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Delayed alignments in theN=Z nuclei Mo and Ru
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The yrast band of thsl=Z nucleus®Mo has been extended up to the"1§tate. Its moment of inertia varies
smoothly up to this statéotational frequency 0.6 Me) The new data confirm the systematic delay of the
particle alignment frequency iN=Z nuclei with respect to the neighboring>Z nuclei, which has been
suggested as a signature of the neutron-proton pairing interaction. Projected shell model calculations performed
for the heaviesiN=Z nuclei studied so far®Mo and #Ru, predict that the confirmation of a possible
enhancement of the neutron-proton residual interaction requires the observation of still higher spins in these
nuclei.
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The study ofN=Z nuclei is expected to give the most where a very delayed crossing has been located at 0.85 MeV
relevant information about the properties of the neutron{2]. In 7Sr there is a discernible effect which indicates a
proton (p) pairing interaction. INN=Z nuclei, neutrons broad crossing shifted to 0.62 Mel¢ompared to~0.55 in
and protons occupy the same shell-model orbitals, and thus>Z isotopes[2]), while for 8Zr [2] and %Ru [10] the
can have the largest probability to interact with each other. lbbservations indicate again a delay but the crossing has not
has been thought that timep pairing interaction may be the been located yet. In this chain 8f=Z nuclei, ®*Mo is the
cause of the delayed rotational alignments in the even-eveonly one which has not been studied at spins higher ttan 4
N=2Z nuclei in theA~80 mass region, and this line of re-  In view of the present situation, which indicates a particu-
search has been actively pursued. The recently observédar behavior of theN=Z nuclei, extending the data on the
alignment delays in?Kr, “®Sr, and ®Zr may be such ex- heavier systems is a topical subject. In spite of the fact that
amples[1,2]. the cross section for populating these nuclei decreases with

Experimentally, the main difficulty in extending the study Z, it would still be possible to observe interesting effects
of N=Z nuclei at higher spins is their population with ex- since the nuclei beyongfZr are less deformed, therefore the
tremely low cross sections in a small number of availablegg,, alignment is expected at lower frequencies. The purpose
reactions. Progress in the development of laygey arrays  of this work is to present new experimental data on higher
and associated ancillary detectors, as well as refinements epin states in the yrast band &Mo. The experimental data
the data processing techniques, allowed recent advance in tbe the heaviest measurét=Z nuclei Mo and 2Ru will
knowledge of the heaviesi=Z nuclei in general, and of be discussed within the framework of the projected shell
their high spin behavior in particular. Theoretically, it has model[11,12.
been suggested that the behavior of the moment of inertia of In the present experiment we have used the same reaction
an N=2Z nucleus with increasing spifrotation would be as in a previous ongl3], *®Ni+28Si, which populates the
particularly relevant in this respect. Different pairing fields 8Mo nucleus through ther2channel. The 90-Me\éSi 8*

(nn, pp, andnp) respond differently to the Coriolis forces. beam with intensity of about 14 particle nA was delivered by
The enhancement of thep interaction inN=Z nuclei has in  the Legnaro XTU Tandem accelerator. The target was a stack
general an effect to sustain the pairing field under rotationof two 0.5-mg/cm i foils. The detection setup was simi-
The real situation is, however, rather complicated, due to théar to the one used in th&Ru experimen{10]: the GASP

fact that the spin alignment is also sensitively influenced byarray in its standard configuration with 40 Compton-
other factors such as deformation. Theoretical calculationssuppressed HpGe detectors and the BGO inner ball, the ISIS
most of which are still schematic, have reached various conSilicon ball with 4Q\E-E telescopes, and the N-ring with 6
clusions on the role of differentp interactiong3—9]. liquid scintillator neutron detectors replacing 6 of the 80

