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Low-lying states of 12!Sb studied in the 12Sh(p,t) reaction
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Angular distributions of tritons from thé&3Sh(p,t)*?!Sb reaction induced by 26 MeV protons have been
measured up to an excitation energy of about 3 MeV using a Q3D spectrometer. Many previously unknown
levels of ?!Sb have been observed. Microscopic calculations of*ti®b(p,t)*?'Sb reaction cross sections,
using the quasiparticle-phonon model, give a reasonably good description of the fragmentatior(pf) the
cross sections and the lack @ft) strength above 2.7 MeV of excitation energy. The experimental results from
the ¥2%Sn(p,t)12%Sn reaction have been used to discuss the role of the unpaired quasiparttélgtinin
determining the properties of its levels.

PACS numbgs): 25.40.Hs, 21.60.Jz, 27.66}, 24.10.Eq

I. INTRODUCTION — v decay[12]; Coulomb excitation studief13—15; the
1205n(p,p) reaction using the isobaric analog resonances
The weak coupling model has been used in spectroscopi¢AR) with unpolarized[16] and polarized protongl7,18];
studies of oddA nuclei[1,2] to further the understanding of inelastic scattering with thed(d’) [13] and (a,«’) reac-
their spectra. The simplest form of this model foresees that gons [19]; and in (y, y) and (y,y') studies[20—23. The
class of states in odd-nuclei will arise from the coupling of  fo|lowing reactions have been studied using in-begimay
the odd particle with a basically undisturbed state of the (' gpectroscopy:12Sb(n,n’ y)12Sb [23,24, 12°Sn(p, y)'?!Sb
—1) even-even nucleus. The coupling of the odd spectat 24] and 12°Sn(’Li, «2ny) [25]. Single-particle proton states
particle with an excited state of the core generates a multipl ave been studied by means of tH8SnCHe,d)*2Sb reac-
of homologous states with spid which varies from tion [13,26 and proton hole states by, means of the

|3p—J¢| to (Jp+Jc) whered,(J,) is the spin of the particle 1221 12 : .
. . o o e(t,)?Sb reaction[27]. The experimental results are
(core. According to this approach the excitation probability summarized in Nuclear Data SheéMDS) [28].

for the members of the multiplet is proportional toJ(2 1215k has also been studied in the two-nucleon transfer

+1).
D feaction'?*Sb(p,t)*?!Sb[29], but only partial results are pre-

The concept of homologous states has been experime hi h ;
tally investigated via §,«) reactions in the regions with ~ Sented[29,30. For this reason we have performed a new

~208[3-5] and A~90 [6,7]. Recently we have also done investigation of the123$b(p,t)1218b reaction by means of a
more detailed theoretical studies on the properties of holigh resolution experiment at 26 MeV incident proton en-
mologous states in the lead regif8i. ergy. 33 of the 66 levels observed in the pregerty experi-
The aim of the present experiment is to compare the cros@ent up to an excitation energy of2.7 MeV are not re-
sections of(p,t) reactions induced on adjacet?Sn and ported in NDS[28].
1233 target nuclei in order to extract the properties of levels There have been several theoretical investigatj@as31]
in 121Sh whose configurations can be described by the cowf *?!Sb. A comprehensive review of the odd-proton nuclei
pling of the 19, proton with the even-evetf°Sn core. The nearZ=50 has been given by Heyas al. [32].
lighter member of the chosen pair of target nuclei has a Although such a wide variety of reactions, with a high
magic proton shell so that the additional proton in thedegree of selectivity and a relatively high resolution, has
heavier member occupies a higher proton shell. Comparisobeen used to stud{?'Sb levels, spin and parity assignments
of the cross sections of the two reactions can thus providéor the levels above 2 MeV are still incomplete.
information on the role of the extra unpaired proton. The density of complex configurations rapidly increases
The level structure of thé?!Sh nucleus has been investi- with the excitation energy. In odd nuclei, complex configu-
gated in many ways: th&1Sn B decay[9—-11]; the *!Teg  rations have the structufguasiparticle® n phonon$ with
different total angular momentH'. The interaction between
them, and with the simplefone-quasiparticle configura-
*Permanent address: Soltan Institute for Nuclear Studies, Waitions, should result in a rather complex structure of nuclear

saw, Poland. excitations in odd-mass nuclei, even at an excitation energy
TPermanent address: Bogoliubov Laboratory of Theoretical Physof a few MeV. This means that the validity of a simple
ics, Joint Institute of Nuclear Research, Dubna, Russia. approach, which treats an unpaired quasiparticle as a specta-
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tor, should be verified and its predictions compared with the Il. EXPERIMENTAL METHOD AND RESULTS
results of more advanced nuclear models which take into
account the interplay between simple and complex configu-
rations. Experimental data frorp,t) reactions on adjacent =~ We have measured the angular distributions of the two-
nuclei, in which many levels can be observed, provide ameutron pick-up reactiot®sb(p,t)*?!Sb using the proton
excellent opportunity to clear up to what extent the spectatobeam of the Garching HVEC MP Tandem at the proton in-
approach may be applied, and what its shortcomings are. cident energyE,=26 MeV, with a beam current ranging
To accomplish this task, the measur&dSb(p,t)*#!Sb  from ~500 nA up to 800 nA.
cross sections will be compared with the theoretical predic- An isotopically enriched?3Sb (98%) target, with a thick-
tions employing two approaches for nuclear structure calcuness of 100ug/cn? on 7 ug/cn? carbon backing, has been
lations. The first one is the spectator model, already mengsed. Outgoing tritons have been detected in the focal plane
tioned. The second is the quasiparticle-phonon m@BIM)  of the Q3D magnetic spectrograph by using the position and
[33], which accounts for the interaction between simple a”dangle resolving light ion detector, with single wire propor-

