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Rotational alignment near N=2Z and proton-neutron correlations
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The effects of the residual proton-neutron interactions on bandcrossing features are studied by means of shell
model calculations for nucleons in a highntruder orbital. The presence of an odd-nucleon shifts the fre-
guency of the alignment of two nucleons of the other kind along the axis of rotation. It is shown that the
anomalous delayed crossing observed in nuclei with aligning neutrons and protons occupying the same intruder
subshell can be partly attributed to these residual interaci@@656-28139)00503-§

PACS numbgs): 21.60.Cs, 21.10.Hw, 21.10.Ky, 27.56

[. INTRODUCTION It favors the antiparallel J=0,1) and the parallelJ=2j)
coupling of ap—n pair, the energies being comparable.
The cranked shell modéCSM) approach1,2] accounts  Since there are many lowpairs available, they tend to form
well for the overall systematics of band-crossing phenomena correlated statep(—n pairing. Processes in which the
in rapidly rotating medium and heavy mass nuclei. In thishigh4 particles change their relative orientation should be
model the protons and neutrons move independently in good means to study these aspects ofgthan interaction. In
fixed rotating potential. As a consequence of this assumpthis manuscript, we investigate a special kind of such reori-
tion, the alignment of a pair of neutrons with the rotationalentation, the alignment of a pair of neutrons with the axis of
axis occurs at the same rotational frequency for differentotation. By means of a shell model calculation it will be
proton configurations. However, recently substantial deviademonstrated that the rotational frequency at which the neu-
tions from this simple picture have been reported using theron alignment occurs changes when additional protons are
CSM approach in the high-spin study of nuclei né&eZ present and that the frequency shifts are sensitive tgpthe
[3—1Q and for nuclei with aligning neutrons and protons —n interaction and the correlations it generates. It will also
occupying the same intruder subsHdll-16. These devia- be shown that the— n interaction causes a delay of the first
tions, concerning the crossing between tiband and the double band crossing ilN=Z model systems studied as
s-band in the even-neutron systems referred to aSAfB  compared to cases witN#Z which may be related to the
crossing, include the following. The crossing in the odd-delayed band crossing observedNis=Z nuclei[6].
proton nuclei is considerably delayed as compared to the
neighboring even-even nuclei. In the caseN#Z even- Il. THE SHELL MODEL
even nuclei, thelAB) crossing is substantially delayed as
compared to the neighboring+ Z. Figure 1 summarizes the In our model the protons and neutrons ifrghell interact
experimental evidence. via a delta force and move in the deformed rotating potential
The observed delay of the neutron alignment has beegenerated by the nucleons outside fhshell. The model
attributed to an increase of the deformation induced by thélamiltonian is the same as used in R¢fs7,18, where one
odd highj proton. This mechanism has first been pointed outnay look for the details, and is given by
in Ref.[2] as the possible origin of the delayed,, neutron

112
backbend if arhg, proton is present. It has been substanti- ,, _ 4_77 - 00| _ s
ated by systematic calculations of the equilibrium deforma- Z. 4 5 KNl 1)+ @ G;j ari=riD).
tions for bands with an odd-proton in thg,,,, hg,, and D

i1 Orbitals (cf., e.g.,[15,12,14,1¢). Though being in the

right order of magnitude, the calculations tend to underestiThe first term is the deformed quadrupole field wherés

mate the experimental shifts. Thee-n residual interaction related to the deformation parameferby k=51.5AY33 in

has been invoked to be responsible for the remaining distdnits of the coupling strengt@® of the delta force. The sec-

crepancy{15,17. In a study of aQQ-type p—n interaction  ond, cranking term describes the uniform rotation about the

acting in the particle-hole channel R¢L6] finds only very  x-axis with the frequency and the third term is the inter-

small shifts. In the present paper we further investigate th@ction. The eigenfunctions of the Hamiltonian are found by

role of the residual interaction. At variance with REf6],  numerical diagonalization. They can be classified by the

we use a short range force and calculate the exact solutiorsospin and the signatufsymmetry with respect t& ()]

for the model system of interacting protons and neutrons in svhich are conserved by the model Hamiltonian.

