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The %Ge and®Ge nuclei are studied by means of the shell model with the exteRee@Q Hamiltonian,
which succeeds in reproducing experimentally observed energy levels, moments of inertia, and other proper-
ties. The investigation using the reliable wave functions predict®,J=9 one-proton—one-neutrafipln)
alignment in thegg, orbit, at high sping14;, 167, and 1§) in theseN~ Z even-even nuclei. It is shown that
a series of the evedipositive-parity yrast statgebserved up to 26for 68Ge) consists of the ground-state band
and successive three bands with different types of particle alignniewsneutron, pln, two-proton—two-
neutror) in the gg/» Orbit.
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The study ofN= Z proton-rich nuclei calls much attention paper[10], we showed that the shell model with the extended
in the nuclear structure physics, and it is also interesting in &+QQ interaction in a restricted configuration spags,,,
wider context. What nuclides exist at the proton drip line?fs,, py 9o successfully describééGe. The shell model
Are there special states like isomers which contribute to nuhas advantages that the nuclear deformation is dynamically
cleosynthesis? Proton-neutrgon) pair correlations are con- determined through nuclear interactions and wave functions
sidered to play a key role in those problemsfbor Z nuclei.  are strictly determined, which make it possible to calculate
A lot of effort has been devoted to the study of tNesZ  physical quantities and to discuss the structure of bands in
nuclei and thepn pair correlations. It has explored various detail. We carried out large-scale shell model calculations for
aspects of structure such as shape coexistence and delay8@e and®®Ge using the calculation cod&1]. Results of the
alignment in proton-rich nuclei witlA=60-80. TheN=Z  calculations explain well all the observed energy levels and
Ge isotopes at the gate to these proton-rich nuclei have beeather properties except for the superdeformed band. We ana-
extensively studied. The recent development of experimentdyze the wave functions obtained to investigate the structure
techniques accomplished detailed measuremen?8Gaf [1] of the evend positive-parity yrast states.
and®8Ge[2]. Our subject is explaining the observed data and We first employed the same single-particle energies as
clarifying the structure. Besides this subject, we aim to get dhose used fof“Ge in Ref.[10]. The parameters, however,
useful effective interaction for the shell model which is ap-cannot reproduce the relative energies of the positive and
plicable to the exploration of the problems of heawierZ  negative parity states in odd-mass Ge isotopes. We therefore
nuclei. We have succeeded in reproducing a large number ddwered thegg,, orbit toward thepf shell so that our shell
energy levels observed in these nuclei. Using the wave funanodel can reproduce observed level schemes of odd-mass
tions, we have found a unique phenomenon of particle alignand even-mass Ge isotop@sd alsc®®As) as a whole. This
ment which has not been expected in even-even nuclei. Theas linked with the search for force strengths. We thus ob-
particle alignments, which can be considered as breakintpined the following set of parameters for the Ge isotopes.
away from the collectiveT=1 or T=0 pair correlations The single-particle energies are,;,=0.00, &5,=0.77,
caused by rapid rotation, reveal the features of ghepair  &,1,=1.11, andeyy,=2.50 in MeV. The strengths of thé
correlations as well as the like-nucleon pair correlations. Thee0 andJ=2 pairing, quadrupole-quadrupole, and octupole-
one-proton—one-neutrofilpln) alignment with T=0,J=2j octupole forces areyy,=0.262, g,=0.0, x»,=0.238, andys
has been discussed only in odd-odd nuclei. In this paper0.047 in MeV. The monopole corrections are
dealing withpn interactions dynamically in the shell model, HL:Cl(pg/z,f5,2):—0.3, HL:Cl(pg,z,pl,z):—O.B, Hlfcl(fw,pl,z)

we show unexpected existence of fre0 1pln alignmentat  =-0.4, H=X(ge/2, o) =—0.2, andH=(ge/»,99/2)=-0.1 in
high-spin yrast states of thé~Z even-even nucléi’Ge and  MeV.
Ge. This is a unique appearance of fivepair correlations. In Fig. 1 we compare energy levels obtained¥e with

