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Level structure of 2%Sn: High resolution (p,t) reaction and shell model description
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The (p,t) reaction ont?%Sn has been studied in a high resolution experiment at an incident proton energy of
26 MeV. The cross section angular distributions for transitions to 38 levei®®ih with an excitation energy
up to ~3500 keV have been measured. Distorted wave Born approximation analysis of experimental angular
distributions using double-folded potential for the exit channel has been done. This has made it possible to
confirm previous spin and parity values and to propose new assignments for a large number of states. A
shell-model study of?%Sn has been performed using a realistic effective interaction derived from the Paris
nucleon-nucleon potential. The calculations have been carried out within the framework of the seniority
scheme including states with seniority up to 4. Comparison of the calculated and experimental spectra shows
a one-to-one correspondence between levels up to about 2.7 MeV excitation energy and lends support to some
of the spin-parity assignments given in this wof80556-28189)03210-7

PACS numbeps): 25.40.Hs, 21.10.Hw, 21.60.Cs, 27.6(.

I. INTRODUCTION new study of the**2Sn(p,t)12°Sn reaction. This was done in
a high resolution experiment at 26 MeV incident energy.
The Sn isotopes have long been the subject of much exaccurate measurements of the differential cross sections al-
perimental and theoretical work aimed at understanding theilbwed also to identify spin and parity of very weakly popu-
shell-model structure. lated states in“?%Sn, with a lower limit for the integrated

From the experimental point of view the level structure of cross section of only a fewb. In all, we observed 38 states
the stable Sn isotopes, and in particular that®8n which is up to an excitation energy of 3.5 MeV.

the subject of the present work, has been extensively studied Along with our experimental work, we have also per-

by different kinds of nuclear reactions, especially those informed a shell-model study df%n, in which we assume
duced by light projectiles. In particular, the level scheme ofthat 19%n is a closed core and let the valence neutrons oc-
'2%8n has been investigated by means of inelastic scatteringpy the five single-particlésp) orbits 0g-s, 1ds/,, 1dss,
of protons[1], deuterong?2], *He anda [3,4], lithium ions 25, and (hyy,. Within this model space, however, the
[5,6], and by using the following one-, two-, and multi- sjze of the energy matrices to be set up and diagonalized is
nucleon transfer reaction§“sn(d,p) [7], ***sn(t,d) [8],  very large. To circumvent this difficulty one has to resort to
21shd, *He) [9], '¥'Sb(t,) [10], **Sn(p,t) [11],  some truncation method. In single-closed-shell nuclei, such
18n(t,p) [12], *Sb(p,a) [13], and '*Te(d, °Li) [14].  as the Sn isotopes, the seniority scheme provides a most
More information has been obtained by the study of the deappropriate tool to reduce the numerical work required by a
cay of In [15-18 and **°Sb [15,19,20, as well as by complete-basis diagonalization. In our study BfSn we
y-ray spectroscopy using the reactions,¥), (n,n’y),  have made use of a non-conventional approach to shell-
(7.7"), (p,p"y) [21-24 and Coulomb excitatiofi24,25.  model problems within the seniority scheme, which is based
The results obtained in these works are summarized in Refgn a chain calculation across nuclei differing by two in
[26,27. nucleon number. A brief description of this approach, which
The (p,t) reaction on'?’Sn was first measured by Flem- we call chain-calculation methotCCM), is given in Sec.
ing et al. [11] at an incident energy of 20 MeV, with an V A while a detailed account and some applications can be
energy resolution of 25 keV. However, in this experiment,found in Refs[28,29. The main feature of this method is
which involved several even Sn isotopes, only the most inthat, at each step of the chain calculation, we make use of a
tense transitions were measured. As a consequence, ordgrrelated basis. As we shall see in Sec. VA, this has the
eleven states in the residual nucleus were identified up to aadvantage to make it possible to further reduce seniority-
excitation energy of-3 MeV. truncated shell-model spaces without significant loss in the
On these grounds, it seemed to us interesting to perform accuracy of the results. The use of correlated basis is a fea-
ture common to other approaches, among which we may
mention here the multistep shell-model meth&0).
*Permanent address: Soltan Institute for Nuclear Studies, War- In the present calculation we have included states with
saw, Poland. seniority up to 4. As regards the two-body interaction be-
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FIG. 1. The triton spectrum at 10° is shown and the excitation energies of the most prominent peaks are indicated. The position of the
ground states of the different Sn isotopes are identified on the basvafue difference$35].

tween the valence neutrons, we have employed a realistiof 11.04 msr. The beam current intensity was between 300
effective interaction derived from the Paris free nucleon-and 600 nA.
nucleon potential31] which has already produced quite sat-  Absolute cross sections were calculated taking into ac-
isfactory results for the heavier Sn isotof}es,32. count effective target thickness, solid angle and collected
The paper is organized as follows. In Sec. Il the expericharge, and are estimated with a systematic uncertainty of
mental apparatus is described. Section Ill compares the ex- 1504, Areas and centroids of the triton peaks were deter-
perimental results and DWBA calculations, using double-mined by means of the computer codeToFIT [34], using
folded potentials for the triton exit channel. In Sec. IV the g¢ reference the shape of the triton peak at 2161 keV.
spin and parjty attributions are discussed .while Sec. V con- 1he high resolving power of the magnetic spectrograph,
tams an outline of our sheII-'modeI calculations and the COMipo reduced background and the energy resolution of the
parison between the experimental and calculgted SpeCtrurIgpectra allowed us to resolve and analyze a large number of
Section VI presents a summary of our conclusions. levels, the weakest of them having cross sections as low as
lub/sr at the maximum in the angular distributions. For the
energy calibration of the spectra a polynomial of rank four
was used and the parameters of the polynomial were fixed, in
In the present investigation th&?Sn(p,t)*?°Sn experi- the energy range from 0 up to 3500 keV, imposing the re-
ment has been carried out using the 26 MeV proton bearproduction of the following energies reported on the Kitao
from the Garching HVEC MP Tandem. The 1.8 m long focalet al. prepublication of the adopted level schemeéiSn
plane detector for light iong33] performed the particle iden- [27]: 1875.107, 2194.292, 2284.26, 2355.382, 2400.29,
tification of the ejectiles in the Q3D magnetic spectrograph2420.90, 2465.633, 2587.39, 3057.943, 3179.08, 3386.32,
with an energy resolution of about 8 keV, essentially due taand 3471.54 keV. Our quoted energies are estimated to have
the target thickness. The Sn isotopic enriched targe&n uncertainty of+ 3 keV.

