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Realistic shell-model calculations for proton particle-neutron hole nuclei around**?Sn
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We have performed shell-model calculations for nuclei with proton particles and neutron holes &%&md
using a realistic effective interaction derived from the CD-Bonn nucleon-nucleon potential. For the proton-
neutron channel this is explicitly done in the particle-hole formalism. The calculated results are compared with
the available experimental data, particular attention being focused on the proton particle-neutron hole multip-
lets. A very good agreement is obtained for all four nuclei considet&sb, 13°sh, 13Te, and®'Sh. We
predict many low-energy states which have no experimental counterpart. This may stimulate, and be helpful to,
future experiments.
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. INTRODUCTION particle and one neutron hole away fra#tSn. This is done
here starting from the CD-BonhNN potential [8] (in the

The study of nuclei around doubly maglé’Sn is a sub-  giscussion of Sec. IV we will comment on the results of our
j_ect of special interest. This _is_ well evidenced by the attenprevious calculations as compared to the present)offes
tion focused on these nuclei in several recent pafiB®,  have a more complete test of our realigiic interaction, we

which has resulted in a substantial increase in the knowledgg s, consider the neighboring odd-odd isotdfh as well
of their properties. This offers the opportunity for testing theas the two odd neighbor$Te and 13'Sh. For these nuclei
basic ingredients of shell-model calculations, in particular )

the neutron-proton effective interaction, well away from the, .. shall also discuss in Sec. Il the role of the effective
pre ' y interaction in the proton-proton and neutron-neutron chan-
valley of stability.

During the last few years, we have studied several nuclerilels. The interaction in these two channels is calculated in

in the 132Sn region in terms of shell model employing real- the pgrticle-particle §p) and hole-hole lfh) formalism, re-
istic effective interactions derived from modern nucleon-SPECtively. o o
nucleon (NN) potentials[3—7]. While our main aim was to To_ place this worl_< in its proper perspectlve,_lt _should be
assess the ability of such interactions to give an accurat_@‘ent'or?ed that the first attgmpts to derive realistic effective
description of nuclear structure properties, in some cases wateractions in theph formalism date back to the late 1960s
have also found it interesting to make predictions whichand early 1970s. In this context, we may mention the work of
could stimulate experimental efforts to gain further informa-Refs.[9-11], where the nuclef*®i, “°Ca, **Ca, and***®b
tion on nuclei in this region. were studied usingph matrix elements deduced from the
So far, we have been mainly concerned with nuclei havingHamada-Johnston potentigl2]. In Ref. [13] the effective
few identical valence particles or holes. It is the purpose ofnteraction theory was applied to the study of the relation
this paper to present the results of realistic shell-model calbetween the particle-particle anqgh spectra. An important
culations for nuclei with proton particles and neutron holesresult of this work was the explanation of the violation of the
around 132Sn. Actually, the proton particle-neutron hole Pandyapp-ph relation [14]. Despite these early achieve-
nucleus *%Sb was already studied in a previous WK, ments, little work[15] along these lines has been done ever
where we considered®Sn as a closed core and treated thesince.
odd proton and the remaining 31 neutrons as valence par- By considering the amount of experimental data which
ticles. In that case we derived from the BonrNA potential  are becoming available on proton particle-neutron hole nu-
an effective interaction for two nucleons outsid®Sn and  clei around*3?Sn, we have found it timely to revive this kind
consistently used a unique set of single-particle energies fasf calculations making use of a modeNN potential and
neutrons and protongee Ref.[6]). This effective interac- improved many-body methods for deriving the effective in-
tion, however, may not be quite adequate when moving awateraction. As regards the latter, we make use here of a new
from closed shells since many-body correlations are likely teapproacH 16] which provides an advantageous alternative to
come into play. A more appropriate study 6¥Sb may be the use of the traditional Brueckn& matrix. It consists in
performed by making use of the particle-holeh] formal-  deriving a low-momentunNN potential,V,y,_, that pre-
ism, which implies that the proton-neutron effective interac-serves the physics of the original potentgy up to a cer-
tion has to be explicitly derived for a system with one protontain cutoff momentum\. This is achieved by integrating out
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R FIG. 2. First- and second-order two-bo@box diagrams.
FIG. 1. First- and second-order one-bo@Qybox diagrams.

