example, recently Zhah@l.  first step towards the resolution of this dichotomy, the cou-
[8] studied nuclei with N=50 and A=92-98 in pling of the single-particle configuration to the octupole vi-
the larger model spacem(1fs/,,2p3/2,2P1/2,199;2) and  bration is considered by means of a semiempirical model in
v(10g/2, 2P1/2, 2052, 35112, 2032, 107/), and Holt et al. [9]  Sec. IV. Section V contains a summary and concluding re-
considered the zirconium isotopes betwe®ar and 1°%Zr  marks.
with a basis consisting of m(2py»,199;2) and
v(2ds)5, 3512, 2d32, 19772, 141,20 and realistic effective inter-
actions. Also recently, Johnstone and Towner calculated ef-
fective charges and effective magnetic dipole moments in the Shell model calculations were performed using the code
mass 90 regiofi10,1]]. Lisetskiyet al. [12] performed shell oxBasH [18] for two different previously developed basis
model calculations for’“Mo to investigate the nature of spaces, and their associated interactions, but with different
states assigned mixed symmetry in the proton-neutron intetevels of truncation.

Il. DETAILS OF THE SHELL MODEL CALCULATIONS
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TABLE I. Single-nucleong factors neaZ=40 andN=>50.

Orbit g factor
Theory! Fit? Preserft
1Py, empty wlpy, full 1Py empty lpy; full
Protons
 1f75 +1.456
7 1fg)n +0.544
T 2P3)n +1.621 +2.107 +2.063
T 2P1)2 -0.260 -0.214 -0.063
7 1dg2 +1.388 +1.444 +1.359) +1.4389) +1.354
Neutrons
v 2P0 +0.956
v 1gg/» -0.256 -0.268 -0.319
v 2dg)» -0.430 -0.508 -0.38) -0.71252) -0.574
v 3S1)2 -1.706 -2.190 -2.869
v 2dg), +0.393 +0.479 +0.574
v 2072 +0.169 +0.208 +0.319
v 1hyypo -0.261

*Theoretical effectiveg factors from Johnstone and Towngkl] and their empirical effectivey factors
determined from fits to nuclei withi=50,51.

bSingle particleg factors used in the present study obtained by quenching the bare-nucleanfapiars by
a multiplicative factor of 0.75.

In the first set of calculations the basis space and interadevels, including the 2stategsee below as well as R€fL4]
tions of Gloecknef7] were applied. In these calculations the and references thergin
core is®sr, with protons filling the B, and 2y, orbitals In the second case the more extended “GWB” basis was
and neutrons filling the &, and 3%,,, orbitals. Following used with the “GWBXG” interactions, along the lines of
the terminology of theoxBASH program, this basis and its recent calculations by Zhangt al. [8]. The GWBXG
interactions are denoted “GL” in the following discussion. residual interaction combines effective interactions from
There is no need to restrict the orbital occupations in thithe bare G matrix of the H7B potential [19]
basis, but it is limited in that no 3states can be formed in with empirically adjusted matrix elements and single-particle
907r. On the other hand, this simple basis, with interactionsenergies. Further details are provided in R8f.and with the
from fits to the energy levels of nuclei ne&iiSr, gives a oxBAsH online distribution[18]. The full basis space in-
reasonably good account of most of the low-excitationcludes the m(1fs),,2p3/2,2P1/2,10e;2) and v(1dg, 2P1/2,

TABLE Il. Shell model calculations of factors of isomeric excited states and ground states in the Zr isotopes.

Isotope NG E, Experiment Theory’ Configuratiof
(keV) GL GWB
907y 5" 2319 +1.253) +1.213 +1.084 P1/299/2
8" 3589 +1.3567) +1.355 +1.295 o
9lzy 5/2" 0 -0.5214481) -0.557 -0.555 vds)
15/2 2288 +0.701) +0.617 +0.594 P1/299/2v s/
21/2 3167 +0.9388) +0.895 +0.868 792 s
957y 5/2* 0 (-)0.4528)¢ -0.571 -0.573 2,

“Experimental data from Ref§23,24.

PSee text for details of basis space and interactions. The large basis GWB calculations were not perfoffded for

“Main configuration. For brevity fully occupied orbitals and empty orbitals, which do not contribute tféetor, are not shown.
“The sign has not been measured but is assumed to be negative.