j shell, exposed to a deformed potential. We would like to point out that the present model predic-
The strong short-range proton-neutrgm—n) attraction tions should only be considered as qualitative indications of

probes the relative orientation of the higtorbitals, because the physics expected from more realistic studies. The major

of their strongly anisotropic, torus like density distributions. restriction of our model is that we consider only a few par-
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p— A (A | FIG. 2. Angular momentund, as a function of the rotational
A3 g e <4}> w frequency for particles in &4,,, shell with deformation3=0.25.
4h 36 2-4 | The arrows indicate the crossing frequencies. For Bddeonstant
of 11/2 is subtracted frord, .
N. N. . .
0 4 6 ] 6 8 As another consequence of the restriction to a single

8 38 40 42N % 9 100N j-shell, the total angular momentum is underestimated. This

FIG. 1. Experimental crossing frequenciéso, for the first  is of little importance, because we study fnequencyof the
alignment of a pair of neutrons in thg;,, hiip, andiig, shells.  alignment processes, which will not be changed by the miss-
The odd-proton occupies the sairghell as the neutrons. The num- ing angular momentum from the nucleons outsidejtgiell.
ber N; is an estimate of the number of neutrons in fhehell,
obtained by counting Nilsson levels at the deformat@s 0.25.
For theh,4,, andi 3, shells the proton occupancy is zero or one, for
the ggp, shell it is close to the neutron occupancy. The arrows indi-
cate that only lower limits are known. Fof=98 the very gradual Figure 2 shows the expectation value of theomponent
rise of the functiorl (») does not permit a reliable determination of of the angular momentum calculated by assuming a defor-

fhwe, however the shift of the two curves gives a reasonable esnfnation,B=0.25 of a well deformed nucleus. The situation

mate of the difference between the crossing frequencies. In the Ca$Eih few protons and neutrons occupving th shell is
of Z=50 and 51 the deformed excited bands are shown. The ex- P pying e,

perimental data are from Ref@—14). The even Sr isotopes and the stud|.ed. The alignment of a palr_ of neutrons with the axis of
go» bands of the Rb isotopes do not shovgg, alignment that ~ fotation (), caused by the Coriolis force, shows up as the
might be a consequence of tde-N=238 gap in the single particle Steplike rise of the angular momentum from small values to
spectrum. about 10. It corresponds to the crossinggofand with the

neutrons band, where the inflection point defines the cross-
ticles occupying the intruder subshell with the rest of theing frequency. It is seen that the presence of the odd proton
nucleons giving rise to a potential, the deformation of whichdelays the alignment of the neutron pair. As demonstrated by
is fixed. The assumption that the nucleons outside the ingjg. 1 both in theh,,, and in thei,s, shells a similar delay

truder shell do not take part in the correlations generated byt the crossing frequency is seen for the combinatidn (
the short range residual interaction is a serious restriction of. | N=24 6). The estimated number of protons and neu-

the model. The pair correlations are known to involve bOthtrons in the hight- shell, denoted by, and N;, must be
1 J J 1

types of nucleons. Thus, the model cannot be expected t<E’0mpared withZ and N of the calculations, respectively.

reproduce the modification O.f the pairing by. the odd p.arti.cle Figure 3 demonstrates that for near symmetric filling of
or by the alignment of a pair of nucleons in a quantitative he gy shell Z=2, N=2) and (N=3, Z=2) the crossing

way. Since we choose a realistic value of the deformation fo . . . Y
y j[equency in the odd: nuclei lies below the first crossing in

a given nucleus and estimate the number of particles occ o )
pying the highj orbital by looking at the realistic Nilsson € €ven-even nucleiZ=N=2), which corresponds to the