, , The effective interaction can be schematically writf&8]
high-momentum components ®fyy. The scattering phase j, operator form as

shifts and deuteron binding energy calculated frggy are

reproduced by, _x. The latter is a smooth potential that

can be used directly as input for the calculation of shell-\, _&_ &/ | §1¢ ,J ‘f A A ,J “f AJ o T

model effective interactions. A detailed description of our = °" QTR RfR-QjRJQJQ '

derivation ofV,y,_ can be found in Ref16]. 2
Once theV|,,_k is obtained, the calculation of the matrix

elements of thg@p andhh effective interaction proceeds in o . . .
. . . wher is the irr ible vertex function lly referr
the usual way, as described, for instance, in REfg,18. ereQ is the irreducible vertex function, usually referred

Our derivation of the effective interaction in tih formal- [0 as theQ-box. Q" is obtained fromQ by removing terms
ism is outlined in Sec. 1. In Sec. Il we present the results of0f first order in the interaction. The integral sign above rep-
our calculations and compare them with the experimentafesents a generalized folding operation. Once @abox is
data. Section IV contains a discussion and a summary of ouwralculated, V¢ is obtained by summing up the folded-

conclusions. diagram series of E(2) to all orders by means of the Lee-
Suzuki iteration metho20].
Il. PARTICLE-HOLE EFFECTIVE INTERACTION As mentioned earlier, we have derived from the CD-Bonn

NN potential theV,,,_ (hereafter this will be abbreviated as

Here, we give a brief description of how to derive the vy since it is a smooth potentiéwithout strong repulsive
shell-model effective interactioNey Within the framework  core, we can use it directly in the calculation of the vertex

of the ph formalism. We use a model space folded-diagram

' . function Q-box, which is composed of irreducible valence-
formalism[19]. The basis states of the model space are th‘ﬁnked d(igagrams We have pincluded all such diagrams
one-particle one-hole statés,,)=a’a,|C), wherea and '

. ) through second order iV, namely six one-body diagrams
a;, denote, respectively, a proton particle and neutron hol

@nd six two-body diagrams, shown, respectively, in Figs. 1
creation operator andiC) represents the'*’sn core. The ;.42 y diag P 4 g

secular matrix is of the form Regarding the one-body diagrams, their calculation within

the ph formalism is the same as that in th@ andhh cases.
However, since we are dealing with both external particle
(€p—€n) Sphp'nr T {Dpnl Verl dprnr), 1) 9 P

and hole lines, the calculation of the two—bo@box dia-
grams is somewhat different. For example, the familiar core-
wheree denotes the unperturbed single-particle energy.  polarization diagram, se@) in Fig. 2, is given by

. ja da I
(123|Vopad34:0y=— = 2 3> (—1)leFiatiptinx| ji jo I
J J’ ph J/ J/ 0

(1p|V[3h)S(ha|V|p2)ST  (1h|V|3p)SHp4|V[h2)5e

o—(€1— €41 €,— €p) 0—(€3— €1+ €,— €p)

©)
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Where;(:(ZX_|_ 1)1/2 and w is the so-called Starting energy. As mentioned in the Introduction, we start from the CD-