complex configurations_ of nuqlgar excitations. QPM hastional detectors and cathode periodic readi@i]. Cross-
been rather successful in describing the fragmentation of thgeCtion angular distributions have been measured from 5°

simplest components of nuclear wave functidi38—36. o o o
e . ; o . and 65° in steps of 5° in the excitation energy range from O
Within QPM, phonons of different multipolarities and pari- t0 2.7 MeV, with an energy resolution of 8 keV full width at

ties are obtained by solving quasiparticle random-phase ag{alf maximum. The setfing of spectrograph entrance slits
roximation equations. The single particle spectrum an . N
P q ge p P grovided a solid angle of 2.978 msr ét5° and of 11.038

phonon basis are determined from the calculations on th oo
neighboring even-even nuclear core. On the other hand, tH@Sr atd=10°. o
QPM analysis can be easily transformed into the spectator 10 Provide the energy calibration of tHé'Sb spectra, the

approach by switching off the interaction between different --Sn(p,t)*%Sn reaction dat§38] have been used to estab-
configurations in the model space. lish a correlation between measured channels and excitation

The paper is organized as follows. In Sec. Il A, the ex-energies. This procedure was used to compensate for the lack
perimental method and apparatus are described. In Sec. 1l Bf reference levels with precisely measured excitation ener-
measured cross section angular distributions are compareges in the'?'Sh adopted level scheni@8], above ~1.8
with the distorted wave Born approximatiOBWBA) analy-  MeV. The *??Sn(p,t)*?°Sn and theé"**Sb(p,t)*?'Sb reactions
sis with conventional Woods-Saxon potentials. Section Il iswere measured in the same experimental conditions. Our
devoted to the QPM analysis of the experimental resultsquoted energies are hence estimated to have an uncertainty

A. The experiment

Section IV presents a summary of our conclusions. of +3 keV.
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FIG. 1. The triton spectrum at 10° is shown and the excitation energies of the most prominent peaks are indicated, together with the
positions of the'*°Sh ground state, 1.048 MeV and 1.212 MeV levels.
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The triton spectra were analyzed with theTorFIT shape- improve the agreement with the experimental angular distri-
fitting code[39]. The errors in the absolute cross sections aréoutions. Alternative protor43] and triton [44] potentials
mostly determined by the uncertainties regarding the targdtave been tried, using the ground state transition as a test
thickness, solid angle, collected charge, background subtracase, but they give poorer fits.
tion at higher excitation energies, and counting statistics, Table Il summarizes the optical model parameters for the
giving an overall value of~15%, while the dead time was proton and triton continuum wave functions, and the geomet-
completely negligible. ric parameters used for evaluating the bound-state wave

Most of the 33 states detected for the first time in thefunction of the transferred dineutron cluster. The optical
present experiment are weakly excited. They have been oftodel parameters shown in Table Il have been also used to
served due to the use of the high resolving power of the Q3rnalyze the angular distributions of thésn(p,t)**°Sn reac-
magnetic spectrograph and a large solid angle. This largon, measured at 20 Me}42] and 26 MeV([38,49, giving
number of weak transitions is a confirmation of the selectiv-900d agreement between experimental results and DWBA
ity of (p, reactions which gives a small number of imensecalculatlons. Therefore we assume that multistep processes,

transitions. To avoid the presence of contaminant peaks frolY h!Ch are not taken into account in the DWBA analys_es and
the 121Sb(p,t) 1% reaction, few forward angle spectra haVewhlch could affect the extracted strengths, are small in these

been measured in the same experimental conditions. nu%.'ﬁ; transferred. values have been assianed by compar-
The measured triton spectrum a,,=10° for the 9 y P

12351, 1) 2ISb reaction is shown in Fig. 1. The excitation ing the shapes of the experimental angular d_|str|put|ons with
! i . the calculated ones. DWBA curves are quite different for
energies are indicated for the most excited levels and thSifferentL transfers, except for the=4 andL="5 shapes
. . .. 11 y - - ]
contr!butl_on of th_e visible levels from th&”Sb(p,t)*°Sb which are fairly similar. We are able to fit rather satisfacto-
reaction is also given.

Table | reports the spectroscopic information &b, rily the angular distributions for all the observed levels as-

deduced from the present experiment and compared with o g only oneL-transfer. The g.s. and 1.932 MeV level

; . . ) X angular distributions cannot be fitted with a uniduérans-
forr_natmn available |n_the literatul@8. 'I_'he integrated eX- o In the NDS[28] the g.s. is listed ag™=5/2". In this
perimental cross sections and the relative spectroscopic fac- he allowed. transfers are 2 4. and 6. The results of
tors are also given in the last two columns. We have oo the aflowe v |

. . . DWBA calculations for the allowed. transfers have been
observed 66 excited states in all, up to an excitation ENeT9¥ coherently added with relative intensities proportional to
of =2.7 MeV, of which 33 were unknown before. - : prop

2L +1, following the suggestions of Ref46], as already
done in analyzing th&'Zr(p,t)8Zr [47] reaction. The result-
ing curve is rather featureless, although e&etnansfer dis-

Most of the existing data on two-neutron transfer reac-ribution displays noticeable angular structure. The agree-
tions such agp,t) are concentrated on studies with even-evenment between experimental and predicted shapes is rather
target nuclei. Starting from a™0initial state and assuming good.
that the neutrons are transferred in a state of relative angular In the case of the 1.932 MeV level, ropriori argument
momentum zero, only natural-parity states in the finalexists to choose ab-transfer mixing. The angular distribu-
nucleus will be populated in a one-step transfer process, wittion is similar to the g.s. angular distribution. Thus, we have
a uniquelL transfer. In this case, the determination of the used also for this level a combination &f=2+4+6,
transfer directly gives both spin and parity of the observedveighted with the 2 +1 factor. For this level too, the angu-
level. lar distribution is well reproduced.