To date, consistent delays in the crossing frequer(dies  BGO elements, at forward angles. The trigger condition was
to alignment of theyy, particles in the ground state bands that at least 2 Ge and 2 BGO detectors fired in coincidence.
have been observed for the=Z Kr [1,2], Sr, Zr[2], and Ru  The efficiencies for particle detection were56% for one
[10] nuclei. The strongest effect has been observe®ir  proton,~36% for onea particle, and 3.1% for one neutron.
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FIG. 1. Gatedy-ray spectra showing the assignment of the yrast
line of 8Mo. The upper two spectra are gated by the 444-kev FIG. 2. Kinematic moment of inertia for the ground state bands
(2" —0") transition,(a) on ay-y matrix with veto on the charged ©of ®*Mo (present date *Mo [17], and **Mo [18]. The inset shows
particles and coincident with neutror®) on a y-y matrix coinci-  the level scheme of“Mo as determined in the present work.
dent with both neutrons and one proton. The lower two spectra are
doubly gated spectra, with a gate 444 keV/(68B9 not seen in the proton coincidence. Similarly to the proton-
+1063 keV),(c) on ay-y-y cube with veto on charged particles, gated spectrdéb) and (d) of Fig. 1, a-particle-gated spectra
and(d) on ay-y-y cube coincident with protons. The lines labeled do not show the transitions assigned®fo. Thus the com-
with their energy have been assigned to the yrast bai{\6. See  pined information from the spectra of Fig. 1 leads to the
text for other lines indicated only with symbols in these spectra. assignment of the transitions with the energies 6B3,4

889.16), 1063.@6), and 12071) keV to the yrast transitions

The off-line search fory-ray transitions in®Mo in the  of #Mo above the 2 state, up to the 10 state. For the
data of this experiment proceeded as described in[R6f, 2*—0" transition we found an energy of 44829 keV.
on the basis ofy-y matrices coincident with charged par-  Figure 2 shows the kinematic moment of inertia for the
ticles and neutrons, and using also the two lowest knowmround state band o¥*Mo, in comparison with that of the
yrast transitions of 444 and 673 kd\t3]. The intensity of heavier isotope®™™Mo (N=Z+2) [16] and ®¥Mo (N=2Z
the 2n channel has been estimated to about®@f the  +4) [17]. Near closed shells, as in the case %o, the
fusion cross section. The data of the older experini@8t, nucleus may not have a stable deformation, so that the
where we had no coincidences with the neutrons, have alschanges in moment of inertia cannot be easily analyzed in
been used in the construction @fy-y cubes andy-y ma-  terms of particle alignments. Nevertheless, by using such a
trices vetoed by, or coincident with, the charged particlesrepresentation, the smooth behavior®élo up to the high-
Figure 1 demonstrates the assignment of the higher yrasist rotational frequency reached by the present experiment
transitions. The upper two panels show spectra gated by th®.6 MeV) appears in contrast with that of the heavier iso-
444-keV (2" —0") transition, on a neutron-coincideand  topes in which proton and neutron alignments occur close to
charged particle vetoed matri®@ and on a matrix coincident each other around 0.5 MeV. This delay in the alignment fre-
with both neutrons and protoné). The 673-keV (4 quency is consistent with the previous observations for the
—271) transition assigned in Ref13] as the second yrast otherN=Z nuclei with Z between 36 and 44. Although the
transition is reconfirmed, and the third yrast transition of 889crossing frequency could not be located by the present ex-
keV is clearly seen. These spectra contain also indicationgeriment, we shall discuss in the following the possible
about the higher yrast transitions, but due to the low neutromeaning of these data.
detection efficiency their assignment remained uncertain. It To date, there are no quantitative calculations for high
is also seen that this gate is contaminated with transitionspin states ilN=Z nuclei above Zr. Very recently, a system-
from a band structure d®Zr (channel 2n), coincident with  atic investigation of the yrast properties of tNe=Z, Z+2,
a 442-keV line, which were not reported in the previousandZ+4 Kr, Sr, and Zr nuclei has been repor{dd]. The
studies[14]. The lower two panels are doubly gated spectraanalysis was carried out using the projected shell model
with a sum of gates 444 keV/(6#3889% 1063 keV) on (PSM) approach11,12. These calculations described well
the charged particle vetoegy-y cube(c) and on a proton- most observables known for these nuclei, with a notable ex-
gated cube(d). The comparison of the two spectra showsception: the delay in the crossing frequency’fir claimed
very clearly the fourth yrast transition, of 1063 keV, and anin the earlier referencil]. A more detailed PSM analysis for
indication of the fifth transition at 1207 keV, which coincides the N=Z Kr, Sr, and Zr nuclei has been subsequently per-
with the one from spectrur(®). The gate shown in spectrum formed in Ref.[9]. With the assumption that the observed
(c) is contaminated by the 445-keV/1065-keV coincidencerotational band in“?Kr has a prolate deformation, it was
from a band structure ifi®Y [15] (channel ®) as seen inthe shown [9] that the normal quadrupole-pairing interaction,
lower spectrurr(d), but again the lines assigned ¥#Mo are  used as one of the standard interactions in the PSM calcula-
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tions, is not able to provide the substantial delay observed ir 30—y 7171711 3071771 T
?Kr [2], while calculation with an enhanced residugp - {1 o -
interaction in the quadrupole-quadrupole channel improved 54 1f=—= - 20k ° —
the agreement with the data. It was conjectured that such a i .® / ] i 2 i
[ ]
(]