®The valence neutrons occupy only thes2 and 3, orbits in this calculation.
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TABLE lIl. Shell model calculations of factors,B(E2)’s, and excitation energies of 2tates in Zr isotopes. The energies are in keV and
the B(E2)'s are ine? fm*. These shell model calculations have a closed neutron shek50. The GWB basis calculations were performed
with varying degrees of truncation in the neutron space: ds, ajy and %,,, are occupied; dsd,d2,,, 3s;/,, and 23, are occupied; dsdg,
2ds/5, 312, 203, and Ig;, are occupiedthe full basis spage Since there are no valence neutrons beybib0 in °9Zr the three
calculations argtrivially) identical in that case. Data are from Ref$-3,25.

Expt. GL GWB Ref.[9]
ds dsd dsdg
907r E, 2186 2228 2608 2608 2608 2003
g +1.2521) +1.355 +1.264 +1.264 +1.264
B(E2;2] —07) 1228) 55 33 33 33 45
92zr E, 934 878 807 942 979 581
g -0.18010) -0.444 -0.513 -0.409 -0.388
B(E2;2; —0)) 166(12) 138 138 155 165 73
94zr E, 919 855 744 904 520
g -0.32915) -0.537 -0.573 -0.329
B(E2;2; —0)) 13228 124 102 147 94
%6z7r E, 1750 1927 2643 2211 1426
g +0.037) -0.082 -0.194 -0.142
B(E2;2; —07) 11044% 61(15)° 144 127 164 22
*Referencg25].
bReference[S].

2ds), 3s1/2, 2d3/2, 197/0) subshells, but for practical calcula- protons(neutron$. A similar quenching factor of 0.7 was
tions there must be restrictions on the allowed configuraused in Ref[13]. In Table | the resulting single-nuclean
tions. In all calculations performed the proton excitationsfactors of interest for the following discussion are compared
were constrained by the requirement that no more than tweith theoretical and experimental effectigéactors obtained
protons can be excited across tAe 38 subshell gap into by Johnstone and Towngtl]. These authors have identified
m2p,, and wlgg,. Particle-hole excitations across tie  a significant difference in effective single-partigefactors
=50 neutron shell closure were not allowed, except in someélepending on the orbit and on whether thepZ,, orbit is
supplementary calculations discussed in Sec. lll BL#Zr, empty or full. They also fitted data fdd=50 andN=>51 to
the occupation of thed,,, 3s,/,, 2d;/,, and Iy, orbits by  determine experimental effectiggfactors for therrlgg,, and
the two valence neutrons can be unrestricted; however, fos2ds,, orbits upon which the present calculations depend
the heavier isotopes it is necessary that restrictions be placedost sensitively. Thg factors adopted for the calculations
on the occupation of these orbits. As far as the fifsstates  below agree within the experimental limits with those ob-
are concerned, the lowest two neutron orbits, namely;,2 tained by Johnstone and Towner, and also give a reasonably
and %,,, are expected to be most important. This expectagood description of the states with relatively pure configura-
tion was tested by a series of calculations in the GWB basisions discussed in the following section.
with varying levels of truncation.

The effective charges of the proton and neutron were
taken to bee®=1.77 ande?"=1.19, consistent with values  1Il. RESULTS AND DISCUSSION OF SHELL MODEL
suggested in Refs[7,9,170 for the E2 effective charges. CALCULATIONS
There is noa priori reason to expect the same effective
charges for theE3 operator. However, in the regions of
strong octupole collectivity arount®Gd and?°%b theE3 Table 1l compares the experimental and theoretickic-
effective charges resemble those assumed here foE2he tors for the high-spin isomers and ground states of theAdd-
operator once octupole-vibration coupling is explicitly takenisotopes?Zr and®°Zr (see also Refi14]). On the whole the
into account{20,27. As a first approximation it will be as- g factors of these states are well reproduced and the configu-
sumed that th&2 andE3 effective charges are the same. A ration designated in the last column of Table Il is dominant
shortfall in the calculated3 transition rates will be inter- in the wave function. These relatively simple states provide a
preted as evidence of octupole phonon admixtures. A similapoint of comparison for the2and 3 states considered in the
approach has been taken in recent shell model calculatiorfellowing subsections.
near'%sn[22]. Although theg factors appear to be better described by