II. EXPERIMENTAL PROCEDURE

(**sn 0.55%,2%Sn 96.00% 12%Sn 2.20%,'1°Sn 0.30%, In Fig. 1 the triton spectrum at 10° is shown and the
181 0.61%,'Sn 0.12%,%Sn 0.22%) had a thickness excitation energies of the most prominent peaks are indi-
of 134ug/cn? on a carbon backing of k&y/cnt. cated. The position of the ground states for the different Sn

The cross section angular distributions were measurei$otopes are identified on the basis @fvalue differences
from 5° to 75° in steps of 5° and from 15° to 25° in steps of[35] and the correctness of the attributions was also verified
2.5° in two different magnetic field settings in order to reachreconstructing the cross sections angular distribution for each
an excitation energy of the residual nucleus~-e8500keV.  of the isotope$36]. The ground state of%Sn is outside the
The setting of spectrograph entrance slits provided dor range covered by measured magnetic settings. Owing to the
=5° a solid angle of 2.98 msr and fé&=10° a solid angle chemical purity of the target and the isotopic enrichment,
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only the most intense transitions of each contaminant may
give an observable yield. UF(F):J dsflf d*ropr(F)pFIV(S,Ep), (2
We have studied 38p(t) transitions to the final states of
'2%n. Several states not reported on the adopted levelith s=r+F,—F, and F the separation of the centers of
schemeg[27] have been identified and their spin and paritymass between target nucleus and tritpR(;) and p,(F>)
have been assigned by the DWBA analysis reported in th@re the respective nucleon densities resulting from electron
next section. scattering experimentf45] and unfolded from the finite-
The excitation energies of thé?’Sn measured in the charge distribution of the proton.
present experiment with the attributed spin and parity values For v(E,p,S) an effective nucleon-nucleus interaction
are given in Table I, together with the energies, spins, angTUE3Y) has been chosen which is derived from the
parities of the'’Sn levels adopted so f&27] and with those  G-matrix calculated in a nuclear matter approach using the
observed in the previousp(t) study of Ref[11]. This table Bonn one-boson-exchange potential [46]. The
is relevant to the problem of how complete is the spectroNN-interaction is parametrized in terms of a local density-
scopic information provided by different reactiof&’]. Fol-  and energy-dependent two-body interaction. This means that,
lowing the arguments of Ponomareval.[38] in their study  at variance with the usual approach, we do not factorize the
on even Nd isotopes, also in the present case, in spite of thateraction v(5,E,p) in a distance- and a energy-density-
(p,t) claimed selectivity, it is possible to study states independent part, the latter being adjusted phenomenologi-
1205 that are hardly identified in other less selective reaceally.
tions. In fact, at an excitation energy below 3.5 MeV the  Using this folded potential, the optical triton-nucleus po-
number of'?%Sn states we have identified and for which thetential is given by
spin and parity values have been unambiguously assigned in
the present {§,t) experiment is 29, in comparison with 11 UoptZKUF(r)JFiW(r)+V|s(r)r-§+VCOU|(r), 3
from (p,p’) reaction and 20 fromr(,n’ y) reaction, as re-
ported in Ref.[27]. It is also to be noted that of the 38 where\ is an overall normalization factor for the real part of
studied levels, 7 are seen for the first time. the potential W(r) is given by a Woods-Saxon, ai by a
Thomas form factor. The Coulomb potenti, (r) is as-
sumed to be due to a uniform charge distribution of radius
IIl. DWBA CALCULATIONS Reou= 1.25AY3fm. Using this potential we have performed
A DWBA analysis of the experimental reaction data hasqptical model 'calculations i.n order to descripe the dif_feren-
been carried out in the cluster pick-up model. The calcula;['al cross sections for elastic scattering of tritons on five tin
=20MeV [47]. A good agreement is found

tions have been done in finite range approximation, using thgotopes ate, \
computer cod®wucks [39]. etween the experimental and calculated curves. The poten-

In this analysis, both the light-particle form factaPFF) tial parameters which have been extracted from the calcula-

and the heavy-particle form factéHPFP were calculated tions for the five tin isotopes are very similar to each other.
using a Woods-Saxon potential. The number of nodes in th&S & result we get a normalization factor=1.05 and vol-

radial bound-state wave function is given by the conservalMe integrals for the real and imaginary parg
tion rule for harmonic oscillator quanta ~385 MeVfn’ and I,~80 MeVfn, respectively. The