X is the standard normalized j9symbol. The matrix ele- Bonn freeNN potential and derive_}hvlowfk using a value
ments on the right-hand side of E@) are the cross-coupled ©f the cutoff parameteA=2.1fm™" (see Ref[16]). The
ones[21]. They are related to the usual direct-coupled matrixeffective interaction in the proton-neutron, proton-proton,

elements by the simple transformation and neutron-neutron channels has been derived iphh@p
andhh representation, respectively.
iz ja J" The single-particle(SP and single-hole(SH) energies

cc_ L S T " have been taken from the experimental spectr&t8b (Ref.
<12|V|34>J’_§ JE IX| e 2 [23]) and 13Sn(Refs.[24,25), respectively. The only excep-
J7J o tion is the protones , which was taken from Ref3], since
x(12;3"|V|34;3"). (4)  the corresponding SP level has not been observeld*Bb.
Our adopted values for the proton SP energieqiar#eV):
Using the diagram rules described in RE#1], the expres- €g,,=0.0, €q,,=0.962, €4, =2.439, €,  =2.793, and
sions for the diagrams in Fig. 1 and the other second—orde@smzz_goO, and for the neutron SH energi&:ﬁ:;z: 0.0,

diagrams of Fig. 2 can be readily obtained. 1 -1_ -1_ -1_
Note that in our calculation the effective interaction has M2 0.100, €517 0.332, €ds 1.655, andegm 2.434.

both one-body and two-body connected terms. The one-bodyote that for theh; j, level we have used the position sug-
terms summed to the unperturbed energies of(Eqrepre- ~ dested in Refs[2,26].

sent the single-particléSP) and single-holéSH) energies of The results for the odd-odd nucléf’sh, **°Sb and the
1335h and3ISn, respectively. Thus, in Eql) we have re- 0dd ones'*Te, *3'Sb are presented in subsections A and B,
placed the unperturbed energies with the experimental Skespectively. All calculations have been performed using the
and SH energies, while in thep | Ver| ¢prn) Matrix ele-  OXBASH shell-model codg27].

ments we have retained only the two-body connected parts

for the eﬁec_nve interaction. A subtraction methf2P] has A The odd-odd nuclei 3%Sb and 2%Sh
been used in extracting the two-body connected parts from _
the folded diagram series of E(p). The most appropriate system to study the proton-neutron

interaction is'*2Sb, with one proton valence particle and one
neutron valence hole. Experimental information on this
nucleus is provided by the studies of Refg8—30. Two

In this section we present and compare with experimeng-decaying isomers witd”"=4" and 8 are known, which
the results of a shell-model study of the four nuctéSb,  originate from themrg, vd3_,21 and mgy, vhl_l}2 configura-
1305, 133Te, and **!Sbh. In our calculations we consider tions, respectively. While the relative energy of these two
13251 as a closed core and let the valence protons and nestates has not been determined, there are indications that the
tron holes occupy the five level®Q,, 1dgy,, 1dsp, 2S5y, 8~ state is located about 200 keV above theground state
and (hyq, of the 50-82 shell. [28]. As regards the positive-parity states, besides the other

Ill. RESULTS AND COMPARISON WITH EXPERIMENT
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three members of therg,, vdg,z1 multiplet, some states 130
originating from themwg,, vsy;, mds;, vdys, and gy, Sb
Vdg,% configurations have been identified. However, only
three other negative-parity states have been observed and
they have not received firm spin assignment. In a very recent
study [30], several new transitions feeding the 8somer
have been revealed. While most of these new states have
been interpreted as excitations of th&Sn core, the 9,
10", and 1T states at 1.025, 2.799, and 3.199 MeV are
attributed to themrg, vhi}, and whyy, vhi}, configura-
tions. In this context, we have found it interesting to also
include in our study thé”*°Sb nucleus, for which five low- o
lying states with)”=5",6",7",8" and 9" have been id(len- 5 3 4 § 6 7 8 9
tified [31,32 and interpreted as members of thg;, vhi), j
multiplet. The comparison between theory and experiment
for 239Sp offers therefore the opportunity to gain more infor- _ FIG. 4. Same as Fig. 3, but for theg,;, vhyj, multiplet in
mation on the proton-neutron interaction. 3sb.