The intrinsic spirg factors of the nucleons were quenchedthe calculations with the simpler GL basis, this improvement
to 0.75 times the bare nucleon values, igf(m)=+4.19, is an artifact of the choice of quenching factors for the bare-
g«(v)=-2.87, while the orbitalg factors wereg;=1(0) for ~ nucleon spirg factors. It would be reasonable to use sgin

A. g factors of ground-states and high-spin isomers
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3 | | | across theN=50 shell gap, were performed in the GWB
L . _ basis. In the first place, excitations from thg,,, orbit alone

A were allowed. It was found that the calculated transition rate
increased by about 25%, but there was little effect onghe
factor. A neutron hole was then allowed in either g, or
the vgq,, orbit. With this larger configuration space the tran-
sition rate increased to 17&#m*, which is larger than ex-
. periment. At first sight an experimental 2 0; transition
rate that is larger than a shell model calculation might be
associated with increased quadrupole collectivity in the 2
state. However, in these calculations f8Zr, the changes in
the E2 transition rate are predominantly due to a redistribu-
tion of the amplitudes in the ground-state wavefunction,
while the structure of the 2state is relatively little affected,
4 as is evidenced by the calculatg?;) value which is re-
duced only a little, from 1.264 to 1.156. Thus the comparison
of the experimental and theoretidd(E2) values for®°Zr in
Table Il cannot be taken as an unambiguous signature of
extra collectivity in the 2 state since it can also be explained
if the theoretical wave function of the ground state is modi-

E@2Y) [Mev]

B(E2;2=0) [e2 fm?]
=
o
o
T

2.0 T T T T fied somewhat.
Jor With the possible exception 8fZr, the larger basis GWB
1.5 7 calculations give improved factor values for the Pstates.
% In %Zr the 2 state is predominantlyr(ge/)3., Whereas in
Lor i 927r and %zr the 2 states are predominantly neutron exci-
= o5l i tations, u(d5,2)§+ and v(d5,2)‘21+, respectively. These conclu-
= sions hold for calculations in both basis spaces and for all
0.0 F ?GL 4 levels of truncation of the GWB basis. Note that the transi-
W e GiB tion rate increases and tlyefactor decreases as the number
o5l [ T - of orbits included in the GWB calculation is increased, gen-
erally bringing both into better agreement with experiment.
-1.0 9'0 9'2 9'4 9'6 A feature of the level spectra of the even Zr and Mo

isotopes nearN=50 that has been emphasized recently
[8,9,14 is the apparent weak coupling of the proton and

FIG. 1. Comparisons between the present shell model calculdd€utron valence spaces. This phenor‘_r;tzalgon 9'V934gse to pre-
tions, those of Holet al. [9], and experiment. Experimental data are dicted Z states in theN=52,54 nuclei®®%Zr and **Mo

designated by the open circles. The results shown for the Gwghat are predominantly(ds,)" excitations. As discussed in
basis are those for the “dsd” truncation. Ref. [14], it cannot be judged from the level spectrum alone

whether the proton-neutrofpn) coupling is weak or rather
gtrong and state independent. Magnetic moments, however,

larger-basis calculations and thereby bring theory and experfzan probe the proton-neutron coupling through their sensitiv-

ment into better agreement, but such fine tuning has not bedly to the relative contributions of protons and neutrons to the
pursued here angular momentum of the states. Indeed, ghfactor data