depth of the spin-orbit potential is abodf,~5 MeV.
) In a first step of the DWBA analysis the ground-state
transition of the p,t) reaction was fitted with the program
Q:2N+L:i21 (2ni+1), (1) troOMF [48], which allows a simultaneous fit to both the re-
- action data and the elastic scattering data in the entrance and
exit channel49]. As starting values for this fit we used the
wheren; andl; are the quantum numbers of the individual triton potential extracted in the optical model analysis men-
nucleons, which form the di-neutron cluster. The two transtioned above and the proton potentials given by Vagiel.
ferred neutrons are supposed to be in a relativ® state [40]. In Fig. 2 experimental data for proton elastic scattering
with total spinS=0. on '#%5n atE,=30.4 MeV [50], triton elastic scattering on
As optical potential in the proton channel, a Woods-?°Sn atE,=20MeV [47] and our f,t) data for the g.s.
Saxon potential has been used with parameters deduced bwansition are compared with the corresponding calculated
Varner et al. [40] in the framework of a global analysis of results. Both the optical potential and form-factor parameters
elastic proton and neutron scattering data. In order to calcdound in this simultaneous fit are given in Table II. The
late the real part of the triton-nucleus potential, a doubletesulting values of the volume integrals of the real and
folding procedure has been applied following the model ofimaginary part for protons and tritons, ardg
Koboset al.[41]. Up to now, microscopic potentials for tri- =416 MeV fnt, 1,=106 MeV fn? and 1g=401 MeV fn?,

ton elastic scattering had been used by Sandezsah [42]  |,=76 MeV fm®, respectively.

and Cook[43]. The DWBA analysis of the ({,t) reaction The optical potential parameters differ only slightly from

907Zr(p,t)®zr was also performed using a double-folded the starting values of the fit procedure. As can be seen in Fig.

triton-nucleus potentidl44]. 2, a good agreement is found between the experimental and
The double-folded potential is described by calculated results. In order to get this agreement in the case
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TABLE 1. In columns 1 and 2 are listed the adopted energies, spins, and pR2ifiesf the 12°Sn levels;
in columns 3 and 4 the energies and the transferred angular moménteported by Flemingt al. [11] in
the previous p,t) measurement; in columns 5 and 6 the energies, spins, and parities observed in the present
work; in columns 7 and 8 the relative spectroscopic fac®rand the integrated cross sections from 5° to
75°. Our quoted energies are estimated to have an uncertainty3déeV. Absolute cross sections are
estimated with a systematic uncertainty05%.

1205 level scheme

Adopted[27] (p,t) [11] Present work
Eoxc keV J”  EeckeV L E oy keV J7 S T (ub)
0.0 0" 0 0 0 0" 1 2505.28

1171.265 2 1175 2 1171 2 0.60 727.72
1875.107 o) 1880 0 1874 0 0.025 34.97
1930
2097.201 2 2099 2" 0.002 3.02
2159.930 (0} 2161 0" 0.013 48.57
2170.3 (+)
2194.292 4 2190 4 2195 4 0.032 67.78
2230
2252
2284.26 5 2282 5 045 292.93
2290 o",1* 2300 5
2317 o",1*
2355.382 2 2356 2" 0.034 118.62
2360 3 2365 2
2400.29 3 2400 3 020 361.06
2420.90 20) 2420 3 2421 2 0.060 195.09
2440 3 2440
2465.633 (4) 2465 4" 0.082 170.75
2481.61 (7) 2480 7 059 114.57
2547 (5)
2587.39 (0) 2587 0" 0.025 87.18
2595
2630 o",1* 2620 0
2643.350 4 2643 4" 0.008 18.46
2685.15 (6)
2687 (8"

2691 (2-+6%) 36.81
2695.93 4
2728.11 2 2728 2" 0.026 35.16
2749.70 (6y 2751 4 0.002 4.92
2800.04 5 2801 5 0.048 15.08
2802 (7°,8%)
2835.39 T
2836.51 (8)

2840 (I +8%) 31.91
2844 1r,27,3"
2844.33 (6)
2857.61 (0)
2902.21 (10)
2930.53 4 2931 (2-,37) 0.019-0.044 30.51
2975.68 4 2976 (4"5°) 0.003-0.012 3.73
2990

3009 2" 0.0005 1.23
3034.78
3057.943 4 3050 3059 4 017 170.22
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TABLE I. (Continued.

12051 |evel scheme

Adopted[27] (p,t) [11] Present work
Eexc keV J7 EeckeV L Eexc kEV J7 S it (ub)

3069.74 3,45
3077.38 30)

3100 () 0.007 5.94
3120
3157.97 2 3159 2" 0.012 19.05
3179.08 4 3170 3179 4 0.31 312.86
3208.54 1,27 ,3* 3208 0" 0.008 15.67
3231.95 12,3
3237.32

3252 5 0.023 7.28
3262.88
3279.29

3280 (') 0.016 14.60
3284.62 1,2
3330

3341 (3 +47) 12.46
3349.92 4y
3386.32 1,2 3388 (2,37) 0.0078-0.0079 11.12
3438.25 (4) 3442 (4"5) 0.007-0.020 15.05
3446.47 (7.87)

3455 (3+7) 31.57
3471.54 (3) 3470 3 0.027 18.95

of the (p,t) reaction, the calculated differential cross sec-values, as mentioned above. Since only natural-parity states
tions have to be multiplied by an overall normalization factorare allowed in the one-step ) reaction process, each final
N=1.52. level excited by the pick-up of a neutron pair from the even-
Using the potential and form factor parameters deduced igyen target?’Sn (37=0") will be populated with a unique
this simultaneous fit, we have subsequently calculated the {ransfer, thus leading to an unambiguous assignment of
cross sections for allpt) transitions to the excited states. spin and parity to the final states. As previously done in
The experimental data and the results of the calculations alghoosing the reference lines used for the energy calibration,

compared in Figs. 3-5. The relative spectroscopic factors, s, in the discussion of spin and parity attributions we will
obtained by fitting the calculated cross sections to the eXPeriafer to the Kitaoet al. prepublication of the adopted level
mental data and normalized to the g.s. transition, are listed chheme of2%sn[27].

the last but one column of Table I.