Several calculated multiplets f3f?Sb are reported in Fig.
3 and compared with the existing experimental data. Notgards the wave functions of the states reported in Fig. 4, we
that in Fig. 3a) all energies are relative to the 4tate while  find that they are indeed dominated by thle configuration
in Fig. 3(b) they are relative to the Bstate(our calculations g7, vhy1j, while the remaining two neutron holes give rise
predict that the 8 state lies 226 keV above the"4ground  to a zero-coupled pair occupying thk,, hiyp, and sy,
statg. It should also be noted that in thehy,,, vhyj, mul-  levels.
tiplet we have not included the'Q 1, and 2 states, since Based on the above agreement between theory and experi-
no positive-parity state with one of these angular momentanent, we have tried to clarify the nature of the low-lying
was found to be dominated by this component. For tfie 3 Ppositive-parity states of**Sb, none of them having received
4", and 5" members of this multiplet, the percentage of @ firm spin assignment. In Table | all the calculated and ex-
configurations other than the dominant one ranges from 23%gerimental level$33] up to 0.350 MeV are reported while in
to 33%. All the other states reported in Fig. 3 have a leadinghe higher-energy region we only include the four levels ob-
component whose percentage is at least 85%. served in Ref[32]. The negative-parity states already pre-

As regards the comparison between theory and experfented in Fig. 4 are also included for the sake of complete-
ment, we see that the calculated energies are in good agre@ess. First, we note that our calculations predict for the
ment with the observed ones. In fact, the discrepancies are ground state]”=4" instead of 8 as experimentally ob-
in the order of few tens of keV, the only exceptions being theserved. However, in the observed spectrum the (4&pte

-
o

-1

T g7/2 v hll/‘_'

E(MeV)

1" and 9" states of therds;, vdz3 and wgs, vhi, mul-  is located only 5 keV above the ground state. As regards the
tiplets, which come about 300 keV above and 200 keV below
their experimental counterparts, respectively. TABLE |. Experimental and calculated excitation energigs

It is evident from Fig. 3 that a main feature of all these MeV) for **%Sb.
multiplets (obviously leaving aside the doubleg, vsl’,%)

is that the states with minimum and maximulhave the Expt. Calc.
highest excitation energy, while the state with next to they~ E J7 E
highestJ is the lowest one. This pattern is in agreement with
the experimental one for theg, vds; multiplet and the 8~ 0.0 4" 0.0
few experimental data available for the other multiplets alsd4.5)" 0.005 3 0.069
go in the same direction. Before moving t&Sb, it is worth ~ (+) 0.068 8 0.092
mentioning that in a very recent pad@] some preliminary  (3,4,5)" 0.075 5 0.102
results are reported concerning the states ofithg, vh;;}, 6~ 0.085 6 0.155
multiplet. These results are consistent with the predictions 0%~ 0.112 5 0.183
our calculations. 3 0.217
The calculatedrg, vhy.}, multiplet for 13%Sb is reported 7~ 0.145 7 0.235
and compared with the available experimental data in Fig. 4(2,3)" 0.267 2 0.239
For the experimental levels at 0.085, 0.112, and 0.145 Me\(2*,3") 0.346 4 0.293
we adopt the]”™=5", 6, and 7 assignment proposed in 3* 0.304
Ref.[31], the 6 state having been also observed in a moreg(9™) 0.870 9 0.831
recent experimerft32]. For the level at 0.870 MeV we take (107) 1.143 10 1.293
the spin-parity valugd™=9~ [32]. We see that the calculated (11*) 1.508 11 1.593
energies practically overlap the experimental ones, thus prq413+) 1.545 13 1.630

viding further support to our predictions fof?Sh. As re-
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four experimental levels at 0.005, 0.068, 0.075, and 0.26Dur calculations, the discrepancies being well below 100 keV
MeV, we may identify them with our low-lying 4, 3%, 5%, for most of the states.