were used by Wernest al. [13] to adjust the strength of the
_ T=0 channel of then interaction in their shell model cal-
B. Properties of the 2 states culations for®2Zr. It is beyond the scope of the present study
Table Il compares theory and experiment for the excitato seek an optimal basis space and set of effective interac-
tion energy,B(E2;2; — 07), andg factor of the 2 states in  tions for the Zr isotopes. Although better agreement could be
90929499 The present shell model calculations are alscachieved by further tuning the interactions, the moment data
compared with experiment and the results of recent calcula@enerally support the weak-coupling picture as a first ap-
tions [9] in Fig. 1. Overall the main trends in the data areProximation, and show that it is more appropriate in the Zr
reproduced by the calculations. TBEE2) values obtained in  isotopes than in the Mo isotopes.
the GL and GWB calculations are in reasonable agreement Because the2ds, subshell is filled in the ground state of
with each other, and fot2%49&r the agreement with experi- %Zr, the structure of its 2state becomes much more com-
ment is reasonably good, and possibly better than that in thlex. It arises from a competition between many terms,
calculations of Holtet al. [9]. including m(dg/2)5+, 1(03/581/2)2+, and (g, The wave
For °%Zr, both the present calculations and those of ldolt  function is very different for the GL and GWB calculations:
al. underestimate the observed transition rate. Since these N 2 4 5
calculations have a closed=50 shell, further calculations |¢(2D)erL = 36%7799/2Vd5/2§/2>+ 29%vdz)581/2)
(not shown in Table Il which allowed neutrons to excite + 259 g3 a2 S ) + (1)

factors that are closer to the bare-nucleon values in th
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TABLE IV. Shell model calculations ofj factorsB(E3)’s and excitation energies of; tates in Zr isotopes. These calculations have
closedN=50 shell. The energies are in keV and B@3) values are ire? fm®. Data are from Refg2,16,117.

Expt. GL GWB
ds dsd dsdg
90zr E, 2748 3190 3190 3190
g +0.98656) +1.124 +1.124 +1.124
B(E3;3,—0)) [14.07)]% 103 2725 2725 2725
927r E, 2340 2943 2981 2996 3007
g +1.787 +1.282 +1.247 +1.238
B(E3;3;—0}) [10(3)]x 103 0 2932 3044 3036
94zr E, 2058 3043 3250 3199
g +2.034 +1.336 1.285
B(E3;3;—07) [13(4)] x 10° 0 3180 3214
%71 E, 1897 3906 4137 3913
g +0.9617) +1.899 +1.177 +1.175
B(E3;3;—0)) [26(3)]x 1C° 0 5030 4601
|4(2%))swe = 45U vd2 ,s)) + 11% vds .5,/) B(E2) systema’;ics{Zﬂ reveal that the®-°%r isotop.e.s fqrm
o2 5 one of the regions of lowest quadrupole collectivity in the
+ A% 7G5 v 03 g ) + (2 nuclear chart. Taking this observation together with the fact

that the shell modeB(E2)’s are already close to experiment
Experimentally, theg factor is near zero and favors a posi- strongly suggests that a particle-vibration analysis of the 2
tive sign, but within two standard deviations of the experi-states would be inappropriate.
mental uncertainties, —0.K1g< +0.17, anegative sign is
also possible. The GL calculation comes within this range, C. Properties of the 3 states
while the GWB result is slightly outside of it. Despite the While the overall trends in the excitation energies,

rather different wave functions, tH&E2) values obtained B(E2)'s, andg factors of the 2 states are reasonably well

in the two calculations are in reasonable agreement WltrPeproduced by the shell model calculations, clear disparities

each other and within a factor of 2 to 3 of experiment. Thein the energy trends anB(E3) values are apparent in the

2] state in%2zr evidently results from a balance between . : .
proton and neutron excitations. Although the wave func-calculations for the 3states, as shown in Table IV and Fig.

9 o :
tion is spread over a number of configurations, the state ige' IPO douzé’eéh% ext(r::;at"GJ\r;vgnigzu?gﬁgaﬁogo%?n%gnir\%eel:
far from collective. Further work on the basis space an P y @

- - : ; : : WB in the table are the same becal¢e50 is closegl
residual interactions applicable f8fZr is needed to im- ; .
prove the 2 stateg factor calculation. However, theB(E3) is underestimated by a factor of 5. Ac-