The experiments fof°Ge and®®Ge[1,2] have found sev- the experimental ones in R¢fl]. The calculations reproduce
eral bands with positive and negative parities up to highthe several bands of the yrast states with positive and nega-
spins(J=<28). The data which display changes in the struc-tive parities observed ifi®Ge. The agreement between the
ture with increasing spin call our attention to the particleobserved and calculated energy levels is excellent. The
alignments. The two-nucleon alignment &t=8" in ®Ge  present model reproduces well observed energy levels of
and %Ge has been discussed by several auth®r§]. The  ®8Ge (which are more than twice as many as thosé&%Gfe)
calculations based on the deformed mean field approximaand also satisfactorily describes energy levels observed in the
tion in Ref. [1] predict simultaneous alignment of protons odd-mass isotope¥Ge and®’Ge. It reproduces the experi-
and neutrons just after the first band crossing. In a previoumentalQ moment of the 2 state in"%Ge. Such a consistent
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andT g, andJggy» in the lower panel, for the yrast statdimes) and
FIG. 1. Experimental and calculated energy level§®e. some other stategnarks of *°Ge.

description of both the even and odd Ge isotopes has néfGe. The results show that the nucleon-number expectation
been reported previously. values(n,) hardly change in thgs band up to 8,which is

The graph of spinJ versus angular frequenc(J) consistent with the stable rotation expected from dhao
=[E(J)-E(J-2)]/2 (we call it the J-w graph’) is useful in graph. Al:_)ove 8, the most notable thing is characteristiq
seeing the variation of nuclear structure, because the momefifianges in the numbers of protons and neutrons occupying
of inertia J/ w(J) reflects the competition of various nuclear tNe Jer2 Orbit, (Ngg ) and(ng»).We illustrate their variations
correlations. We illustrate thd-w graph for the eve- [OF the yrast states and some other states in the upper panel
positive-parity yrast states dfGe, in Fig. 2. Our model of IV:|g. 3.. In this figure, the neutron_number |n.tg@2 orbit
reproduces well the variation of the experimental moments(Ngor2?) increases abruptly at IQTh'S change in the wave
of inertia. The agreement with the experiment is better thadunction explains the backbending of the experimedtal
that of the total Routhian surfa¢gRS) calculationg1]. This ~ 9raph at 10. However, the abrupt increase @f,,) is more
indicates that our wave functions are better than those of theémarkable in the Bstate, whereas the proton distribution to
TRS calculations. In Fig. 2, thé-w graph displays a stable the four orbits remains almost the same as that in the states
rotation in the ground-stat@s) band up to § and a sharp 0i to 8]. Since the expectation valdeg,) is considered to
backbending toward %0 The remarkable backbending from be fractional at low energy, the valde,,,) ~ 2 (being about
8; to 10; indicates a structural change there. The straight linénteged in the & state suggests the alignment of two neu-
starting from the 14 state is also interesting. trons, (94/»)3-.1=1- The large values ofng,) (~2)at 8 and

To analyze the wave functions, we calculated expectationl0;, and a strongE2 transition 19— 8 in theory and ex-
values of proton and neutron numbers in the four orbits folperiment reveal a similar structure of the two states. The
structural change from8to 10] is probably caused by the

26 . ——— . ; .
66 e 2n alignment coupled td=8,T=1 in thegy,, orbit. Figure 3
ool Ge & ] suggests a continuation fronj & 10;. This situation can be
| positive-parity  \ i called a “band crossing,” where th@-aligned band crosses

18} yrast states s the gs band. The present explanation for thgahd § states
is in agreement with the assignment in the transfer reaction