and 2" states, which is supported by the behavior of the For '®'Sh, we find that none of the first seven positive-
g7, vdys multiplet in $32Sh. The level at 0.346 MeV can parity states is dominated by a single configuration. How-
be associated with the calculated second Sate arising €ver, it turns out that the ground and first excited states result
from the 7g,, vsy5 configuration. For the three highest essentially from the coupling of the valence proton inghg
states reported in Table I, we confirm the spin-parity assignandds, levels to the ground state 3#°Sn, while in the other
ment proposed in Ref32] as well as the interpretation of five states they,, valence proton is coupled to the first 2
the 11" and 13 states as arising from theg,, vd;ih; 2,  State. The states of the next two groups shown in Fig. 6 are
configuration. For the 10state, we predict an admixture of Instead dominated by a single configuration. They corre-

—1-1 =2 - 13 ;
different three-neutron hole configurations with the spectatopPond to thevdzzhyyj, and vhyyj, multiplets in **°Sn, with
proton in theg, level. the proton in they,, level. From Fig. 6 we see that up to 1.8

MeV a one-to-one correspondence can be established be-
. tween the experimental and calculated spectra. The experi-
B. The odd nuclei **Te and **'sb mental state BF.)t 1.76 MeV with unknown s;:?in and parity rr?ay
Let us now come to the results fof°Te and'®!Sb. Both  be identified with our 9/2 state at 1.80 MeV. It should be
these nuclei have been the subject of recent experimentatentioned that some other states, which are not reported in
studies[30,34,35, where high-spin states of a particularly Fig. 6, are predicted by the theory just above the 962e.
simple structure were identified. The calculated spectra ofis it was the case for**Te, the quantitative agreement is
133Te and*®Sb are compared with the experimental ones inquite satisfactory, the discrepancies being larger than 100
Figs. 5 and 6, where we also report the dominant configurakeV only for the excitation energies of the 3/and 11/2
tions. We include all the observed and calculated states up &fates.
1.3 and 1.8 MeV for the former and latter nucleus, respec-
tively. The experimental levels in this energy region are IV. DISCUSSION AND CONCLUSIONS

taken from Ref[33], except the)"=19/2" in 1318*_3 which is In this work, we have performed shell-model calculations
reported in Ref[35]. In the higher energy regions, where o, ihe four nuclei32Sh, 1395p, 133Te, and131Sh, employ-
several states with unknown or_ambiguous spin and parityng an effective interaction derived from the CD-Bonn
have been observed, we only include for both nuclei thg,ycleon-nucleon potential. This has been done within the
high-spin states reported in Ref80,34,33. As regards the  framework of a new approadii6] to shell-model effective
calculated spectra, we report the states which can be safeljteractions which provides an advantageous alternative to
associated with the experimental ones. In addition, we als¢he usual Brueckne®-matrix method. The effective interac-
show one(yrasy or two (yrast and yrare states withd  tion in the proton-neutron channel has been explicitly calcu-
=13/2 which can be unambiguously identified as belongindated in theph formalism.

to the mg%, vhigh, 7975 vhis, ™7, vhis, configu- We have shown that all the experimental data available
rations for 3%Te and to thewgs, Vhfﬁz: 7.,97/2,,(1?:/; hIﬁz for these nuclei are well reproduced by our calculations.
configurations for'3'Sh. These data, however, are still rather scanty and we have

found it challenging to make predictions which may stimu-

For *Te we find that the six lowest states shown in Fig.I e furth mental efforts (o study h ron rich
5 originate from thewg?, vd3 configuration and have a ate further expenmental etiorts 1o study these heutron-rc
nuclei lying well away from the valley of stability.