It has been noted previously that the experimegtédc- cording to the shell model calculations, which are supported

tors of 2° states near closed shells are displaced somewh the experimentag factor, Fhe 3 state in*Zr is mam_ly
from the shell model values in the direction of the collectivedU€ 1 them(Ps8g,0)s- configuration. 2The full transition
estimate,Z/A (=0.43 for the Zr isotopes under consider- Stréngth for a purer(ps;:ge/2)s-— (P32 transition would
ation), which suggests extra collective components in theébe ~7100€ fm® which is still only half of the experimental
27-state wave functions that are not included in the shelvalue. Thus the shortfall in thB(E3) value cannot be as-
model calculations14,15,26—28 The present results for cribed to the properties of the ground-state wave function as
92.94.97 also show this trend. There may be scope for furthediscussed above in relation to tHB$E2;2; — 0;) value in
investigations of the Pstates in the Zr isotopes betwe®r  °°Zr. Instead, this observation strongly suggests that there are
and °6Zr along the lines of those presented fé€a in Ref.  collective octupole contributions in the 3tate that the shell
[29], in which the 2 state is written as a superposition of a model with a closedN=50 shell does not include. The rela-
collective component and a single-particle componégdée  tively good agreement between the experimegtaictor and
also the analysis of the, 3tates presented belgwdowever, that of a purem(ps.gy/2) configuration may be partly fortu-
this type of analysis was not pursued here because the maitous: It can be seen from ttgefactors of the configurations
trends in the data concerning thg fates are reproduced by near the Fermi surface, listed in Table V, that the
the shell model approadisee Fig. 1 and it would be appro- 7(ps;09/2)3- configuration has &y factor of intermediate
priate to refine the shell-model interactions, and effectivanagnitude compared with the other 8onfigurations near
charges, before reverting to a semiempirical particlethe Fermi surface. If these other proton and neutron configu-
vibration coupling analysis of thes€ 3tates. Furthermore, rations are present in the 3vave function, their contribu-
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' T ' ! TABLE V. g factors of low-excitation 3 configurations.

Configuration g factor

[MeV]

© -5 7 (f51200/2)3- +1.489
2 b " o
L | m (f7129012)3- +1.367
1+ - 7 (P3/290/2)3- +1.088
I | | | | T v (P1/20s/0)3- -0.319
2 | | | . v (Pua7D)s +0.239
% v (ds;2h11/2)3 -0.065

E(37)

1 v (Qorh11/2)3- -0.263
20 b i [7 (P1/29e12)a-® v (d5/2)§+]3- +1.669
[7 (P1/29912)5-® ¥ (d5/2)§+]3- +2.015
[7 (P1/2G012)a~® v (ds/281/2)2+]3- +1.637

10 [7 (P1/29912)5- ® ¥ (Os/581/2) 2+ 3 +1.914

B(E3; 3 = 0) /1000 [ )
—
(o]
—0—
—0—
] 1

R Anooooonns 4 figurations haveg factors that are significantly larger than
0 ' ' ' : experiment(Table V). Furthermore, in contrast with the
strong E3 transitions observed experimentally, there is no
Do one-body transition strength to connect these configurations
2.0 e W . to the ground state. For calculations in the GWB basis, the
o octupole transitions in all isotopes stem from the proton
15L | Jo/2— P32 transition. The increased theoretical value Y&r
— .. (Table 1V) is due primarily to changes in the ground-state
) i wave function that are associated with thg, subshell clo-
% sure, not to a change in the structure of thesgate. In fact
the experimentay factor, as well as the GWB shell model
calculation, imply that the 3state wave function is domi-
nated by ther(ps,.99,2) configuration, very much like the™3
0.0 9'0 9'2 9'4 9'6 state in%%Zr.
2 The shell model calculations of tH&E3) transition rates
could be brought into agreement with experiment by using
FIG. 2. Comparisons between the present shell model calculaan effective charge for the proton ejrff~4_ The description
tions, those of Holet al.[9], and experiment. Experimental data are of 90z would then be quite good, but the calculated excita-
designated by the open circles. The results shown for the GWRjon energies in the heavier isotopes would remain problem-
basis are those for the “dsd” truncation. TBEE3) is zero for all  gtjc.
cases in the GL basis, and is small in the basis employed byetlolt 115 the present shell model calculations imply that pro-
al. [9]; see text. ton single-particle configurations are dominant in thestate
wave functions of all four Zr isotopes, but put the excitation
tions to theg factor might largely cancel and result in a energies too high and fail to account for the str@&8&ytran-
somewhat collective 3state with ag factor close to that of  sitions to the ground statg&en average by a factor of5).
the dominant single-particle configuration. This conjecture isAs mentioned above, the measulB@E3) for %Zr is one of
in accord with the particle-vibration analysis in the following the strongest octupole-phonon to ground-state transitions ob-
section. served in nuclei(see, e.g., Refs[16,17 and references
As neutrons are added ¥%7r, the excitation energy of the therein. The 3 states therefore present a puzzle, especially
experimental 3 state decreases with each additional pair ofin %zr, where the state is apparently strongly collective and
neutrons.(See Fig. 2. In the GWB shell model, there is a yet the experimentag factor clearly shows single-proton
decrease betweeliZr and °Zr, but only half of the magni-  characteristics that are expected to be lost in a collective
tude of that observed experimentally. Thereafter, the shelitate. Although the implications of the experimergdhctor
model calculations predict that the 8tate energy increases and the measured lifetime seem contradictory, it is difficult to
with the addition of neutron pairs, to the point wher€%@r,  pelieve that either measurement is incorrect. The following
the experimental and theoretical excitation energies differ bgection therefore presents a semiempirical particle-vibration
2 MeV, with the calculated level at over twice the excitation coupling analysigcf. Ref. [30]) that seeks a consistent ex-
energy of the observed level. It is relevant to note that similaplanation of the measuregfactors ancE3 transition rates in
trends were found in the shell model calculations of Halt 90zr and%zr. It is motivated in part by the observation that
al. [9]. In their calculations, and for the GL basis, the 3 an effective proton charge uff~4, which would be re-
states are primarily due to the configuratidngpy/20¢/24-  quired to bring the shell model calculations into harmony
® 1(dsj)5e]s- and [m(py/ern)s-® Udsyo) 3]s~ These con-  with experiment, is similar in magnitude to those found for