€4} [6], the result in the IBM plus a pair treatmej], and the
e f discussion about the kinematic moment of ineffia
& 10 In Fig. 3, we can see a decrease of the neutron number
I (nger2 and an increase of the proton numigef,,) from &
6: to 10]. The same trend is clear in thejl&ate, and then the
ol proton and neutron numbers become nearly equal to each

L other in the 1% state. The 17 16, and 1§ states keep
nearly integral numberéng,,) =~ (ngg)=1. In our calcula-
tion for ®As using the same Hamiltonian, we had also al-
FIG. 2. TheJ-w graph for the positive-parity yrast states with Most integral numbergngy,)~(ngy» ~1 for the J7=9"
evenJ of %%Ge. states of thel=0 band. It is probable th&PAs has aT=0,

0.5 1
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FIG. 4. Comparison of the calculated four bands with the ex- FIG. 5. Comparison of the calculated four bands with the ex-
perimental yrast states f6fGe. perimentally observed bands f&iGe.

J=9 aligned D1n pair in these states. Similarly, the nearly [(93,)-7-1(35/2) 35 7=1]s=167=0- The calculation yields the
integral numbersgnZ, ) = (nlg,,) = 1 in ®°Ge are presumed to 20 state as thd=20 member of the {iln aligned band. The
be the signature of th€=0J=9 1pln alignment at the 1% third band crossing takes place betweknl8 andJ=20 in
states where thd-w graph has a notable bend. Let us ex-0ur model. )
amine it by evaluating the expectation values of spin and What conditions cause such a nearly purgli align-
isospin of nucleons in thgy, orbit. The lower panel of Fig. Ment? In Ref[12], we |nvest|gated6even-_mass Ru isotopes
3 shows the valuedg=[((loo)?)+ 1/4]12=1/2 andT around™Ru which is symmetrical t6°Ge with respect to the
T, o 99/2= L\ M1 g9/: ) 992 particle-hole transformation in th@s),, fs/2, P1/2,9g/2) SPace.
=[{(tger2)%) +1/4]7*~1/2.This figure confirms our presump- \ye gid not find any sign of th&=0 1pin alignment there,
tion, telling the following scenario: The two neutrons in the 3nd could not see a purer Alignment at the backbending
Gy, Orbit outside theN=Z=32 central system align at thg 8 state ¢ in ®°Ru. An important thing is that the Fermi level
state and produce the spigy,~8and the isospifige,~1. jies at thegy,, orbit itself in the Ru isotopes but considerably
During the competition between thk=8,T=1 2n pair and  far from thegy, orbit in the Ge isotopes. The appearance of
J=9,T=0 Ipln pair in the 1q and 17 states, the two nucle- the nearly pure & and Ipin alignments inf%Ge is based on
ons in thegg_,z orbit increase the spin and decrease the isOtne condition that the high-spin orta, is quite apart from
spin. At last in the 1fistate whereg,~9 andTy,~0, the  the Fermi level and has the opposite parity to fHeshell.
J=9,T=0 1pln pair overwhelms thd=8T=1 2n pair. The  Only even-number nucleons are allowed to occupydhe
superiority of the)=9,T=0 Ipln pair can be attributed to the orpjt after covering the cost of excitation energy frarhito
condition tha'g theT:QJ:Q pn interac’gion is stronger than Jojp- We can expect th&=0 1pln alignment inN~Z even-
the T=1,J=8 interaction(note that while theT=1,J=2j-1  ayen nuclei near the Ge isotopes. It should be also noticed
interaction is repulsive, th&=0J=2j interaction is very at- that the residual nucleons in thef shell coupled with the
tractive in ordinary effective interactiopns If we set aligned Pln pair with T=0J=9 must have the isospifi
((9or2)*V|(Qr2)*: T=0,J=9) zero, the pln aligned states do =1 for the nucleu®Ge, while the residual nucleons coupled
not become the yrast states, while treband is hardly dis-  with the aligned 2 pair with T=1,J=8 can have the iso-
turbed. spins T=0 and T=1. This is confirmed by calculating the
To clarify the band crossing ned~12, we searched for isospin of nucleons in thef shell. The different isospin