Generally a good agreement is found between the experis
mental and calculated results. In particular, the positions o
the first maximum in the angular distributions, which are

For the excited levels up to 2400 keV #°Sn, our spin
nd parity assignments, deduced from the comparison of the
easured angular distribution and the theoretical predictions,
. agree with the values reported in the adopted level scheme
correlated with the transferred angular momentumare [27]. A large body of data supports the spin and parity as-

well described by the DWBA calculations. Fbr=0 transi-  gjgnments to the g.s. and the first excited states in this energy
tions the first maximum is observed in the forward d'reCt'on'region. For the levels at 2421 keV{=2%),

Strong oscillating angular distributions result from the 2465 keV(™=41). 2480 keV(™=7"). 2587 keV ("
DWBA calculations. Experimentally this behavior is ob- —0") (]2643 lzév 07=4") v 272)8' keV(]’T=2+0)

served only for the g.s. transition. The angular distribution of2801 ’kevoﬂz5—) 3059 ke\’/ 07=4"), 3159 keV 07?
transitions to excited O states are more or less smeared out,:2+) 3179 keV (]'77:4+) and 3470 k'eVJ]”=3*) we

but the strong increase of the cross section towards forwar&lOnfirm the adopted assignmefi&s], while we remove the
angles remains as a criterion fot.a= 0 transfer. This effect y

. . uncertainties when a tentative assignment is made. The pro-
of smearing-out is well known and can be traced to collec

! ? ) . ‘posed assignments for all the other levels observed in this
tive properties of excited 0 states in even Sn nuclg?4,51. study are discussed

2691 keV levelln the adopted level schenh27] there are
two close lying levels, the first at 2687 keV with tentative
In the present experiment most transitions exhibit angulat8™) assignment derived from g(p’) study[1], and the

distributions whose shapes strongly depend Lotransfer  second at 2695.93 keV with™4assignment from ar(,n’ y)

IV. SPIN AND PARITY ATTRIBUTIONS
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T . present work.
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0,,, (deg) quite weakly populated and the angular distribution is repro-

duced by & =4 transfer. The present attributiond8=4".

FIG. 2. The experimental data for proton elastic scattering on 2840 keV leveln the adopted level scheni27] there are
1223n[50], for triton elastic scattering otf’Sn[47], and the experi-  two close lying levels observed in a,@’y) study[23], the
mental (,t) data for the'?°Sn g.s. transition are compared with the first at E=2835.39 keV with a spin and parity*] and the
calculations. second at 2836.51 keV with a tentative spin and parity)(8

Furthermore a level at 2844 keV is reported with a tentative
study[23]. Furthermore, a level at 2685.20 keV is reportedspin and parity assignment *12",3" deduced from a
on the basis of ar(,n’ y) study[23] with a (6)" assignment.  1%Sn(d, p) reaction study7]. In our measurement this group
We obtain a good reproduction of the angular distribution byof levels is weakly populated and the angular distribution is
considering an unresolved doublet wilfi=2" (10%) and  quite well reproduced by considering an unresolved doublet
J7=6" (90%). with J7=1" (3%) andJ™=8" (97%).

2751 keV levelln Ref. [27] a level at 2749.70 keV is 2931 keV levelln the adopted level scheni27] a level is
given on the basis of an(n’+y) study [23] with a (6)" reported aE=2930.53 keV obtained fromd(p) [7], (p,p’)
assignment. In our measurement the level at 2751 keV ifl] and (0,n’ y) [23] studies with3™=2*. In our (p,t) mea-

TABLE Il. The Woods-Saxon optical model parameters for the incident proton, the value of the normal-
ization factor\, the parameters of the imaginary Woods-Saxon triton-nucleus potential used with the double-
folded real potential, and the geometrical parameters of the form factors.

Optical model parameter
Ve e & W, r, a Wy rg as Vi s @ T
(MeV) (fm) (fm) N (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

p 50.2 1.21 0.69 19 125 069 80 121 069 59 1.10 0.63 1.26
t 110 143 150 0.83 47 142 039 1.25
HPFF(WS) 1.28 0.58
LPFF (WS) 1.30 0.50
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FIG. 4. Same as Fig. 3.

surement the level at 2931 keV is quite populated and th
angular distribution can be reproduced by bbth2 andL
=3. The present tentative assignmengfs=(2",37).

2976 keV levelin the adopted level scheni27] a level is
reported aE=2975.68 keV obtained from g(p’) [1] and
(n,n’"y) studies[23] with spin and parity 4. In our (p,t)

PHYSICAL REVIEW C 60 054603

very weakly. We reproduce fairly well the measured angular
distribution with anL =2 transfer. The present assignment is
J7T=2"%,

3100 keV levelAt this energy no level is given in the
adopted level schemi7]. A state at 309420 keV is re-
ported by Leonard[9] from unpublished results of a
1215h(d, *He) study. In that study ah=1 transfer is as-
sumed. In our measurement this level is reasonably popu-
lated and the angular distribution is compatible with a tenta-
tive attribution ofJ7=(17).

3208 keV levelln Ref.[27] a level is given with an en-
ergy 3208.54 keV with a spin and parity assignment 6f 1
2%, and 3" resulting from anL=2 transfer in a
119%Sn(d,p)*?%Sn reaction study7]. From the?°Sn(n,n’ )
reaction[23] a level is reported at this energy with tentative
spin and parity attribution of (0). In our case the 3208 keV
level is quite strongly populated and the angular distribution
is reasonably well reproduced by la=0 transfer. The
present assignment E=0".