diagrams, the estimates of the frequency where the rotationgimultaneous alignment of protons and neutrph|. This
alignment occurs should be qualitatively right. However,inversion of the order of the band crossings seems to be seen
when discussing the shifts of the crossing frequencies thi# the Br and Kr isotopes, as illustrated by Fig. 1. The figure
change of the deformation due to the presence of the oddlso shows that the inverse ordering for near symmetric fill-
particle or alignments must be taken into account. Due to thég as compared to asymmetric filling can be attributed to a
lack of the feed back from thieshell particles to the remain- delay of the crossing in the even-evlir=Z nuclei as com-

ing nucleons one cannot expect the model reproduce theared to the ones witN#Z [6], which is stronger than the
shifts of the crossing frequencies in a quantitative way.  delay in the oddz system.

lIl. EXAMPLES FOR DELAYED CROSSINGS
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FIG. 3. Angular momentund, as a function of the rotational
frequency for particles in &g, shell with deformation3=0.25.
The casez=2, N=3 is identical. The arrows indicate the crossing
frequencies. For odd-a constant of 11/2 is subtracted fraiy.

IV. SYSTEMATICS OF THE CROSSING FREQUENCY

The features discussed in the previous section reflect a 0 0.5 1.0 he 15

systematic tendency that is illustrated in Figs. 4 and 5, show- . o _
ing J, () and.7?(w)=dJ /dw for the -, shell.(We have FIG. 5. Dynamic moment of m_ertlaf( ) as a function of the
chosenf,, shell since the dimensions of the matrices to heotational frequency for particles in &, shell with deformation
diagonalized are lower and a systematic study is pos}sible'gzo'zs' Up_per panel: The particle numbers are quoted in the form
The alignments show up as peaksJI‘lZ) We are interested Z+N. Full lines: evenA; dotted: oddA. Lower panel: Only one
. . : : L kind of particle, the number of which is quoted.
in the alignment of a pair off;, neutrons, which is displayed
in lower panels of the figures for the pure neutids 2 and
N=4 cases. If there were np—n correlations, the fre- comes larger thaN. Of course, the role dfl andZ could be
guency at which these alignments appear would not changexchanged.
with the number of protons. However, this is not seen. In- Qualitatively, one may ascribe the progressive delay of
stead, the critical frequency for the neutron alignment firsthe crossing tgp—n correlations that disfavor the simulta-
grows with the number of added protons. The shift reacheseous alignment of protons and neutrdesy., the presence
its maximum whenZ=N and then decreases wh&nbe- of p—n pairs with a lowJ), generated by the attractiye

—n interaction. The more protons are added the stronger the
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correlations become, untd=N. As discussed 18], the
character of thg —n interaction between the aligned protons
and neutrons changes from attractive to repulsive when
exceeds\, because the character of the aligned configuration
changes from particlelike to holelike. This shifts tpe-n
correlations to the highly excited states, whereas the yrast
states are not much modified by the-n interaction.

The shift of the crossing frequency is a consequence of
the T=1 part of thed interaction. The dashed dotted line in
Fig. 4 shows a calculation where tAie=0 part of the s
interaction has been removed. The functibyfw) almost
coincides with the one calculated with the full force. The
question if thep—n correlations that cause the shifts belong
to the particle-hole channel or the particle-particle channel
(or to both cannot be decided on the basis of the shell model
calculations. For this, comparisons with mean field calcula-
tions are necessary, which will be addressed in a forthcoming
paper. We state here only the existence of strprgh cor-
relations of theT=1 type between nucleons in the same
j-shell, which cause a delay of the first band crossing.

A delay of the onset of the band crossing fér=2Z=36
has recently been observed in the Kr isotofg<cf. Fig. 1).