enhancement mimics the effect of the pairing which is

absent in the PSM. In the present paper, we employ the PSN 10" * oy |07 3 82z,
for Mo and #Ru in the same way as discussed in Refs. T T
[9,18]. % 02040608 1 12 % 02040608 1 12

The PSM is a spherical shell model truncated in a de- 3,

formed BCS multiquasiparticle basi¢1]. The wave func- _' L '_ LN
tion can be written as — 0 B 7]
> 20 —
2 30— —
) = 2 FPuk i), o =, | 2oF =
‘ I 1 10 —
where the index« labels the basis states. Acting on an in- Py N I O P I
trinsic state|e,), the projection operatoP},, generates 0 02040608 1 12 0 02040608 1 12
; 7T O
states of good angular momentum, thus restoring the neces rrrr T [T T el T T T
sary rotational symmetry violated in the deformed mean i 9 1 40— -
field. The advantage of the PSM approach is that the crossing 20~ 1 1 30l ]
and mixing of bands at a given angular momentum are - ’ . - -
treated fully quantum mechanically. This turns out to be cru- 19— i 4 20 7]
cial to study the present problem since the observed back L = Ru | ol i PRy _
bendings in the moment of inertia are consequences of the [ TN P P TP [ P . P P TP P
band crossings. A correct treatment of the band crossings i 0 0204 06 08 1 12 0 02 04 06 08 1 12
important to avoid large uncertainties in the band crossing Rotational frequency [MeV]
region[19].

The Hamiltonian employed in the PSM calculation can be ~ F!G- 3. Comparison of experimental daots and projected
~ A A A . shell model calculations. The experimental data are as follows:
expressed all=H ,+H +H,,, whereH, (7=v,m) isthe a4, (present data #Mo [17], ®Ru[11], *Ru[20]. For continu-

like-particle pairing plus quadrupole Hamiltonian, with the ity with the study of theN=Z nuclei presented in Reffa], 8z [2]

inclusion of quadrupole pairing, and 82zr [21] are also shown. The full lines are the PSM calcula-
Y tions with a standard interaction, the dashed ones with an enhanced
~ A0 r At At Aiua ) . - . .
H,=H%- > % QIHGH— G, PP, - Gé% plrpe, neutron-proton residual interactigeee text for detai)s

(2)  factor to x,, in Eq. (3). The implications of the enhanced

H,. were discussed in Ref9]. Data for the zirconium iso-
topes 80 and 82 are presented also in this plot to make a
connection with the earlier resulf9,18].
A L Figure 3 shows that the standard PSM calculations de-
A,.=—xonD QIHOQH. (3)  scribe quite well the moments of inertia of ti=2Z+2

® nuclei up to the highest measured spin. They also predict
x‘vell the known(low spin data for theN=Z nuclei. For the
Auclei studied in this paper, the standard calculations do not
The PSM results are compared with data fo+=Z and _(Ij_':er ds_;fgmﬂcant!y from thoTe V\;'tn err]lhance_etp 'Tje][ait'on't |
N=2Z+2 nuclei in Fig. 3 in a plot of the kinematic moment € dierence IS seen only at higher spins. Unfortunately,
of inertia vs rotational frequency. Our calculations were per_experlmental data are not available at present to support one