3252 keV levelAt this energy no level is given in the
adopted level schem@7]. This level is weakly populated in
our experiment. The measured angular distribution is consis-
tent with an attribution of 5.

3280 keV levelln Ref.[27] a level is given at an energy
ef 3279.29 keV derived from an(n’y) [23] study. In Ref.
[23] the spin attribution is 1. In our experiment we find a
weakly populated level. We reproduce the angular distribu-
tion by assuming ah =1 transfer. The present tentative as-
signment isJ"=(1").

3341 keV levelln Ref.[27] two levels are reported, one

measurement the level at 2976 keV is populated quit§ith E=3330+10keV derived from a d.p') study [1]

weakly and the angular distribution is reasonably reproduce
by L=5 or also byL =4. The present tentative assignment is
J7=(4%,57)

3009 keV levelAt this energy no level is given in the
adopted level schenj@7]. In our case this level is populated

10°
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FIG. 5. Same as Fig. 3.

fithout spin and parity attribution and another one at
3349.92 keV which was observed int¥In g decay[17,18,
and in the @,n’y) reaction[23] with (4)* spin and parity
attribution. In our study this level is strongly populated. We
reproduce the angular distribution quite well by considering
an unresolved doublet witd™=3" (40%) and J"=4"
(60%).

3388 keV levelln the adopted level scheni27] a level is
denoted with an energy of 3386.32 keV on the basis of the
(p,p") [1], (d,p) [7], and (,n’y) [23] studies with 1, 2
spin attribution. In our measurement this level is quite
strongly populated. The angular distribution is well repro-
duced by both. =2 andL =3 transfer. The present tentative
assignment i9"=(2",37).

3442 keV levelln the adopted level scheni27] a level is
given at 3438.25 keV identified if?In B decay(46.2 9
studies[17,18 and in (h,n’y) reaction[23] with a (4) spin
attribution. In our case the level is strongly populated. The
angular shape is reproduced by bbth 5 andL =4 transfer.
The present tentative assignmentis=(4",57).

3455 keV levelln Ref. [27] a level is reported aE
=3446.47 keV from'?In p-decay studies47.3 9 [17,18
with attributed spin and parity (7,87). We observe a
strongly populated level and reproduce quite well the differ-
ential cross section by considering an unresolved doublet
with J7=3" (10%) andJ™=7" (90%).
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V. SHELL-MODEL CALCULATIONS AND COMPARISON This allows for the reduction of the amount of numerical
WITH EXPERIMENT work required by a standard seniority-truncated shell-model
calculation.

A. Outline of the CCM and calculations Our calculations for?°Sn have been carried out within

The general shell-model Hamiltonian for a system ofthe framework of the CCM including states with seniority

identical particles is written as up to 4. We have verified that the use of a 50th-order calcu-
lation suffices to produce practically exact results for at least
_ Q the ten lowest states for each value of the angular momen-
H= 2 Ej NJ
J

tum. In this way, the size of the matrices to be diagonalized
is largely reduced. As an example, within the chosen model
space the total number of basis states wifl=4" is 5409
while our energy matrix is of order 250.
We may mention that inherent in our formalism
4) is the use of the overcomplete set of basis vectors
A(T)O(jj)|N—2,y,J,M>. An account of our procedure for re-
moving the redundant states may be found in Re&f8] and
[52].
R As residual interaction between the valence neutrons out-
Ni=2> a/yajm- (5)  side doubly magi¢®’sn, we have used a two-particle effec-
m tive interaction derived from the Paris nucleon-nucleon po-
tential. A description of how this derivation is carried out is
given in Ref.[53], where a list of relevant references can
also be found. Here, we only emphasize that no adjustable
Alu(ida)= 2 <j1mlj2m2|JM>aLmlaJT2m2 (6)  parameter appears in the calculation of our two-body matrix
MMz elements.
As regards the sp energies, we have derived them directly
m the experimental spectrum df'Sn. The five levels
gbserved in this nucleus below 2.5 MeV excitation energy
are, according to the conclusions of Ref§4,55, single-
neutron hole states. Their corresponding energies (iare
MeV): €;1=0.0, e,' =0.242, ¢ 1=0.332, e;' =1.655,
3/2 11/2 1/2 5/2
and 6;71 =2.434. The sp energies can be obtaifgs] from

H|N1B1J1M>=EﬁJ(N)|N1B1JaM>1 (7) these \7a|ues through

1 N o
+z, E Gy(j1i2isia)Asm(iai2)Asm(isia),
J1i M

2i3lad

where thee's are the sp energies arlfq is the number op-
erator for levelj,

The operator

creates a pair of particles coupled to angular momentunt]
(IM), and the quantitie® ;y(j1j,jsj4) are the matrix ele- "0
ments of the two-body interaction between states which ar
antisymmetrized but not normalized.

The main feature of the CCM is to solve the Sairger
equation for a nucleus witN valence particles

expanding the wave functions in terms of states of tNe ( €= _(ej—l+ A)), 9)

—2)-particle system. Therefore, we write
where

Ao

N,3,J,M)= J  (N)AL(j])IN=2,9,3,M), (8 o
IN,8,3,M) %c,ﬁy( )AL(IN=2,7,3,M), (8 S 23+ DG4I ). 10

i’
where g and y specify the states witN andN— 2 particles, In this way, we obtain for the sp spectrum the valgies

respectively. . _ _ _ -
As already mentioned in the Introduction, this implies Mev): €072 0.0, €ds 0.591, €dyp 2.382, €s1r2 2.141,
and €h,,,~ 2-988.

