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Rearrangement of valence neutrons by proton excitation in odd-odd Sb nuclei

Zs. Dombrai and |. Danko
Institute of Nuclear Research of the Hungarian Academy of Sciences, H-4001, Debrecen, P.O. Box 51, Hungary

S. Brant and V. Paar
Department of Physics, Faculty of Science, University of Zagreb, 41000 Zagreb, Croatia
(Received 31 May 1995

The distribution of valence neutrons of odd-otfd1?2126h nuclei was investigated in the framework of the
interacting boson-fermion-fermion model. It was found that the occupation probability oftthg, orbit
increased by 0.0840.037 when exciting the odd proton from tlkg,, to the g;, state. The change was
interpreted as a result of the proton-neutron interaction.

PACS numbsg(s): 21.60.Fw, 21.30.Fe, 21.60.Cs, 27.6.

I. INTRODUCTION they seem to be optimal for such an investigation. We have
chosen the Sn isotopes, having a long chain of isotopes, pro-
Adding several nucleons to a spherical nucleus, it getsiding the possibility of systematic investigations.
deformed, as the sphericity-favoring pairing correlations be- Adding a single proton to the Sn nuclei can lead to the
tween the pairs of protons and neutrons are gradually exearrangement of the valence neutrons, and in this way to a
ceeded by spatial correlations between the proton-neutrochange of the occupation probabilities of the neutron orbits.
pairs. From a shell model point of view, the isoscalarThe occupation probabilities can be measured by single-
(T=0) component of the proton-neutron effective interactionnucleon transfer reactions. The average reliability of the oc-
is responsible for the shape chanid@éthrough mixing of the  cupation probabilities deduced from a distorted-wave Born
shell model states. The energy of the proton-neutron interagpproximationDWBA) analysis is~20% for states strongly
tion reaches its maximum value when proton and neutrorxcited in transfer reactiofb,6]. The precision can be fur-
radial wave functions are strongly overlapping,&=N, and  ther enhanced by taking into account the appropriate correc-
/v=/"n), because of the short range of then interaction.  tions to the DWBA method, and taking care in choosing the
Recent Hartree-Fock-Bogolyubov calculatiofs3] justify  optical model parameters and radial form fac{&s7]. Ana-
the role of the proton-neutron interaction and put emphasi$yzing a whole set of reactions, and interrelating the different
on its quadrupole-quadrupole component. Federman and Pgpectroscopic factors, the uncertainties can be pushed down
tel have proposed an impressive picture for interpretation ofo ~5%, as in the case of thfg,, orbit in the Ca regiori8].
the onset of deformatiof]. In their approach, when, e.g., Single-nucleon transfer reactions were performed both for
protons start to occupy an orbit, they pull neutrons into spaSn and Sb nuclef9,10], but, unfortunately, they were not
tially strongly overlapping orbits, via the-n interaction. To  aimed at searching for a fine effect, but to get information on
reach the maximal overlap the neutrons move as close to thBe structure of the nuclei investigated. In the case of odd Sb
equatorial plane of the proton orbit as possible. This kind ofisotopes the final nuclei are odd-odd ones, and probably due
polarization mechanism results in formation of a deformedo the high level density of these nuclei even at low energies,
shape. relatively large amounts of single-particle transfer strengths
According to the above mechanism, when adding protongvere missing from the sum rule limit even in high quality
to a spherical nucleus, the distribution of neutrons over dif-measurements, which resulted in a situation where practi-
ferent orbits must be changed. The neutrons should beally all V? values are smaller in Sb than in Sn. Adding two
moved into those orbits which have the largest spatial overprotons to the Sn nuclei, the even Te isotopes are obtained,
lap with the filled proton orbits; thus, the occupation prob-for which experimental occupation probabilities are also
abilities of the strongly overlapping orbits have to be in-available. For the overlapping region of nuclei with
creased, which is expected to be a measurable effech=70-74, the measured occupation probabilities irj g
Although the proposed mechanism for development of deforare quite close to those in Sn. Taking into account the scat-
mation is a very plastic one, no direct observation of atering of the data and the systematic uncertainty of the de-
change of the occupation probabilities is known up to now. duction of occupation probabilities from the results of single-
To search for the Federman-Pittel effect, it is mostnucleon transfer reactions, it can be concluded that the
straightforward to study those spherical nuclei which remairdifferences in the occupation probabilities of the neutron
spherical even after adding one or two valence nucleons to istatesAV?, are less than 0.15.
This condition ensures that the concepts of the occupation To push lower the limit on the change of neutron occupa-
probabilities as well as of the states themselves keep thefion probabilities because of adding a proton to the nucleus,
original meaning. The singly closed shell nuclei have enouglmore precision measurements of the spectroscopic factors
valence particles which can be polarized and remain spherare required, or an other quantity sensitive to occupation
cal after adding a pair of nucleons to the closed shell; thusprobabilities can be used.
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Il. METHOD an IBFFM analysis cannot compete with the transfer reaction
It is known that the shape of splitting of the proton- g}gﬁ;%riﬁtrigzms in determination of thbsoluteoccupation