For odd target nuclei, generally more than dngansfer For the levels up to 1139 keV, we confirm the parity
may contribute to the excitation of a given final state. Aassignments reported in the adopted level sch@8k while
more favorable situation is obtained when only dngans- the adopted spin values are in the range allowed by the
fer dominates a given transition amplitude. This behavior cart-transfer values indicated by the present experiment. For
be observed ir{p,t) reactions on odd\ nuclei for a certain the 37 keV level, the 7/2 spin and parity values are con-
class of states, arising from coupling the odd particle withfirmed, because the transition to this level is observed to
the states of theA—1) even-even corgl,2]. exhibit an angular distribution with =0 shape.

For the transitions populating the states'#Sb, DWBA In the adopted level scheni28], a level at 1447.5 keV is
analyses have been performed assuming a semimicroscopgisted as 1/2, 3/2~. We see a level at 1.447 MeV with an
dineutron cluster pickup mechanism. Angular distributionsangular distribution well reproduced by a pure 2 transfer.
for the observed levels are shown in Figs. 2—7 where theonsequently the parity of our level is positive and the an-
are compared with the calculations performed using the codgular momentum can range from 3/2 to 11/2. Presumably
TWOFNR[40]. The DWBA calculations have been performed this level does not coincide with the level at 1447.5 keV,
in a finite-range approximation using a proton-di-neutron in-quite strongly excited in thé??Te(t,a)'?!Sb reaction via an
teraction potential of Gaussian fornV(rp,,)=Voexp  L=1 pickup[27].

—(r,ﬁn/g)2 with ¢=2 fm. The parameters for the proton en- In the present experiment we see a level at 1.995 MeV
trance channel, deduced from a systematic survey of elastishose angular distribution is accurately reproduced by as-
scattering by Perej41] and for the triton exit channel by suming arL =2 transfer (3/2<J7"<11/2"). It might not be
Fleming et al. [42], have been slightly adjusted in order to the state reported in ND8] at 1994.6 keV, to which spin

B. The experimental results
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TABLE I. The adopted energies, spins and parif@g] of the 121Sb levels in comparison with the results
of the present work: the energies, the transferred angular momenttime spin and parity range, and the
integrated cross sections from 5° to 65°. Our quoted energies are estimated to have an uncert@ikg\of
Absolute cross sections are estimated with a systematic uncertairtty5%o. In column 7 are reported the
relative spectroscopic factors, definedSis-[(do/d(Q)cy,/N(do/dQ)py], where @o/dQ)py is calculated
by finite range DWBA theory, using the TWOFNR codijs chosen to givés, =1 for the first excited state.

Levels of*?1Sh

Adopted Present experiment
Eexc J7 Eexc L N Tint S
(keV) (MeV) (ub)
0.0 5/2" 0.0 2+4+6 (5/2—-11/2)" 3.198
37.133 712 0.037 0 712 1950.048 1
507.597 3/2 0.508 2 (3/2-11/2)* 30.738 0.0180
573.142 1/2 0.573 4 (1/2-15/2)* 0.519 0.0005
946.991 9/2 0.947 2 (3/2-11/2)* 0.958 0.0004
1024.00 712 1.025 2 (3/2-11/2)* 8.754 0.0054
1035.433 9/2 1.036 2 (3/2-11/2)* 139.048 0.0902
1139.292 (11/2) 1.139 2 (3/2-11/2)* 171.271 0.1011
1144.66 9/2
1322.0 (11/2y
1385.5 1.385 2 (3r211/2)* 8.704 0.0058
1407.28
1427.3 1.426 3 (1/213/2) 5.102 0.0072
1447.5 1/Z,3/2~
1.447 2 (3/2-11/2)* 2.586 0.0018
1471.2 1.471 2 (3/211/2)* 29.808 0.0181
1474.4 1.474 2 (3r211/2)* 5.410 0.0027
1509.0 1.509 2 (3r211/2)* 2.254 0.0018
1519.2 1.518 2 (3/211/2)* 4.404 0.0032
1575.4
1612.6 1.612 2 (3r211/2)* 13.503 0.0072
1627.7 1.628 2 (3/211/2)* 3.981 0.0025
1647.5 (13/2y
1659 1/Z ,3/2~
1736.3 1.735 2 (3/211/2)* 5.133 0.0032
1.759 1.009
1810.9 1.810 2 (3r211/2)* 1.014 0.0006
1.822 2 (3/2-11/2)* 31.331 0.0202
1.868 4 (1/2-15/2)* 1.613 0.0018
1.883 2 (3/2-11/2)* 4.004 0.0025
1.932 2+4+6 (5/2—-11/2)" 5.842
1.951 2 (3/211/2)* 53.529 0.0361
1983
1994.6 (15/2)
1.995 2 (3/2-11/2)* 6.784 0.0040
2.035 4 (1/2-15/2)* 11.959 0.0130
2048
2.068 1.773
2075 2.075 5 (3/1217/2) 14.317 0.0386
2097 2.090 3 (1/213/2) 21.363 0.0217
2.104 3 (1/2-13/2)~ 27.215 0.0282
2.111 2 (3/2-11/2)* 20.498 0.0152
2129 2.128 5 (3/1217/2) 13.807 0.0386
2137
2.148 3 (1/2-13/2) 9.340 0.0119
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TABLE I. (Continued.