solving theN-particle problem through a chain calculation
involving only nuclei differing by two in nucleon number. In ~ Clearly, the above choice may not be the best one, as
other words, the solution for thid-particle problem is built ~ significant changes in the nuclear mean field are to be ex-
by starting from an initial value oN, say Ny, and then pected when moving away from closed shells. In this study,
progressively adding pairs of particles up to the desired valuBowever, we did not want to play with adjustable parameters.
of N. Since only zero-coupled operators are included in the
expansion8), the maximum seniority ., in the states with
N particles is that of the core stat¢d—2,y,J,M). It is In Fig. 6 the spectrum of?°Sn established in the present
therefore clear that the initial valud,, at which one starts experiment is compared with the calculated one. In the the-
the chain calculation, determines the seniority truncationpretical spectrum we include all the levels up to 3.0 MeV
namelyv o,=Ng for any value ofN>N,. while in the higher-energy region only states having the
The practical value of this approach lies in the fact that,same angular momenta and parities as those of the observed
within a given seniority truncation, a variety of approxima- ones are reported.
tions can be produced by restricting the number of core As a general remark, let us note that in the energy interval
states in Eq(8). We callkth order theory the approximation 2.7-3.2 MeV the theoretical level density is smaller than the
in which the core states are restricted to the lovkestates. observed onésee Fig. 6. This may be attributed to the lack

B. Comparison between theory and experiment
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calculated energy is considerably high@bout 500 keY
than the experimental one. This is not surprising since con-
figurations outside of our model space are likely to be im-
portant for this state. Besides the four above states, other

~

s
S
E N S A A i A g

347 .37 L4z
3.5 45, 34T .37
3.44 o —————— {(4t,57) N

s ) o eight states are predicted by the theory in the energy range
i EESRUN 2.4-2.7 MeV. For three of them an identification with ob-
L e,y : 28 served levels may be attempted. In particular, thesbate

A
o

2t

)

(- +8%) 69
4+ s

can be associated to theé 3evel at 2.80 MeV, while the &

and 8" states can each be identified with the higher spin
member of theJ”™=2*+6" andJ"=1"+8" unresolved
doublets at 2.69 and 2.84 MeV, respectively. Regarding the
2% member of the first doublet, no correspondence with a
- given calculated level can be safely established, as it appears
P from Fig. 6. As for the T member of the second doublet,

HoI T our first calculated state with this angular momentum and
2o gt parity is predicted at 3.9 MeV. It therefore appears that this
201 state, as well as the two other experimentalstates at 3.10

187 ot and 3.28 MeV, respectively, are beyond the scope of the
present calculation. It is of interest to note that d Blate is
predicted by the theory 50 keV above thé 8ne. This state
15 can be identified with the experimental "1dsomer, de-

13 2 exciting to the 8 state(2.84 MeV) by the 68.7 keVE2
transition[57]. It should also be noted that four states with
= 2 J™=1", 47, and 6 (twice) are predicted at 2.50, 2.56,
2.54, and 2.60 MeV, respectively. However, as already men-
tioned in Sec. 1V, these unnatural parity states are not excited
in a one-step(§,t) reaction.

Expt. Cale. The identification of any of the other experimental levels
above 2.5 MeV with states predicted by the theory may be
misleading. For example, the calculated 8nd 4" states at
3.00 and 3.11 MeV might be identified with the experimental
0" and 4" levels at 2.59 and 2.64 MeV, respectively, with

] ) ] ] ] discrepancies of about 400-500 keV. In this context, it
of configurations withv>4, which are likely to produce a ghoyid be considered that these two states are characterized
downshift of most of the high-lying states. This is indicated by a strong seniority mixing, which is likely to make our

.
Istate, all the states up to about <4 tryncation too restrictive. As mentioned above, this ar-

Cwad
*

2

o
(=]
T
D O 850309 630300
+

JLABL 8E2 2555

2+ X
P (2t +6) B
2.64 R At T

13
4
T+ U1+ 0 ++40 1

0.0 o.00 o+ 0.00. o+

FIG. 6. Comparison of experimental and shell model spectra
See text for comments.

by the fact that, except the

2.7 MeV have dominané=0 or 2 components while above gument may also hold for most of the states in this energy
this energy there is in general a strong seniority mixing.region. It is worth noting, however, that in the theoretical
Thus, rather large discrepancies are to be expected in thf'pectrum we have, for any givel (except the 1 states
higher-energy region.. _ discussed aboyeall the states which appear in the experi-
We now compare in some detail the calculated and eXmental one(this is not quite evident from Fig. 6, where the

perimental spectra. From Fig. 6 we see that the experimentahcyiated states are reported only up 3.5 MeV
low-energy spectrum is well reproduced by the theory. In

fact, up to 2.3 MeV a one-to-one correspondence between
the six lowest calculated and experimental levels can be un-
ambiguously established. As regards the quantitative agree- In a high resolution experiment cross section angular dis-
ment, a rather large discrepan@bout 200 keYoccurs only  tributions have been measured for transitions to 38 levels of
for the two 2" states, the calculated excitation energies ofthe *?°Sn nucleus, up to an excitation energy-ef3.5 MeV
the other four states differing by less than 80 keV from thein the (p,t) reaction induced ort?’Sn at 26 MeV proton
experimental ones. incident energy. The experimental reaction data have been
Four of the next five excited levels in the observed specanalyzed using a double-folding procedure to calculate the
trum, namely, those witd™=2" (twice), 4*, and 7, can  real part of the triton-nucleus potential in the framework of
be identified with calculated states located in the energy inthe model of Koboset al. [41]. The effective nucleon-
terval 2.4-2.7 MeV, the agreement between theory and exaucleon interaction is calculated in a nuclear matter approach
periment being comparable with that obtained for the lowerfrom the Bonn one-boson-exchange potential and is param-
energy region. Our results, therefore, confirm the spin-parityetrized in term of a local density- and energy-dependent two-
assignments made in the present work for the states at 2.4Body interaction. The DWBA calculations have been per-
2.47, and 2.48 MeV, which had not received until now a firmformed in the finite-range approximation, with a cluster form
assignmenf27]. Concerning the 3 state at 2.40 MeV, the factor.