g(37)

1.0

ot »
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E3 transitions between the “single-particle” states in thepirical model there is a sign ambiguity in the expression for
208pp region where the coupling of the single-particle stateshe B(E3). Fortunately, however, the effect of this uncer-
to the octupole vibration has been well studigie Ref. tainty in the sign is mitigated becauBgE3).q > B(E3)spelr

[31], Table 6-15, p. 564 To proceed, in the spirit of obtaining a credibility estimate
for this type of approach, the following analysis assumes
IV. PARTICLE-VIBRATION COUPLING the most optimistic alternative, namely, a positive sign in

AND THE 3~ STATES Eq. (6). The effect of taking the negative sign will be

Octupole collectivity is associated with regions of the discussed toward the end of the section.
nuclear shell model where there are single particle orbits Sinc€a<1, andgco;<Jsnei, While B(E3)co> B(E3)spely
with Al=3 andAj=3 available near the Fermi surface for Egs.(5) and(6) indicate that theB(E3) can be much more
both protons and neutrons. The most relevant configurationgensitive to small collective admixtures than thefactor,
for 3~ states in the Zr isotopes arer(ps,0q,) and  Which suggests that an appropriately mixed state might show
»(ds;hy1/0). Strong octupole correlations are expected pbeboth ag f_qctor near the single-particle value and a collective
cause these orbits for both protons and neutrons are sepg3 {ransition strength to the ground state.
rated by a similar energy, about 3.5 to 4 MeV. A consistent description of thggfactor andB(E3) data for
Coupling between the octupole mode and a single-particléhe 3 states in*°Zr and **Zr was sought using Eq$4)<6).
configuration gives rise to “renormalized” single-particle There are two experimental factors and two experimental
states containing significant octupole-coupled admixture®(E3) values to be explained, making four experimental data
(see, for example, Ref31], pp. 562-566 Thus the ob- inall. If the constitueng factor andB(E3) values, as well as
served octupole-coupleddy,, state in the Zr region would the mixing amplitudes, on the right-hand sides of E@&.