neutron multiplets in theE* versusJ(J+1) plot is very

sensitive to the occupation probabilitigk2]. The matrix el- We can get information on the polarization effect per-

ements of the effective interaction are proportional toforming a relative occupation probability determination by
(U2—V2) in the quasiparticle model hetezﬁ 1p_ V2 In investigation of the change of neutron occupation probabil-
more T ! listi qu Ipwhlr th r’ Wn ;th 'r n Iity, not by adding a proton to the system, but by changing the
a more realistic case, where the presence ot the core NUCIRG ., giate in theamenucleus. In this case the correlations
ons is also considered, the shape of splitting of the multiplet etermining the neutron-core interactions remain the same,

chgnges from an open down paraholic form through %s the neutron remains in the same state. Similarly, the core
W-like fourth order splitting to an open up parabolic Shapestructures, in terms of the phonon energy and the anharmo-

[1??].' _Th?‘ Sp”ttigg is very sensitive to the occupation prOb'nicities, are expected to be the same, as they do not depend

abiliiies in theV :.0‘2_0'8 range. . on the state of the odd proton. The proton-core coupling will,
From the expenmental Spl'.tt.'r.‘gs of the multiplets the VaI'r%evertheless, change, but if the proton is a single particle, the

ues of the occupation probabilities can be deduced by use ?)roton core interaction can be well approximated with a

a particle-vibration coupling model. Applying the interacting guadrupole-quadrupole interaction, the state dependence of
boson-fermion-fermion formalism, which takes into account, uihis well understood20]. The s,tate dependence of the

in a consequent way the most important part'de'v'brat'orbroton-neutron interaction can also be handled in a simple

a_md particle-particle mte_rqcuons as well as the anharmorymmanner’ approximating the effective interaction withda
ties of the core, the splittings of the proton-neutron multip-

force, which is accepted as a good approximafibd,21].
Ietg of In and Sb nuclei13-15 could be successfully de- Although the absolute value of the occupation probability of
scr_lrbhed. Hamiltoni f the i . b fermi the neutron state deduced from the multiplet splitting will
fermisn mitrjneIIE(I)Erﬁ]II:aFnM)o[lfia ii Interacting - boson-fermion- ooy oy be quite uncertail\{y’>~0.15), the difference in

the occupation probabilities deduced for different proton
states will already be stable against reasonable changes of
the model parameters. In this way we can get rid of the
uncertainties of the absolute method and reduce the error of
rJ;he difference by a factor of 3—4 compared to the error of the
difference between th¥? values determined from IBFFM.
This may be enough to go beyond the limits set by the pres-
ently available transfer reaction data in this region.

HIBFFM: H IBFM('”') +H IBFM( V) - HIBM + Heffr

where Hgem(7) and Hggy(v) denote the IBFM hamilto-
nians for the neighboring odd-even nuclei with an odd proto
and odd neutron, respectivel#7]. H gy denotes the IBM
Hamiltonian[18] for the even-even core nucleud.; de-
notes the effective proton-neutron interaction.

In this work, as in Refs[13-15, the core Hamiltonian IIl. IBFFM ANALYSIS OF THE SPLITTINGS
was simplified to its vibrational limit, all the particle-
vibration interactions, namely, the dynamical interaction hav- For the investigation of the change of occupation prob-
ing a quadrupole-quadrupole nature, as well as the exchangsility of the hy;, neutron state depending whether the
and monopole interactions were kept both for protons angroton is in ds, or g,, state the wds,rh;;, and
neutrons; furthermore, a spin-dependent delta interaction;\,-gm,,ﬁ11/2 multiplets of the 24-12%Sh nuclei could be ap-
with an additional spin polarization term was taken as thejied. The following states were accepted as the experimen-
effective proton-neutron interaction: tal basis of the comparison: The 103, 0, 88, 132, 125, 180,
and 37 keV levels of'?Sb were assigned to the 28~
states of themrg,,vhyy, multiplet and the 419, 384, 439,
446, 372, and 368 keV states to the 38~ states of the
mwds;vhyy, multiplet[22]. In 122Sb the 0, 78, 193, 264, 272,
265, and 164 keV levels were accepted as the@ mem-

1G i ) 3R, bers of themwrg,,vhq1,, multiplet and_the_283, 311, 425, 414,
~420, and 280 keV states as the 38~ members of the
wherej_ andj, stand for the proton and neutron angular 7ds;2vh11 multiplet, respectively23]. In *2°Sb the 8, 260,
momenta Coup|ed td, nd is the number ofi bosonS'R is 262, and 34l~keV levels were taken as the-2~ members
their total angular momentum, ands the spin of the state. 0of the mgz,vhyy, multiplet and the 166, 343, 387, and
The computer codesFrm, used for the calculations, was ~165 keV states were assumed to be the 87, 57, and
written by Brant, Paar, and Vretengl9]. 8~ members of therdg,vrhyq, multiplet [14].