the J=10 member of the 1n aligned band and thé=12  couplings bring about different properties to thelth and T
member of the & aligned band in our calculations. Obtained aligned bands. The problem is related to the competition be-
candidates are Gand 12, for which the expectation values tween theT=1 andT=0 pair correlations in the central sys-
(Ngor2)» (Ngo2)s Jgarar @nd Ty, are plotted in Fig. 3. Figure 3 tem which is represented by tipd shell in our shell model.
indicates the band crossing betweg&nl0 andJ=12. The = We also calculated the spin of nucleons in fHeshell, “J,.”
TRS calculationg1] suggested that the bend atj1df the  The calculated results indicate the approximate alignment of
J-w graph is caused by simultaneous alignment pfadd  Jyo/, andJy in the three aligned bands.
2n. However, the result presented above disagrees with this Thus, we have three bands which contain the three types
suggestion. As shown in Fig. 3, our model predicts that theof aligned nucleons in theg, orbit, in addition to thegs
simultaneous alignment ofp2and 4 takes place at the $8 band, as shown in Fig. 4. The theoretical bands finely trace
state, and from 1Ba band continues to the yrast state$,20 the experimentally observed footprints of the yrast states.
22, 247, and 2§. Figure 3 shows that thep2n alignmentin ~ The theory shows a slight deviation from the experiment
the gy, orbit produces the spidyy,~16 and the isospin nearJ=12, which suggests a stronger coupling between the
Tgo2=~0,which indicates the aligned structure 2n and Ipln aligned bands.
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Let us briefly discuss the structure $5e which has two  crossing atl=12. The 12 state is assigned as the continua-
more neutrons thaffGe. The present calculations show thattion from 10 in the experimenf2], while the 12 state is the
the ®8Ge nucleus has the same structure indgg orbit as  member of the filn aligned bandmixed with the 12 state
that of °*Ge. An important difference dfGe from®Ge is  of the 2n aligned bangin our calculation. The slightly stag-
the backbending at;@n the J- » graph. We obtained graphs gering curves in Fig. 5 show that the coupling between the
similar to those of Fig. 3, which explain the band crossing adifferent bands is stronger fiGe than in°Ge. We close our
J=8 in terms of the & alignment in thegy, orbit. The 21  discussions by pointing out that the prediction for & 16
aligned band starts from th€ 8tate, while thegsband con-  states of®Ge in Fig. 4 is hopeful.
tinues to the 8 state. This explanation disagrees with the In conclusion, we have investigated the mechanism of
discussions in the particle-rotor modél and the VAMPIR  angular momentum increase caused by the particle align-
calculation[5]. We do not have any sign of the two-proton ments, in the eved-positive-parity yrast states §fGe and
alignment in our results fdGe as well a§%Ge. There is no  ®8Ge, using the reliable wave functions obtained by the suc-
significant difference abovd=8 between®®Ge and®Ge. cessful shell model calculations. The investigation has re-
Also in %8Ge, we have the same three bands as tho8%ie,  vealed a new feature that tiie=0 1p1n alignment in thegg,
as shown in Fig. 5: the observed band dncBrresponds to  orbit takes place at high spind4;, 16; and 1§) in the N
the n aligned band; the band on 120 the Ipln aligned =~Z even-even Ge isotop€&Ge and®®Ge. The three bands
band; the band on %&o the 22n aligned band. The agree- with different types of aligned nucleons in thyg, orbit suc-
ment between theory and experiment is good up to the 26cessively appear above thgs band as the spin increases,
state where thei2n aligned band terminates. The theory hasnamely the 2 aligned band, thedln aligned band and the
one deviation from the experiment with respect to the ban@p2n aligned band.
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