VI. SUMMARY
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Exploiting the remarkable dependence of the transferreénough to reproduce the details of the spectrum. In fact,
angular momentum displayed by the differential angular diswhile collective components may play an important role in
tributions, we have improved the knowledge of tH€Sn  the structure of some states, our seniority truncation is cer-
level scheme. In fact, we have removed the uncertainty inainly too restrictive. We would also like to point out that we
spin-parity assignment for five levels and given an unamhave not tried to optimize the sp energies. In fact, within the
biguous assignment, which is different from that of Ref.framework of the shell model, changes in the sp energies are

[27], to two states. Furthermore, we have assigned spin ang be expected when going several nucleons far from the
parity to two new levels. closed shell.

In connection with the experimental work, we have car-
ried out a theoretical study df°Sn within the framework of
the shell model. We have truncated the model space to states
with v=4 and made use of a two-body effective interaction
derived from the nucleon-nucleon Paris potential. The com- We thank J. Weil for valuable comments. One of us
parison of the calculated spectrum with the experimental onéM.J.) wishes to express his gratitude to the Sektion Physik
lends support to some of the spin-parity assignments given inf the LMU for hospitality and acknowledges the financial
this work. However, above about 2.7 MeV excitation energy,support of the Istituto Nazionale di Fisica Nucleare. This
a one-to-one correspondence between calculated and oWork was supported in part by grants of the Beschleuniger-
served levels could not be established. This is because in thigboratorium, the DFG under Grant No. C4-Gr894/2, and the
energy region our calculations are likely to be not accuratdtalian MURST.

ACKNOWLEDGMENTS

[1] O. Beer, A. El Behay, P. Lopato, Y. Terrien, G. Vallois, and K. P. Lee, J. Phys. @&, 1501(1978.
K. K. Seth, Nucl. PhysA147, 326 (1970; D. A. Allan, B. H. [18] S. Raman, T. A. Walkiewicz, L. G. Multhauf, K. G. Tirsell, G.
Armitage, and B. A. Doran, Nucl. Phys6, 481 (19695. Bonsignori, and K. Allart, Phys. Rev. 87, 1203(1988.
[2] R. K. Jolly, Phys. Rev139 B318(1965. [19] R. J. Pan, D. W. Hatherington, D. B. McConnell, and H. W.
[3] T. Yamagata, S. Kishimoto, K. Yuasada, K. lwamoto, B. Taylor, Can. J. Physt8, 1687(1970).
Saeki, M. Tanaka, T. Fukuda, I. Miura, M. Inoue, and H. [20] M. Campbell, K. W. D. Ledingham, A. D. Baillie, M. L. Fitz-
Ogata, Phys. Rev. €3, 937(1981. patrick, J. Y. Gourlay, and J. G. Lynch, Nucl. Phy49, 349
[4] G. Bruge, J. C. Faivre, H. Faraggi, and A. Bussiere, Nucl. (1975.
Phys.A146, 597(1970. § [21] S. Kikuchi and Y. Sugiyama, Nucl. Phya223, 1 (1974.
(5] V.. Chugv, Yu. A. Glukhov, V. I. Manko, B. G. Novatske. [22] Y. Schleringer, H. Szichman, G. Ben-David, and M. Mass,
A. Oglobin, S. B. Sakuta, and D. N. Stepanov, Phys. 142B, Phys. Rev. (2, 2001 (1970
63 (1972. [23] A. M. Demidov and I. V. Mikhailov, Yad. Fiz55, 865(1992.

[6] A.__\/\{eller, P. Egelhof, R. Caplar, O. Karban, D. kmer, K. H. [24] N. G. Jonsson, A. Backlin, J. Kantele, R. Julin, M. Luontama,
Mobius, Z. Moroz, K. Rusek, E. Steffens, G. Tungate, K. .
and A. Passoja, Nucl. PhyA371, 333(1981).

Blatt, I. Koonig, and D. Fick, Phys. Rev. Lei5, 480(1985. )
[7] L. R. Norris and C. F. Moore, Phys. Rel36, B40 (1964: E. [25] P. H. Stelson, F. K. McGowan, R. L. Robinson, and W. T.

J. Schneid, A. Prakash, and B. L. Cohen, Phys. R86, 1316 Milner, Phys. Rev. @, 2015(1970.

(1967. [26] A. Hashizume, Y. Tendow, and M. Ohshima, Nucl. Data
[8] R. Chapman, M. Hyland, J. L. Durell, J. N. Mo, M. Macphal, Sheets52, 641 (1987.

H. Sharma, and N. H. Merrill, Nucl. Phy#316, 40 (1979. [27] K. Kitao et al,, Prepublication of the adopted level scheme of
[9] R. F. Leonard, Report No. N72-18705, 1972: or NASA TM 1203n. Information extracted from the ENSDF data base revi-

X-68004. sion of 28-Jan-1999, using the NNDC Online Data Service.
[10] Z. Basrak, N. Cindro, and M. Turk, Nucl. Phya299, 381  [28] A. Covello, F. Andreozzi, L. Coraggio, A. Gargano, and A.