be represented as and (6) are treated as unknowns there can be up to ten free
B — ~ parameters. To make a meaningful analysis, as many of these
[@012) = £|Ger2> + V1 = £|(P312 ©® Ban)er2) (3)  variables as possible should be fixed to independently deter-

where 3, represents the collective octupole vibration and.m'ned theoretical or ¢>.<per|men_tal values. In this Sefg‘o'emp”'
ical approach the mixing amplitudeag, and agg for *“Zr

the tilde indicates that the empirical single-particle state 96 i .
includes octupole-coupled components. As another ex"—’md Z1, respectively, are free parameters, which leaves

ample, a(d,p) experiment orf%Sr [32] reports an admix- scope for one, or a_t most two, other free pgrameters.
ture of the 11/2 member of thevds,® 3~ multiplet with The analysis which follows uses only a single free param-

the vhyq/» orbital, where 3 corresponds to the core exci- eter to pre_s_cribe th8(E3)co values in both™Zr and *Zr.
tation in 88sr. The remaining parametersl.y, Gsher and B(E3)She|,gg1re
As a first approximation in which Pauli blocking effects fx€d: The shell mode factors andB(E3) values for™Zr

96 i :
are ignored, it is reasonable to write the wave functions oftNd" Zr were taken from the results in the penultimate col-
the predominantlyr(ps,ge,) 3 States irf%Zr and%Zr in the umn of Table IV. The valugc9|,:0.55 was assumed for both
form 907r and °Zr based on previous theoretical work and com-

parisons with experimenta factors of well known collec-
130) = @3 + V1 — &3ghen» (4) tive vibrational states. Collective vibrational states may be
B . . modeled using the random phase approximati®RA) or its

where|3g.,) represents the shell model configuration, andextension the quasiparticle random phase approximation
the mixing amplitudea<<1. In other words it will be as- (QRPA). Such calculations by Rosst al. [33] for %Zr im-
sumed, as a first approximation, that the internal structurg,y that the lowest collective 3state has a wave function
of the _collective 3 state is changed I_ittle by poupling it 0 dominated by ther(pg}zgg,z) and V(dg/lzhu/z) configurations,
a particular shell model configuration. This assumption,hich have about equal weight, with smaller contributions
may not be entirely justified. De;plte this caveat an at- many other configurations including(f;,lzgg,z)g- and
tempt will be m?‘d."?‘ to apply a §|mple p.artlcle-'wb'ratlgn v(gg,lzhll,z)g-, for example. Unfortunately factors were not
model as a feasibility estimate, i.e., to give an md'cat'onevaluated. However, based on the RPA and QRPA wave
whether a more sophisticated F?,a_”'c'e'v'bf?‘t'o,f‘ approac'?unctions tabulated in Ref33] (which list only the dominant
might possibly gxplam both the "single-particlg factor.s termg, and the corresponding factor values listed in Table
and the “collective’E3 decay strengths of the, 3tates in V., it is’ reasonable to estimate thgt3;) for the lowest col-

*zr and *°Zr. lective octupole state iffZr, is similar in magnitude to th
It follows from Eg. (4) that the observed) factor and f f E | o | 1?,?0 40 9
B(E3) are given by actors of the octupole V|brat|ona states ‘itD, “°Ca, and
208pp, all of which have experimenta factors between

9(37) = &’geoy + (1L - &g (5) ~0.5 and~0.6. Thus the following evaluations usg,
! ol shell =0.55 for both®%Zr and %zr.
and It remains to specify the collective component of the
B(E3) = aB(E3).y + \r’mB(E?))She”, 6) B(E3). In the absence of a clearly applicable theoretical

value,B(E3)., was parametrized by making use of the form
where the subscripts “coll” and “shell” indicate the collective of the E3 sum rule in the hydrodynamical model with irro-
and shell model contributions, respectively. In a purely em+ational flow(Ref. [31], p. 405, i.e.,
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L5 U UL B B e ened becauseB(E3),,; must exceed the experimental
Zr

B(E3;3;—0;) in magnitude, and the experimental
B(E3;3;—07) in °Zr is already exceptionally stronfd.6].
The B(E3), Values appear at’=1 in Fig. 3: in °9Zr
B(E3)s, is of the same magnitude as the measured
0.5 Lo e B(E3;3;—07) in °6Zr, which seems reasonable, and while
0 'ZI' rrrTT '9'Zr' T B(E3)eon is 393, % stronger than the measur&iE3;3;

i —07) in %2Zr, this too does not appear to be unreasonably
strong. In fact the implied magnitude B(E3), in °Zr is
consistent with some of the earlier experimental &, in
which the octupole collectivity was about 40% stronger than
the more recentand more reliableexperimental value re-

P B ported by Horeret al. [16], which is adopted in the present
0.0 0.5 1.0 0.0 0.5 1.0 work.