Levels of1?'Sh

Adopted Present experiment
Eexc J7 Bexc L Jx Tint S
(keV) (MeV) (ub)
2.159 5 (3/12-17/2)" 37.886 0.1083
2.165 1 (5/12-9/2) 8.550 0.0090
2.176 3 (1/2-13/2)~ 10.223 0.0126
2.189 0 712 25.107 0.0126
2209 2.209 3 (1/213/2) 7.158 0.0079
2234 2.233 0 712 8.497 0.0049
2.239 5 (3/12-17/12) 8.350 0.0245
2259 2.266 4 (1/2 15/2)" 30.651 0.0361
2275
2.288 4 (1/2-15/2)* 15.097 0.0181
2.302 3 (1/2-13/2)~ 12.181 0.0144
2.312 1 (5/12-9/2) 35.455 0.0323
2329 2.328 2 (3/1211/2)* 22.446 0.0166
2352.6 (17/2y
2.362 4 (1/2-15/2)* 10.440 0.0126
2371 2.377 2 (3/211/2)" 17.407 0.0108
2398 2.396 4 (1/2 15/2)" 40.081 0.0484
2.407 4 (1/2-15/2)* 16.873 0.2040
2.426 4 (1/2-15/2)* 5.434 0.0066
2435 2.437 0 712 27.490 0.0162
2.452 4 (1/2-15/2)* 11.960 0.0145
2461 2.467 4 (1/2 15/2)* 5.696 0.0069
2.477 3 (1/2-13/2)~ 19.949 0.0256
2.488 3 (1/2-13/2) 25.027 0.0325
2.502 0 712 45.655 0.0271
2.523 3 (1/2-15/2)* 20.543 0.0289
2.545 1 (5/2-9/12)~ 17.073 0.0108
2558 2.565 4 (1/2 15/2)* 38.678 0.0480
2.580 4 (1/2-15/2)* 17.648 0.0217
2.599 3 (1/2-13/2)~ 6.767 0.0090
2.607 5 (3/2-17/2)” 46.629 0.1730
2.625 4 (1/2-15/2)* 13.434 0.0165
2639 2.636 4 (1/2 15/2)" 65.191 0.0816
2.651 2 (3/2-11/2)* 19.969 0.0144

and parityJ”=(15/2)" are attributed on the basis of the the 123Sp(p,t)!2'Sh reaction cross sections have been per-
study of the?’Sn(’Li, @2n+y) reaction. formed.

We attribute”=7/2" to the levels at 2189, 2233, 2437,  First, calculations were done for the neighboring even-
and 2502 keV on the basis of the=0 transfer that satisfac- eyen'2%sn nucleus. The model parameters were fixed at this

torily reproduces the forward angles in their angular distri-siage. The calculations ##:Sb include no other free param-
butions. 'Il'he ?ecohnd and thehthlrd r?f these ﬁre reported in thgers pecause all matrix elements of the interaction between
adopted level schemg28]. The other two have been ob- yiterent configurations in the model space’8tSb are cal-

served for the first time. culated on a microscopic footing, making use of a model
Hamiltonian and an internal fermion structure of phonons of
the core excitation. With this approach the properties of pho-

Since it is not possible to identify unequivocally the spinnons, i.e., their internal fermion structure and excitation en-
of most of the excited levels ih?'Sh from the analysis of ergies, are obtained by solving the quasiparticle-RPA equa-
angular distributions of thép,t) cross section, theoretical tions. The occupation numbers for particles and holes and
support is needed for a better understanding of the experthe quasiparticle spectrum are calculated from the BCS equa-
mental results. To this purpose, microscopic calculations ofions.

IIl. THEORETICAL ANALYSIS
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FIG. 2. Angular distributions for the transi-
tions to the?!Sh levels whose excitation energy
(MeV) and L-transfer value are indicated. The
dots represent the experimental data, the solid
lines the theoretical estimates obtained with
DWBA calculations. The energies attributed to
the observed levels are those given in the present
work.

FIG. 3. Same as Fig. 2.
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FIG. 4. Same as Fig. 2.

FIG. 5. Same as Fig. 2.
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Excited states if?°Sn have been described by wave func-scribed by wave functions of the form
tions which include one- and two-phonon configurations.
The parameters of the Woods-Saxon potential for an average
field for protons and neutrons of the model Hamiltonian, as¥ "(JM)= CV(J)aj—M'FZ Shi(Dlej Qilm
well as the strength parameters for monopole pairing, are IN
taken from Ref[48]. The strength parameters of the multi-

pole residual interaction have been adjusted to reproduce the Dyp,,(Da; [Qg Qs 11 Tom b
properties of low-lying collective states. The particle-particle + E | T | OSn>g_S_,
channel of the residual interaction is very important for a 1Pz T %18,

correct description of the excitation of low-lying states in 1)