; 4
formed with commonly accepted deformations for these nupf the two calculations. Thus fof*Mo the standard PSM

clei, i.e.,e,=0.28 for 8Mo, 0.22 for ®Mo, 0.23 for 88Ru, predictsAthe aIignment dtw~0.7 MeV, while with the en-
and 0.16 for®Ru. We note that the PSM calculations are nothancedH . the alignment should occur &tw~0.8 MeV;
very sensitive to the choice of the basis deformation becaus@® experimental data are known only up/te~0.6 MeV.
the input deformation parameter serves just to provide &he situation is similar for®®Ru, where the enhanced,, .
good basis, while the real deformation will be determinedpushes the alignment from0.6 MeV to~0.7 MeV, while
dynamically by a later configuration mixing. the data stop at=0.55 MeV. Thus, although the existing
Two sets of theoretical calculations are presented for thexperimental data show delays in the alignment frequency in
N=Z nuclei. The full lines are calculated by the standardcomparison with the neighboring=2Z+2 nuclei, one can-
PSM interaction strengths as used both in RE8] and in all  not immediately relate this to an enhancement of e
the early PSM calculations, whereas the dashed lines corréateraction. From Fig. 3 one may conclude that at least two
spond to an enhancedp interaction by multiplying a 1.3 or three more yrast transitions are desired in th¥sez

andH,_. is the np quadrupole-quadrupole residual interac-
tion,

The interaction strengths employed in the present work ar
the same as those in the previous PSM calculatioriks].
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nuclei for a better testing of the PSM predictions. Lifetimgtreatment should include explicitly the-p pairing term in
measurements for the yrast band would be even more restrighe basis and a residual part in the Hamiltonian. This work is
tive for the theoretical calculations, as they would fix thenow under progresg2].
value of the nuclear deformation. o In summary, we have presented new experimental results
Two remarks are in order. First, combining the results;fOr the N=7 nucleus Mo. The observation of the yrast
from the present calculations and those obtained in F&f.  h2hq has been pushed up to the Hlate in this nucleus: its
one sees that the effect of tmp interaction for the band 1\, ment of inertia varies smoothly up to a rotation frequency
crossing region has an isotonic dependence. Increasing tfbe; 0.6 MeV, which shows a delay of the alignment frequency
strengthy, . by the same amount does not lead to the Sam%ompared to thé\>Z isotopes. The nuclet®™o and &Ru
effect in_delaying the alignment. The strongest effect was,aye neen discussed within the frame of projected shell

72 80
seen for °Kr a_nd a much weaker one fdfSr an(gA Zr[9]: model calculations, which were performed both with a stan-
For the twoN=Z nuclei discussed in this papefiMo and 4o interaction and with an enhanced neutron-proton re-

83 - :

72Ru, the predicted effect is clear but not as proglﬁi/tlmced aS Ifidual interaction. It is concluded that a definite answer con-

88Kr. Moreover, as one can see in Fig. 3, whileiMo and  erning the role of a possible enhanced neutron-proton
Ru the enhancedp interaction causes a delay in the align- interaction in theN=2 nuclei above Sr requires the obser-

- 80 - -
ment, in*"Zr one gets, on the contrary, an earlier alignment. aion of still higher spins in the yrast bands: above spif 12
Alignment frequencies are generally very sensitive to several, 8%z g4 in Mo, and 8 in *Ru, and a microscopic

factors of shape and pairing degrees of freed@p Our  ¢oir.consistent treatment in theory.

results may indicate that at the band crossing regionnthe

interaction is coupled to these factors in a very complicated This work has been partly performed within the European
way and the influence on the amount of alignment delayContract Nos. HPRI-CT-1999-00083-V Framework Pro-

depends strongly on the shell filling. Second, increasing thgramme and HCM ERBFMRX-CT97-0123. Some of us

strength of then-p QQ interaction is nothing but an empiri- (D.B., M.I-B., A.l., T.K., W.K., N.M., Zs.P., and B.Q.ac-

cal operation, which mimics the experimental trends andknowledge support received within the above programs. We
simulates the expected enhanced correlations imghehan- ~ would like to thank R. Isocrate for his support in setting up

nel for theseN=Z nuclei. A microscopic, self-consistent the N-ring and ISIS.
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