90 52;6 The discussion in the preceding paragraphs, and the re-

sults presented in Fig. 3, correspond to taking the positive
FIG. 3. Empirical particle-vibration coupling model analysis of sign in Eq.(6). If the negative sign is used instead, the main
the g(37) andB(E3;3"—0") values in®Zr and*Zr. In the lower  change s that the bestfit value & increases toC
panels the solid lines represent the theory for the best fit value 0‘394119 MeVe? fmé while the mixing amplitudes for the

the paramete€ while the dashed Iines,_ indi_cate the uncertainty in best fit are almost unchanged. TBevalues obtained for the
the calculated3(E3) due to the uncertainty i€. . . o . .
two alternate signs in Eq6) overlap within their assigned
errors. For the positive sign the requirB@E3).,, values in
EB(E3) = C22AL3 both °°Zr and %Zr exhaust about12+2)% of the energy-
(E3)=CZ°A™, ) weighted sum rule; for the negative sign BEE3) ., values

whereC is a constant and the classical harmonic oscillatoiexhaust abou{18+4)% of the energy-weighted sum rule
model has the excitation energy of the fate,E, raised to  [31,35. Although the data are more readily explained if the
the powern=1 [31]. In previous workC andn have been positive sign applies, the model parameters remain within the
treated as free parameters toER systematic$16,34). Here  realm of credibility for a negative sign as well.
C alone was treated as a free paramétgth n=1) to set the Thus it can be concluded that a consistent, empirical ex-
B(E3)., Values in®°Zr and®®Zr. Thus a simultaneous fit to planation of theg factors andE3 transition rates is possible
the g factors andB(E3) values was sought with three pa- with reasonable parameters. To place this empirical particle-
rametersiC, agg and age vibration approach on a more rigorous microscopic footing,

The results are presented in Fig. 3, where the theoragical however, is a matter for future investigations. For example,
and B(E3) values are plotted as a function of the collective sufficiently large basis shell model calculations that include
amplitudes(a?) in the 3 wave functions. The theoretical the important m(ps0y,) and v(ds;hy12) configurations
B(E3) values are plotted for the fitted value of  Would be valuable.
=65'2° MeV € fm®, and the experimental data are plotted at
the o values corresponding t6=65, where the chi-square
has its minimum value[According to conventional usage, V. SUMMARY AND CONCLUSION
the value of C corresponds to usingB(E3;0"—3")
=7B(E3;3 —0%) in Eq. (7). The error limits were obtained The properties of the first2and 3 states in the even Zr
assuming no uncertainties in the theoretical paramégtersisotopes betweedZr and °6Zr have been examined in the
Clearly, the experimentaj factors andB(E3) values in®®Zr  shell model and compared with experimental data, especially
and°6Zr can be reproduced using Eqeh)—(7) with a single  recentg factor result§1-3]. Generally the description of the
value of C. As expected, a greater collective component is2* states is satisfactory.
required in%Zr than in °°Zr but, more surprisingly, for the ~ The 3 states are more enigmatic. The agreement between
best-fit value ofC, the 3 states remain predominantly shell model theory and experiment is good for théactors
single-particle excitations in boffZr and®6zr. At the lower  in °°Zr and %€Zr, implying a state dominated by the proton
limit of the C values allowed by the experimental errors onconfiguration m(ps/2do/2)3-- Despite this apparent single-
the g factor andE3 data, the®®Zr 3™ state is 70 % single particle structure, th&3 transition strength observed in both
particle while the®Zr state is 50 % single-particle structure nuclei is a factor of 5 larger than the shell model calculations
and 50 % collective. predict, which seems to imply that the first 3tates are

It can be concluded that a consistent explanation ofgthe collective, and strongly so if°Zr.
factors andE3 transition rates is possible in terms of a semi- It has been demonstrated that the dichotomy concerning
empirical particle-vibration coupling analysis. However, thethe 3 states can be resolved in terms of an empirical
plausibility of this analysis depends on whether the impliedparticle-vibration approach, which introduces a collective
B(E3)., values are reasonable or not—a point that is sharpeontribution into the wave functions of otherwise single-

g factor

B(E3) /1000 [e? fm®]
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