FIG. 4. Angular momentund, as a function of the rotational

frequency for particles in d,5, shell with deformationg=0.25. It Is suggested in the paper that the delay may be a conse-

Upper panel: The particle numbers are quoted in the fBrN. guence ofT =0 pair correlations. As already mentioned, the
Full lines: evenA; dotted: oddA; dashed dotted: only=1 part of ~ dashed dotted line in Fig. 4 shows a calculation where we
the & force. Lower panel: Only one kind of particle, the number of have switched off th@ =0 part of the interaction. It is seen
which is quoted. that the results are almost the same as for the full force, i.e.,
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the T=0 correlations do not influence the alignment signifi- ha,/ G
cantly in the present model analysis. It remains to be seen
whether this conclusion will hold in a realistic study. It is
consistent with mean field studies of REf9], who find that

the frequency of théAB) crossing is sensitive to the=1 0.7 -
but not to theT=0 pair field.

Comparing in Figs. 4 and 5 the alignment of the odd-
proton in theZ=3 system with the one in th&=3, N -
=2, 4, one notices also the the alignment of an odd-proton
is hindered by the presence of neutrons in the spsiell.

In order to study the deformation dependence of the dis- 0.65
cussed effects we have also performed the calculations for
spherical shapgx=0 in Eq. (1)]. In this case, the angular
momentum is conserved and the alignment plots like Figs. 2
and 3 become real step functions, because the eigenstates of
Eqg. (1) with different angular momentd cross sharply as
functions ofw. In the spherical case there are no rotational
bands and the crossing frequency has no immediate meaning.
Nevertheless, the comparison with the case of substantial
deformation is instructive, because it permits us to guess
what can be expected for weakly deformed nuclei where N B P

Z=2

band crossings are still observed. 0 4 8 0 4 8 12
Figure 6 shows the crossing frequencies for the spherical N
case. For most combinations AfandN the odd-proton de- FIG. 6. Crossing frequencies of the lowest aligned configura-

lays the alignment of the first pair in the even-neutron systions of particles in a spherichh, , shell. The neutron numbe¥ is
tem. However, theN dependence of the shift is different even. Left panel: Alignmeni=11/2—31/2 in oddZ nuclei. Right

from the case of large deformation. As in the case of largganel: AlignmentJ=0—10 (full symbol§ and J=0—20 (open
deformation, the first crossing in the even-even systems oGymbols in evenZ nuclei.
curs later forN=Z than forZ#N.

It has a|ready been pointed out in a previous WmR] is hlgher than for asymmetric fllllng Similar trends are ex-
that for even-eveN=2Z nuclei the first band crossing has Perimentally observed: The first backbend ifKr with Z
the character of a double-alignment. However, the calcula=N seems to occur later than in the other even-even isotopes
tions were done in a truncated basis, whereas in the presewith Z<N and the first backbend in even-neutron nuclei
work, they have been carried out with no approximations. Ins€ems to be delayed by the presence of an odd-proton in the
addition, it is demonstrated that it =1 component of the Samej shell. Since in our model study the nucleons outside
tWO-bOdy n—p interaction which is responsib|e for the the intruder shell Only give rise to a fixed external potential,
partide_number dependence of the band Crossing_ In a préhe effects of the feedback from the intruder partiCIeS to re-

vious work[17] such break-up of the— p interaction was Maining ones are absent. One important effect, previously
not carried out. discussed, is the change of deformation induced by the odd

nucleon. It is quite likely that the observed shifts of the band
V. CONCLUSIONS crossing frequencies are a combination of these deformation
changes and the correlations studied by the present model.
The present simple model study indicates that the alignBy measuring the deformation and/or calculating it one may
ment of high} nucleons with the rotational axis is sensitive try to disentangle the two effects and probe fhen corre-
to the p—n interaction. For the important case of prolate lations. Finally, we would like to mention that while the
deformation, the alignment of one kind of particles is de-results of the present model analysis seem to point into the
layed when the other kind of particles is present in the sameght direction they should not be compared with the experi-
j shell. The effect reaches its maximum fd=2Z and is a mental data in a quantitative form. It would be quite inter-
consequence df =1 correlations between protons and neu-esting to study the effects in more realistic shell model con-
trons. ForZ=N, the crossing frequency in the even systemfiguration spaces.
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