two-nucleon transfer reactiods.An interplay between
particle-hole and particle-particle channels of the residual inwherearm is a quasiparticlégp) creation operator an@;r is
teraction has been studied in detail within QPM in the case phonon(ph) creation operator. Square brackets in Eq.
of Nd isotopes in Refl50]. These studies have shown that adenote angular momentum coupling, i-e[arQ;]JM
consistent description of th@,?) reaction cross sections and :EmMCijwaer;ﬂi’ etc. WhereCfn'\fw are the Clebsch-
of data from inelastic proton and deuteron scattering isgordan coefficients. Quasiparticles with shell quantum num-
achieved when the strength of the particle-particle residugjgg jm=(n,l,j,m) have half-odd-integral angular mo-
interaction is 0.9 times the isoscalar part of the particle-holgnenta. The indexB of the phonon operator means a
residual interaction. We have kept this ratio in the presentompination of(\, w, i) wherei is used to distinguish be-
study. Thus, the only variable parameters in these calculgyeen one-phonon states of the same multipolaxitybut
tions are the strengths of the residual interaction. They havgith different excitation energies. In QPM, phonons are
_befzn fixed to reproduce the energies of the low-lying stategomposed of different two-quasiparticle configurations.
in +2°Sn. i Thus, the wave functioril) may be also considered as a
The ground and excited states 8¥'Sb have been de- mixture of one-, three-, and five-quasiparticle configurations.
When odd nuclei with an unpaired proton are considered,
both 172v and 37 configurations contribute to the second
The states excited in the two-nucleon transfer reactions are dderm of wave functior(1), etc.
scribed theoretically by introducing “particle-removal” phonons.  In the actual calculations we have used several of the
See Refs[49,50 for more details on their mixing with particle-hole lowest RPA states for each multipolarity=0—7 corre-
phonons near the Fermi level in open- and closed-shell nuclei.  sponding to natural parity excitations of th&%Sn core
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nucleus. To make realistic calculations possible, we havenental cross section has been taken as the transition ampli-
been obliged to truncate the basis of complex configurationgude for theJ[” one-phonon state irPsn.
This has been done assuming that the configurations at high The procedure applied for the transition amplitudes does
excitation energies have marginal influence on the propertiesot allow us to determine their relative signs. However these
of low energy excited states. In the present calculations, weigns become very important for the calculations'#Sb,
have included al[gpX1ph] configurations up to 4.0 MeV, where interference effects among the different components
and all[gpX2ph] configurations up to 5.75 MeV, which do of the wave function(1) take place. To determine the signs,
not violate the Pauli principle. Calculations have been pera simplified calculation for each” one-phonon configura-
formed for excited states itf'Sb withJ” ranging from 1/2  tjon in 12°Sn was performed. The transition amplitude is pro-
to 19/2°, up to 3.5 MeV. portional to3, fX(J), wherek goes over different possible
CoefficientsC, § andD in Eqg. (1), and energy eigenval- yo-neutron configurations coupled to angular momendym
ues, are obtained by diagonalizing the model Hamiltonian o, is the transition amplitude to excite thetwo-neutron
the set of wave function€l). The indexw is used to distin- configuration, ands(J) is a contribution of this configura-
guish between different eXC|ted_ states with the sdfmeFor iy to the wave function of the one-phonon stdfe. The
more details of the QPM application to the description Ofassumptionfk=const, as recommended in R4#9] and

ex%t\e\;sztatels 'T ?dd—masslnuele|, we [efe[Etml—Sa. litud checked in Ref[50], is sufficient to determine th&gn of the
calculations employing spectroscopic amplitudes ;- o amplitude.

calculated from microscopic wave functions for the different™ 12lop - L 2 12 .
configurations of the transferred nucleons are rather Com'ar\:wvehigt ;?bgzﬁgggeoi 't?]éhf olrsgsagp,i?in\l/sc)?v;ecjac'f'lﬁg Lhne-
plex. On the other hand, the spins of most observed levelZ P '

could not be unambiguously assigned to establish a one-tcp-a'red proton of antimony does not influence the excitation

one correspondence between observed levels and calculafPeess In @ one-step "f‘”ﬂer- For tb |512reason, the_ reaction
excited states. Thus the main interest is not to compute tn@Mmplitudes £,) of the G o .an)_)Q“( Olszn) transitions
absolute value of thép,i cross section for each level in Ma&Y, belz used to describe the gy 3Sb)__)[197/2 _
1215 put rather to consider the general features of the fragX Qxila( 'Sh) tre+m5|t|ons. In addition, the reaction ampli-
mentation of the(p,t) cross section in this nucleus. That is tUde (A¢) of the 0;((*?’Sn)—0, ((**°Sn) transition for the
why we did not perform DWBA calculations with the QPM excitation of the ground state %HOS” should correspond to
spectroscopic amplitudes. Instead we used the experimefl€ excitation of the 7/2 quasiparticle configuration in
tally measured ‘“transiton amplitudes” of the ‘2'Sb, i.e., for the B;('**Sh)—1gs,(*?'Sb) transition.
1223 (p, 1) 12°Sn reaction from Ref38] in the QPM calcula-  Thus, the excitation cross section of the stafBsin **'Sb
tions of the 23Sb(p,t)*?'Sb cross sections. The procedure are calculated using
was the following. The_-transfer values deduced from the
DWBA analysis of the'?’Sn(p,t)*?°Sn cross sections allow
an unambiguous assignment of spin and parity to'fsn
observed levels because &ff=0" for ?Sn. It is possible
to establish a correspondence up to about 3 MeV betweenhis means that thé«; Q).]; components of the wave
the set of observed levels with definit and the one- function (1) with j+7/2' make no contribution to the tran-
phonon states it?’Sn of the same spin and parity in the sition amplitudes in the present calculations. Indeed, these
QPM calculations taking into account the excitation energyconfigurations may be excited only in the next order of per-
and collectivity of the statetsee Fig. 82 After this corre-  tyrhation theory due to the internal fermion structure of pho-
spondence has been established the square root of the expg{bns. Thus, their excitation amplitudes are a few orders of
magnitude smaller thaA,;, and may be neglected. Never-
theless, these configurations are essential to the calculations
ZFor a few levels int2%Sn observed in thép,t) reaction with very ~ Decause they are responsible for the fragmentation of the
small cross sections, we did not find corresponding one-phonofXcitation strength.
states in the calculation. Probably these levels have mostly a two- The 19, quasiparticle configuration has an amplitude of
phonon structure. They are not presented in Fig. 8. 0.97 in our calculated®Sb ground state. Thus the two-

2
o, (J)= CV(J)A0+% S (DAL - )
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TABLE II. The Woods-Saxon optical model parameters for the incident proton, the outgoing triton, and the geometrical parameters for

the bound state of the transferred dineutron cluster.