percentage of the dominant component ranging from 66% t6 In this connection, of great interest are the proton-neutron
0 i i i ’
89%. While the proton wave functions of the ground and f'rSthoIe multiplets. A relevant outcome of our calculations is

excited states are mainly of seniority-0 _nature, the other fOU{'hat the highest- and lowest-spin members of each multiplet
states result essentially from the coupling of a neutron ol e separated from the other states which lie very close
in the dy, level to the first 2 of ***Te. The percentage of i energy(see Figs. 3 and)4 This behavior is completely
the dominant component in the other three groups of stategpnsistent with the experimental datanly one multiplet,
reported in Fig. 5 is at least 90%, the only exceptions beingowever, is completely knowrand is quite similar to that
the 17/2° at 2.4 MeV (53%) and the two 21/2 states. As  gbserved more than thirty years ago for the multiplets in the
regards these two latter states, they contain almost the sami@avier particle-hole nucleu®®Bi [9,36]. Also, it is worth
admixture of themgyds, vhyj, and wg%, vhi), configu-  noting that in all of our calculated multiplets the state of spin
rations. The three groups characterized by a neutron hole ifj _+j,—1) is the lowest, in agreement with the predictions
theh,,,, level correspond just to those existing in the experi-of the Brennan-Bernstein coupling rula7].

mental spectrum of*3*Te, which arise from themrg?,, To conclude this discussion, let us make some comments
70705, and g5,h,1/, configurations. This reflects the ef- about our previous calculations of¥2Sb [6], which were
fect of the proton-proton effective interaction, while the briefly outlined in the Introduction. To start with, we should
proton-neutron interaction is responsible for the arrangemergoint out that they also led to a good agreement with the
of the states inside each group. As regards the quantitativevailable experimental data. In Table Il the excitation ener-
agreement between theory and experiment, we see that gles of the low-lying positive-parity states obtained from the
the observed excitation energies are very well reproduced bprevious and present calculations are reported and compared
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TABLE Il. Excitation energies of low-lying positive-parity TABLE Ill. Diagonal ph matrix elements oV calculated(a)

states in'®?Sh. See text for comments. directly in the ph formalism and(b) from pp matrix elements

through the Pandya transformation. In both cases use has been
J7 Expt. Present work Previous work made of the Bonn-AN potential. See text for comments.
4" 0.0 0.0 0.0 Configuration J (a (b)
3* 0.086 0.089 0.090
5* 0.163 0.218 0.241 TG7vd3 2 0.573 0.475
2" 0.426 0.418 0.452 3 0.140 0.095
3 0.529 0.536 0.530 4 0.017 —0.051
2+ 1.078 1.168 1.089 5 0.249 0.188

mhyyvh i, 0 3.345 2.660

1 1.752 1.904

with the experimental ones. We see that the differences be- 2 0.818 0.775
tween the results of the two calculations do not exceed few 3 0.467 0.507
tens of keV. It turns out, however, that significant differences 4 0.352 0.293
exist for some states which have no experimental counter- 5 0.232 0.205
part, in particular thd=0" states. Of course, these are to be 6 0.177 0.132
ascribed to the differences in the two calculations, namely 7 0.130 0.096
the NN potential we start from and the derivation ¥y 8 0.071 0.037
which implies having two different closed core¥%Sn and 9 0.139 0.108
1325, Since a main feature of the present calculations is the 10 —-0.013 —0.025
derivation of the proton-neutron effective interaction in the 11 0.497 0.522

particle-hole formalism, we have found it interesting to cal-
culate theph matrix elements starting from thep ones of
Ref.[6] by means of the well-known Pandya transformationwith those of the study13], where it was shown that the
[14] and compare them with those obtained directly in thepp-ph transformation of Pandya is an approximation to a
ph formalism. To make this comparison free from ambigu-more general many-particle relation.

ites, the latter have been calculated starting from the Bonn-A
NN potential. By way of illustration, the matrix elements
(mQ712v037 39| Ver| mG72vd35:3)  and  (mhyyrhigy;
J|Ver| mhivhiil,; J) obtained in the two cases are reported  This work was supported in part by the Italian Ministero
in Table 1ll. We note that the differences are within 150 keVdell'Universita e della Ricerca Scientifica e Tecnologica
in all cases, with the exception of tde=0 matrix elements (MURST) and by U.S. DOE Grant No. DE-FGO02-
which differ by about 700 keV. These findings are in line 88ER40388.
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