In addition to the occupation probabilities, all the cou- The wave functions of the above proton-neutron multiplet
pling strengths in the model, and even the core parameterstates were analyzed on the basis of spectroscopic factors
can affect the shape of the proton-neutron multiplet splittingand electromagnetic properties of the states usBmryM
All of these parameters are bound to some physical region dfL3,14. It was found that most states are pure proton-
possible values, but none of them can be determined as shangutron-boson multiplet states, but there is some mixing be-
guantities. Taking into account the uncertainty of these patween the negative parity states. The mixing is strongest in
rameters, the occupation probability, which can be deucethe case of 7 and 8 %2Sb states, where it reaches even
from an IBFFM analysis, has much larger uncertainty thare0%, which leads to a-20 keV change in the energy of
those determined from the spectroscopic factors. That is whihese states.

Heﬁ: V05(r77_ rv)(1+ CYO'WO'V).

The 1IBFFM Hamiltonian was diagonalized in the proton-
neutron-boson basis:
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75 1234586 7 8 FIG. 2. Quality of the IBFFM description of the splittings of
wdswhy .y, and wgy,vdsy, multiplets of 120122126 as a function

) . of the occupation probability of theﬁll,z state. The numbers at the

FIG. 1. Experimental 1) and calculated with thesFFm (@) o40m of figures show the differences of the occupation probabili-

energy splittings of therds;;vhay, and 79z,vhyy, multiplets of — jes deduced at the best fits. The uncertainties of the differences
1201221281 |n the case ofrds,vh;1,, multiplets also the theoreti- \yere determined a2, +1.

cal splittings calculated with the assumption of best fits for the
wg7vh11, Multiplet V2 values are shown as dashed lines. The ~
abscissa is scaled accordingd@)+1), whereJ is the spin of the ~ splittings of the 7ds;,vhy;, multiplet calculated with the
state. sameh 4, occupation probability as theg,,vh,1, multip-
let are shown as dashed lines. It is interesting to see that
In order to determine the occupation probability of thethese curves resemble much more closely the splitting of the
h112 neutron state we calculated the energy splitting of thesame multiplet in the nucleus having two more neutrons.

(=]

des/thn/z andwgmvhu,zmultlplets inIBEEM as a function The qéjallty of the IBFFM descrlptzlons was characterized
of the occupation probabilities, and compared the calculateay the x“/F values. The change of/F as a function of
values to the experimental data. V2 is shown in Fig. 2. It is seen that the positions of the

The parameters of the model were as follows: The Corénlnlma for the two multiplets are Systematlcally at different
was approximated with a harmonic vibrator withv=1.2  positions, the minima of the"@lwzvhu/z multiplets are al-
MeV, the average energy of thg tate in the neighboring Wways at higher occupation probability, and even the values of
even-even Sn nuclei. The standard values used earlier to dée differences determined at the optimal occupation prob-
scribe the structure of** 124Sph nuclei[13—15 were taken abilities are more or less the same. The differences are less
for the particle-vibration coupling strengths. The dynamicalthan 0.1, and have their significance levels betweerafd
and monopole proton interaction strengths wére=0.65 20 values. Taking advantage of the systematic study and the
andA_=0.1 MeV, and the exchange interaction strength wagtveraging over the three nuclei the significance level could
neglected, as the bosons consist of neutron excitations. TH® pushed above thes2limit. On average, the occupation
neutron dynamical, monopole, and exchange interactioRrobability of the neutror;, orbit is 0.084-0.037 larger,
strengths werd ,=0.6,A,=0.1, andA ,=1.3 MeV, respec- When the proton is in thg, state compared to the occupa-
tively. The short range proton-neutron effective interactiontion probability, obtained when the proton is in ttig, state.
strengthsVo= — 500 MeV fm® and«=0.15 are characteris- It suggests that the proton in tiug,, state forces a pair of
tic for the doubly closed shell nuclg24]. The radial matrix neutrons to spend-35% more time in then,;,, orbit. Al-
elements were calculated using harmonic oscillator wavéhough this difference is very small, it corresponds to
functions with oscillator parametér=2.27 fm. ~20% of the occupation probability, and so it is expected to