Vr Ie a; Wu rv au Wd g ay Vso lso Aso e
(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

p 50.0 1.25 0.65 10.0 1.30 0.60 3.00 1.25 0.70 1.25
t 176.0 1.14 0.72 18.0 161 0.82 8.00 1.10 0.80 1.30
B.S. 1.30 0.50

neutron  transition  amplitudes  determined  fromthe [qpx1ph] configurations is observed to have a small
1225n(p,t)*2%Sn must be multiplied by 0.97 in order to have cross sectiorisee Table )l The weak excitation of this state
a correct relative normalization of th&?Sn(p,t)*?°Sn and s the result of the destructive interference between a very
1235h(p,t) '*Sb reactions. large transition matrix elementgl(*?3Sh)— 1g;(*?'Sh)

The distribution of ther1g;, quasiparticle configuration to a small component of the final state and a moderate tran-
over the excited states 'S is very similar to its distribu- sjtion matrix element @7(12Sb)—[1g7/,X 25 172+ (13Sb)
tion in '23Sh. 93% of it is concentrated in the first excited for the main configuration. Some traces of the quasiparticle
state at 40 keV in the present calculations. Since the transin-lng Conﬁguration may be found in 7/2states at h|gher
tion matrix element @7,(**°Sh)—1g7(*?'Sh) is much energies, but since the contribution does not exceed 0.1%,
larger than the @,(*?°Sb)—[1g7,% Q);1,-(**'Sb) matrix  the excitation of these states in tiig,t) reaction is com-
elements, this state is the most strongly excited staté'8b  pletely determined by th¢qpx1ph] components of their
in the (p,t) reaction. An admixture of about 5% for the qua- wave functions. For this reason the spectroscopic factors of
siparticle w19, configuration is found in the 7/2 state these states will not be discussed in the present analysis.
which has the 1g7,% 2, ]+ component of the wave func- First, let us consider the 7/2states whose total spin and
tion as a dominan{83%) configuration. In the calculations, parity have been identified becauselof 0 transfer. There
this state has an energy of 1.36 MeV and corresponds to there four levels of this type between 2.1 and 2.5 M@¢ée
7/2" level at 1.024 MeV. Indeed, the contribution of 5% of Table ) in addition to the 7/2 level at 37 keV already
the 7195, configuration to the wave function of this state discussed. The corresponding experimental values are plot-
explains why the 7/2 component of thé1g,,,x 2; | multi-  ted in Fig. 9a). In the calculations this type of state must
plet, which has the largest transition matrix element amondave[ 1g,X0;"];;»+ configurations as main components of
the wave functions. In Fig. (®) the theoretical predictions
for these four states are shown, while the main components
of the wave functions are given in Table Ill. Only the state at
2.17 MeV has a simple structure: the same as expected in the
spectator approach. The structure of other states is much
more complex. The agreement between experiment and

3] theory for these states, in position and integraigt) cross
7 section, is very good. The calculation also predicts Aate

- ;; I with similar properties at about 1.2 MeV, which has not been
& observed experimentally. The predictéult) cross section

E ’ % for this state, obtained with a destructive admixture of the
4+ 1

2 4

8 1 3=

& z 100

5 T T T
] 4+ >;
gi — 731 a) )
2 501 §
o+ —/— 05| 1
1 3 | |
2 o : — 1l
- E | i
o b)
- 50 L -
1T “f | i ‘ |
Exp. QPM 0 T T
1 1 2 3
E_ (MeV)
FIG. 8. Correspondence between the levels observed in the
1223n(p,t) 12%Sn reaction and the one-phonon state$?f§n of the FIG. 9. (a) Experimental andb) calculated 7/2 states in*?!Sb
same spin and parity in the QPM calculations. excited byL =0 transitions. The 37 keV state is not shown.

054312-10



LOW-LYING STATES OF2!Sh STUDIED IN THE ... PHYSICAL REVIEW C 62 054312

TABLE lll. Main components(=5%) of the wave functions of 300— T T
the 7/2" states presented in Fig(i®. 235h(p.1)2'Sb
200} a) ]
EEXC
(MeV) Configuration Contribution 100 [0 .
123 [19712X 03 J7p2+ 34% o O | ! I |,-i|l-|ul“ﬂ_
[1972X 05 1710+ 12% 3
[1972X 21 J7p2+ 46% 3 2001 b) ]
2.17 [19712% 0 T7pz+ 97% b ool [ ]
2.30 [1972% 05 172+ 77% |
[19712% 03 J7p2+ 5% ol— il ) Ul
[19712X 04 J7p2+ 14%
2.31 [1972X 03 171+ 14% 2001 c) -
[197,2X 03 J7p2+ 15% ool [ ]
[19712X 04 J7s2+ 27%
[19712% 24 J7pz+ 15% ol— I . |Jh||, -
[1972X 05 1712+ 21% 0 1 2 3
2.42 [197,2X 04 J7p2+ 6% E, (MeV)
[1972% 25 J7i2e 79% FIG. 10. (a) Experimental andb), (c) calculated integrated
[1972}[21 X2 Jol712+ 9% cross sections of th&3Sh(p,t)*?'Sb reaction from 5° to 65° as a

function of excitation energy if?'Sb. Calculations are performed

. . . . . ) (b) assuming that the unpaired quasiparticle is a pure spectator and
quasiparticler1g,, configuration to its wave function of (c) with wave function of Eq/(1).

about 0.1%, equals 2@b. Nevertheless, if the amount of

destructive admixture of the quasipartietd.g,, configura- ) ) ) o

tion reaches about 0.8% the cross section becomes negligibfPOVe. this approach is not able to describe the splitting of
small, as happens with the excitation cross sections of thBultiplets. o _ .