(1978. Porrino, inContemporary Nuclear Shell Modelgol. 482 of
[11] D. G. Fleming, M. Blann, H. W. Fulbright, and J. A. Robbins, Lecture Notes in PhysiasSpringer-Verlag, Berlin, 1997

Nucl. Phys.A157, 1 (1970. [29] F. Andreozzi, L. Coraggio, A. Covello, A. Gargano, and A.
[12] J. H. Bjerregaard, O. Hansen, O. Nathan, L. Vistisen, R. Chap-  Porrino (unpublishegl

man, and S. Hinds, Nucl. PhyA110, 1 (1968. [30] R. J. Liotta and C. Pomar, Nucl. Phy&382, 1 (1982, and
[13] E. Gadioli, E. Gadioli Erba, R. Gaggini, P. Guazzoni, P. Mich- references therein.

elato, A. Moroni, and L. Zetta, Z. Phys. 310, 43 (1983. [31] M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, Jt€o
[14] J. Jmecke, F. D. Becchetti, and C. E. Thorn, Nucl. Phys. P. Pires, and R. de Tourreil, Phys. Rev2C 861(1980.

A325, 337(1979. [32] A. Covello, F. Andreozzi, L. Coraggio, A. Gargano, and A.
[15] E. Liukkonen and J. Hattula, Z. Phy241, 150 (1972. Porrino, in New Perspectives in Nuclear Structuf@roceed-
[16] O. Scheidemann and E. Hagebo, J. Inorg. Nucl. Chgsn. ings of the Fifth International Spring Seminar on Nuclear

3055(1973. Physics, Ravello, 1995, edited by A. Covellé/orld Scien-

[17] H. C. Cheung, H. Huang, B. N. Subba Rao, L. Lessard, and J. tific, Singapore, 1996 p. 147.

054603-10



LEVEL STRUCTURE OF*?%Sn: HIGH RESOLUTION.. .. PHYSICAL REVIEW C 60 054603

[33] E. Zanotti, M. Bisenberger, R. Hertenberger, H. Kader, and G[45] H. de Vries, C. W. de Jeger, and C. de Vries, At. Data Nucl.

Graw, Nucl. Instrum. Methods Phys. Res.3A0, 706 (1991). Data Tables36, 495 (1987.

[34] J. R. Comfort, ANL Physics Division, Report No. PHY 19708, [46] G. Bartnitzky, H. Clement, P. Czerski, H. ther, F. Nuoffer,
Argonne. and J. Siegler, Phys. Lett. 886, 7 (1996.

[35] A. H. Wapstra and K. Bos, At. Data Nucl. Data Table 17 [47] E. R. Flynn, D. D. Armstrong, J. G. Beery, and A. G. Blair,
(1977. Phys. Rev182 1113(1969.

[36] G. Cata-Danil, P. Guazzoni, M. Jaskola, L. Zetta, G. Graw, R.[48] M. Walz, computer coderomF, University of Tibingen(un-
Hertenberger, D. Hofer, P. Schiemenz, B. Valnion, E. Zanotti- publishedl.
Mdller, U. Atzrott, F. Hoyler, F. Nuoffer, and G. Staudt, J. [49] M. Walz, R. Neu, G. Staudt, H. Oberhummer, and H. Cech, J.
Phys. G22, 107 (1996. Phys. G14, L91 (1988.

[37] J. Kern, Phys. Lett. BB20, 7 (1994. [50] A. G. Hardacre, J. F. Turner, J. C. Kerri, G. A. Gard, P. E.

[38] V. Yu. Ponomarev, M. Pignanelli, N. Blasi, A. Bontempi, J. A. Cavanagh, and C. F. Coleman, Nucl. Ph4&73, 346 (1971).

Bordewijk, R. De Leo, G. Graw, M. N. Harakeh, D. Hofer, M. [51] A. Backlin, N. G. Jonsson, R. Julin, J. Kantele, M. Luontama,
A. Hofstee, S. Micheletti, R. Perrino, and S. Y. van der Werf, A. Passoja, and T. Poikolainen, Nucl. Phy851, 490(1981).

Nucl. Phys.A601, 1 (1996. [52] F. Andreozzi, A. Covello, A. Gargano, and A. PorrinoAro-
[39] P. D. Kunz, computer codewuck 5, University of Colorado ceedings of the International Symposium on Nuclear Shell
(unpublished Models Philadelphia, 1984, edited by M. Vallieres and B. H.
[40] R. L. Varner, W. J. Thompson, T. L. McAbee, E. L. Ludwig, Wildenthal (World Scientific, Singapore, 1985p. 610.
and T. B. Clegg, Phys. Re@01, 57 (1991). [53] F. Andreozzi, L. Coraggio, A. Covello, A. Gargano, T. T. S.
[41] A. M. Kobos, B. A. Brown, R. Lindsay, and G. R. Satchler, Kuo, Z. B. Li, and A. Porrino, Phys. Rev. &4, 1636(1996.
Nucl. Phys.A425, 205(1984). [54] B. Fogelberg and J. Blomqvist, Phys. Let87B, 20 (1984.
[42] D. P. Sanderson, J. A. Carr, and K. W. Kemper, Phys. Rev. ¢55] B. Fogelberg and J. Blomqvist, Nucl. Phys129, 205(1984).
32, 1169(1985. [56] R. D. Lawson,Theory of Nuclear Shell ModelClarendon
[43] J. Cook, Nucl. PhysA473, 458(1987. Press, Oxford, 1980 Chap. 3.

[44] M. Jaskola, P. Guazzoni, L. Zetta, J. N. Gu, A. Vitturi, G. [57] S. Lunardi, P. J. Daly, F. Soramel, C. Signorini, B. Fornal, G.
Graw, R. Hertenberger, B. Valnion, F. Nuoffer, and G. Staudt, Fortuna, A. M. Stefanini, R. Broda, W. Meczynski, and J.
Acta Phys. Pol. B9, 385(1998. Blomqvist, Z. Phys. A328 487 (1987).

054603-11