To allow for different neutron occupation probabilities in be visible in high precision transfer reaction experiments,
the case of different multiplets, only one neutron and ond00.
proton state was allowed for in the calculations; that is, we A similar analysis to thezhll,z case could be performed in
did not include the mixing of the multiplets in the present 12°Sb for thedg, neutron state. In this nucleus all the mem-
description. To consider the neglected mixings and correlabers of themds,vds, and wg,,vds, multiplets are identi-
tions we assumed a 20 keV systematic uncertainty in théied [14]. The x? analysis of these multiplets shows that the

calculated energies. occupation probability of thedy, state is larger by 0.09
+0.05 when the proton is ids, state[25].
IV. RESULTS AND DISCUSSION The above results indicate that there is some positive cor-

relation between the increase of the occupation probability of
The_experimental energies of the members of thecertain neutron orbitals and the overlap of the proton and
wdsvhy1, and gyovhy 1, multiplets are compared in Fig.  these neutron states, as was proposed by Federman and Pittel
1 with the theoretical curves obtained as best fits. Thé4]. As in our analysis only the state of the single proton was
IBFFM curves fit very closely to the experimental points. changed, and the effect observed can be traced back to the
Their rms deviations are in the 20-50 keV range. For thestate dependence of then interaction. Two different com-
sake of comparison, in the upper part of the figure also th@onents of the-n interaction are relevant for the interpreta-
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tion of the above effect: the monopole one, which shifts theh,,,, state lies close to the Fermi surface, that is, in that
positions of the single-particle orbits, and the quadrupoleegion where the occupation probability changes nearly lin-
one, which is responsible for the polarizati#6]. early with the single-particle energy. The 140 keV change in
The monopole effect means that when a proton is addethe single-particle energy of theh,,,, state corresponds to
to a Sn nucleus it makes the neutrons more bound as a res@ increase of 0.041 in its occupation probability. The qua-
of the attractive proton-neutron interaction. The single-Silinear regime grants that the uncertainty of the change of
particle energy, which includes the proton-neutron selfthe occupation probability, because of using different initial

energy term, can be givd27] as energies from different systematics, remains smald.004.
_ The average-n interaction strength has also-a10% un-
En=En+Vgn, certainty; thus, all together the monopole effect caused a

AV?=0.041+0.008 increase of the occupation probability
whereV} . is the matrix element of the averagmonopolé  of the vh,,,, orbit. For the quadrupole effect\V2=0.043
proton-neutron interaction. Depending on the radial behaviok- 0.045 remains. Its order of magnitude is in the range cal-
of the effective proton-neutron interaction, the different or-cylated by Federman and Pittel for the heavy Mo isotopes
bits can gain energy to different extents. A volume delta in-(Av2<0.05)[4], but, unfortunately, it is completely covered
teraction produces the strongest state dependence, whilepg the uncertainty of the present analysis.
surface delta interaction, with no radial dependence, leads to
the same energy shift for all valence orbits. V. CONCLUSIONS

A changing of the state of the single proton leads to the n th q | hod for th
change of the proton-neutron matrix elemvﬁ;,, and in this dn tt_e pr?senrt] paper ;/ve propgse N BO\t/)('el't'met fo otr the
way to some change in the neutron single-particle energieéj.e uction ot a change ot occupation probabifities of one type

The magnitude of this monopole effect can be estimated usc-)f nucleon, begause .Of a changg of the statg of the other type
f nucleon. Using this method, it was possible to show that

ing the same proton-neutron interaction as for the calculatior(i]

of the splitting of the multiplets, and approximating again thegls gﬁcﬁﬁaﬁ'ﬁ;gggib'#tggrﬁgreeztsrgr}glyu?{e;ﬁmn dgefzargtl;[(;n
single-particle wave functions with oscillator wave func- gnhtly : Y

tons. Because of the larger radial overlap with they, (oot o eSS RGNS SEETEE DR
orbit, the single-particle energy of tlg,,, neutron state will . P o N prop oy

; o ) Federman and Pittel. A more significant effect is expected in
be ~140 keV lower, if the proton is i, state instead of

L . ; a softer nucleus. To search for such a more impressive effect
being in theds,, one, while thed, ands;,, states gain 275 . - 124 12 . .
; " an investigation of?*'2§ nuclei, which have two more pro-
and 125 keV more energy, respectively, when the proton is i) 212
tons than'?2125p of the present study, was starf@@).
the ds, state.
The change in the single-particle energies has its effect on This work was supported in part by the Hungarian Foun-

the occupation probabilities, too. In the case'®f 1?Sb the  dation for Scientific Research, OTKA, Contract No. 3004.
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