[197,X 2; 11+ State. In both cases the contribution of the I the realistic calculations performed with the wave func-
quasiparticler1g-,, configuration does not exceed 1%. Suchtion (1) [Fig. 1Qc)], the multiplets split because of the inter-
high degree of accuracy is beyond the capability of anyaction with othefqpx1ph] configurations in which the un-
model calculation. This means that the theoretical predicpaired quasiparticle moves to another proton level of the
tions of the(p,) cross sections of the 7/2states below 1.5 average field. It is possible to establish a one-to-one corre-
MeV are not very precise because the results are extremegpondence between the calculated states that carry the main
sensitive to small admixtures of the quasipartietdg;, fraction of the[1g,,% 2, ],+ multiplet, and the experimen-
configuration. For the states of other multipolarities, the trantally observed levels. In the calculations the T1&nhd 9/2

sition amplitudes between theg#,(**°Sh) ground state and components come out in reverse order and thé &@mpo-
one-quasiparticle configurations of*'Sb are negligibly nent has an excitation energy about 300 keV higher than the
small. Thus we have no problems of accuracy. experimental one. We have already discussed above why the

123|Sn Fig'lzllsqc) the results of the calculation of the 7/2+ component of this multiplet has a very weak cross sec-
b(p,t)"*Sb reaction cross sections, as a function of €x+jon and it is not clear why the 5/2component is not ob-

- . 12 .
citation energy of*’Sb, are compared to the experimental oy oq gither in the present experiment or in other experi-

data shown in Fig. 1@. In Fig. 10b) we present the results ments. At higher excitation energies, the fragmentation of

o_f thg S|mpI|_f|ed calculations in which the unp_alred quasipary, (p.) cross section and the absence of the) strength
ticle is considered as a pure spectator. In this case all multi-

plets [an;]J with [j—A|<J=(j+\) are degenerate in 23;;;557 MeV are reasonably well reproduced by these cal-

energy and only the states with the maximum possible value Some general comparisons between the data and the re-

O.f J.are presentgd in Fig. 19) because of their largest ex- sults of calculations can be made taking into account that in
citation probability. . . .
the (p,t) reaction with ever{odd) values ofL transfer, posi-

A comparison of Fig. 1() to Fig. 10a) indicates that the . X X X
spectator approach also reproduces the general features Bfe (negative parity states are excited from the 7/ground

the experimentally observed distribution of thet) cross State of*?Sb. For a better comparison with the experimental
section to low-lying levels in2Sh. The spectrum is domi- data, the stated] from the QPM calculations are presented
nated by a very strong transition to the 7/gtate at 40 keV  in Figs. 11 and 12 according to thetransfer by which they
which is homologous to the aq populated in are excited in thep,t) reaction. TheilJ” values are not in-
12251 (p,t)1%%Sn reaction and has been discussed abovelicated to avoid overloading the figures. To asdignansfer
There is a strongly excited multiplelg,,Xx 2] ]+ at about for each state their wave functions have been analyzed. A
1 MeV and a large group of states between 1.9 and 2.6 MeMefinite L-value means that thelg,,x Q,’;1; configurations
which are excited more weakly. But, as already mentionediwre dominant in their wave functions. As is the case for the
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FIG. 11. Negative parity states #3'Sb identified in the present
experiment by odd.-transfer valuegleft) compared with the QPM
calculations(right).
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analysis of the angular distributions, calculations predict
very weak mixing of different transfer for practically all
excited states. FIG. 12. The same as in Fig. 11 but for positive parity states.
The experimental spectrum is dominated by states with
positive parity. This is not surprising because, above thétate in'2°Sn with two-phonon natur2; X 3 ], - is located
closedZ=>50 shell, the first available proton single-particle at about 3.5 MeV. No 1 levels below 3 MeV have been
levels are the @, and 1g-,, levels with positive parity, and observed, either in th&Sn(p,t)**°Sn reactior{38] or in the
the 1h,,,, level with negative parity, the last with an energy huclear resonance fluorescence experimébdg, the most
about 1 MeV higher. Moreover, the lowest &and 5~ exci-  Selective experiments for the excitation of thellstates in
tations of the'2Sn core, which may change the parity, are €ven-even nuclei. Therefore, none of the (582)" states
more than 1 MeV above the;2and 4 states. Thus, the belqw 3 MeV i_n the present calculations has a structure al-
lowest level with negative parity, and the only one below 2/0Wing its excitation by anlL=1 transfer. The relatively
MeV, has excitation energy of 1.426 MeV. The calculations/arge (P, cross sections for these levels, especially for the
also predict only one negative parity state below 2 MeV withO"€ at 2.312 MeV, is even more puzzling. The excitation of
J™=11/2". The wave function of this state has the mainthe levels byL=3 andL=5 takes place because of the

quasiparticle componentrlg,,, with a contribution of [1972X31 (5121~ transition amplitudes. The other one-
75%. phonon states witd™=3~ and J"=5" in the 2%Sn core

The very small reaction amplitude for the transition have energies higher than 3 MeV and their contribution to
1g-,(1235b)— 1hy,(*2'Sh), as discussed above, accountsstates in'?'Sb below 3 MeV is very small. The number of
for the small excitation cross section of the level at 1.426/€vels excited byL =3 is larger than expected from the
MeV (see Table)l The comparison between experimental(2~3+1) rule of a possible multiplet splitting. The theoretical
results and theoretical predictions allows a tentative assigrinterpretation is very simple. Each member of the multiplet
mentJ™=11/2" to this level. This is in agreement with the [197,2X3; ];-, interacting with othef gpx1ph];- configu-
strongL =5 transition observed in th€%Sn*He,d)!?!Sb re-  rations of the same spin and parity, admixes and gives a part
action[13,26 yielding J"=9/2",11/2". of its transition amplitude to the last configurations which

A group of negative parity levels is observed between 2.1have their own negligibly small value of the excitation am-
and 2.6 MeV. For negative parity, the calculation gives aplitude.
number of states concentrated at the right excitation energy, In the present experiment rio=7 transitions have been
although with a higher density. The angular distributions ofobserved. However, id*°Sn a level withJ”=7" has been
cross sections for the three levels at 2.165, 2.312, and 2.548und at 2.480 MeV in thé?’Sn(p,t)'?°Sn reactior{38]. In
MeV are well reproduced by ah=1 transfer. The wave the calculations the multiplet of thglg,,X7;];- states
functions of these states should have a large contributiowith J ranging from 7/2 to 21/2 is located at about 2.35 MeV
from [1g,,X 17 ];- configurations, if they were populated and is weakly fragmented, except for the 7/2omponent.
by a one-step excitation process. Furthermore, the lowest 1Since the 7 level at 2.480 MeV in*?%Sn has an integrated
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cross section of 11D, it is not clear why the members of IV. SUMMARY
this multiplet, at least those with the largdshave not been
observed in thé?3Sb(p,t)*?'Sb reaction.

The situation of the positive parity states'ftSb below 3

Accurate measurement of th@,t) reaction differential
cross sections for the transitions to the levels %tSb

. . . nucleus allows us to confirm or determine energies of 66
MeV is much more complex compared to the negative parit

states, due to their higher density. In addition, the number o vels, .33 of which have been seen for the first time, and to
. ; , . . determine the angular momentum transfer values for 64 lev-
the positive parity[ gpX1ph] configurations which carry

nonzero value of the transition amplitude from the *7/2 els.. TheL-transfer values allow us unambiguously.to assign
ground state if23Sh is much larger. On the contrary, only parity to these levels and to determine a well-defined range

- - ' for the J values. The experimental reaction data have been
one 3, two 57, and _oneHéYZSexcnetljzosstates be_low 3 MeVv analyzed by using conventional Woods-Saxon potentials for
have been ohserved in t np.1) =N reactior(38]. It the entrance proton and exit triton channel. The DWBA cal-
has to be noted that onI_y the_se excn_amons_ of the c8fen culations have been performed in the finite range approxima-
coupled to the 7/2 quasiparticle configuration have a non-

L . . tion. A dineutron cluster pickup mechanism describes the
vanishing value of the reaction amplitude. The number of theangular distributions rather well
positive parity states if?°Sn observed in thé,t) reaction is '

hi Establishi d b h In order to achieve a better understanding of the experi-
much larger. Establishing a correspondence etween thefe gl results, the presefpt,t) data have been supplemented
and the one-phonon states in t##8Sn calculations, four 0,

by microscopic calculations. The calculations carried out for

six 27, five 4", and one 6 states(see Fig. 8 have been o 121gh oycited states with™ from 1/2° to 19/2° up to an
assumed to carry the transition amplitude. A few other posiq, sitation energy of 3.5 MeV, give a reasonably good de-
tive parity state excitations of the core with the smallest val-g yintion of the experimental fragmentation of the cross sec-
ues of the(p,t) cross section have been neglected.  4j5n5 and the absence of th) strength above 2.7 MeV.
The spectrum of 'ghe positive parity states |dent|f|§d_|n th_e Four experimental 7/2 states identified in the energy

present experiment is compared with the QPM predictions i g6 petween 2.1 and 2.5 MeV are well reproduced by the
F'g.' 12. The comparison between thg experiment and calc heoretical calculations, not only in regard to their energies,
lations for L=0 has already been discussed. Most of thebut also in regard to the integrated cross sections.

. B . 2 . _ _
positive parity states if*'Sb are excited ble—Z orL=4. Simplified calculations in which the unpaired quasiparti-
Only one level at 1.932 MeV has an admixturelot6. It g js considered as a pure spectator are able to reproduce the

does not match well, either in the excitationﬂ?gsnergy Olgeneral features of th@,t) cross section distribution, but fail
in the cross section value, with the level n at iy describe the fragmentation.

2.691 MeV(oi,;=36.8ub) which has been assigned as"(2
+67). As in the case of negative parity states, the fragmen-
tation of the levels excited by=2 andL=4 transfers is
somewhat underestimated, especially forlthe2 transfer in We wish to thank Professor Ben Bayman for a careful
the energy region between 1.4 and 1.9 MeV. By consideringeading of the manuscript and for enlightening suggestions.
excitation energy and reaction cross section arguments, wWehis work was supported in part by grants from the
can infer that the levels in this energy region carry someBeschleuniger-laboratorium, the DFG under C4-Gr894/2 and
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