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Level structure of 120Sn: High resolution „p,t… reaction and shell model description

P. Guazzoni,1 M. Jaskola,1,* L. Zetta,1 A. Covello,2 A. Gargano,2 Y. Eisermann,3 G. Graw,3 R. Hertenberger,3 A. Metz,3

F. Nuoffer,4 and G. Staudt4

1Dipartimento di Fisica dell’Universita` and Istituto Nazionale di Fisica Nucleare, via Celoria 16, I-20133 Milano, Italy
2Dipartimento di Scienze Fisiche, Universita` di Napoli Federico II, and Istituto Nazionale di Fisica Nucleare,

Complesso Universitario di Monte S. Angelo, Via Cintia-I-80126 Napoli, Italy
3Sektion Physik der Universita¨t München, D-85748 Garching, Germany
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The (p,t) reaction on122Sn 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 levels of120Sn 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 of120Sn 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 work.@S0556-2813~99!03210-0#

PACS number~s!: 25.40.Hs, 21.10.Hw, 21.60.Cs, 27.60.1j
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I. INTRODUCTION

The Sn isotopes have long been the subject of much
perimental and theoretical work aimed at understanding t
shell-model structure.

From the experimental point of view the level structure
the stable Sn isotopes, and in particular that of120Sn which is
the subject of the present work, has been extensively stu
by different kinds of nuclear reactions, especially those
duced by light projectiles. In particular, the level scheme
120Sn has been investigated by means of inelastic scatte
of protons@1#, deuterons@2#, 3He anda @3,4#, lithium ions
@5,6#, and by using the following one-, two-, and mult
nucleon transfer reactions119Sn(d,p) @7#, 119Sn(t,d) @8#,
121Sb(d, 3He) @9#, 121Sb(t,a) @10#, 122Sn(p,t) @11#,
118Sn(t,p) @12#, 123Sb(p,a) @13#, and 124Te(d, 6Li) @14#.
More information has been obtained by the study of the
cay of 120In @15–18# and 120Sb @15,19,20#, as well as by
g-ray spectroscopy using the reactions (n,g), (n,n8g),
(g,g8), (p,p8g) @21–24# and Coulomb excitation@24,25#.
The results obtained in these works are summarized in R
@26,27#.

The (p,t) reaction on122Sn was first measured by Flem
ing et al. @11# at an incident energy of 20 MeV, with a
energy resolution of 25 keV. However, in this experime
which involved several even Sn isotopes, only the most
tense transitions were measured. As a consequence,
eleven states in the residual nucleus were identified up to
excitation energy of;3 MeV.

On these grounds, it seemed to us interesting to perfor
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new study of the122Sn(p,t)120Sn reaction. This was done i
a high resolution experiment at 26 MeV incident energ
Accurate measurements of the differential cross sections
lowed also to identify spin and parity of very weakly pop
lated states in120Sn, with a lower limit for the integrated
cross section of only a fewmb. In all, we observed 38 state
up to an excitation energy of;3.5 MeV.

Along with our experimental work, we have also pe
formed a shell-model study of120Sn, in which we assume
that 100Sn is a closed core and let the valence neutrons
cupy the five single-particle~sp! orbits 0g7/2, 1d5/2, 1d3/2,
2s1/2, and 0h11/2. Within this model space, however, th
size of the energy matrices to be set up and diagonalize
very large. To circumvent this difficulty one has to resort
some truncation method. In single-closed-shell nuclei, s
as the Sn isotopes, the seniority scheme provides a m
appropriate tool to reduce the numerical work required b
complete-basis diagonalization. In our study of120Sn we
have made use of a non-conventional approach to sh
model problems within the seniority scheme, which is bas
on a chain calculation across nuclei differing by two
nucleon number. A brief description of this approach, wh
we call chain-calculation method~CCM!, is given in Sec.
V A while a detailed account and some applications can
found in Refs.@28,29#. The main feature of this method i
that, at each step of the chain calculation, we make use
correlated basis. As we shall see in Sec. V A, this has
advantage to make it possible to further reduce senior
truncated shell-model spaces without significant loss in
accuracy of the results. The use of correlated basis is a
ture common to other approaches, among which we m
mention here the multistep shell-model method@30#.

In the present calculation we have included states w
seniority up to 4. As regards the two-body interaction b
r-
©1999 The American Physical Society03-1
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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 posit
ground states of the different Sn isotopes are identified on the basis ofQ-value differences@35#.
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tween the valence neutrons, we have employed a real
effective interaction derived from the Paris free nucleo
nucleon potential@31# which has already produced quite sa
isfactory results for the heavier Sn isotopes@28,32#.

The paper is organized as follows. In Sec. II the expe
mental apparatus is described. Section III compares the
perimental results and DWBA calculations, using doub
folded potentials for the triton exit channel. In Sec. IV t
spin and parity attributions are discussed while Sec. V c
tains an outline of our shell-model calculations and the co
parison between the experimental and calculated spect
Section VI presents a summary of our conclusions.

II. EXPERIMENTAL PROCEDURE

In the present investigation the122Sn(p,t)120Sn experi-
ment has been carried out using the 26 MeV proton be
from the Garching HVEC MP Tandem. The 1.8 m long foc
plane detector for light ions@33# performed the particle iden
tification of the ejectiles in the Q3D magnetic spectrogra
with an energy resolution of about 8 keV, essentially due
the target thickness. The Sn isotopic enriched tar
(124Sn 0.55%,122Sn 96.00%,120Sn 2.20%,119Sn 0.30%,
118Sn 0.61%,117Sn 0.12%,116Sn 0.22%) had a thicknes
of 134mg/cm2 on a carbon backing of 19mg/cm2.

The cross section angular distributions were measu
from 5° to 75° in steps of 5° and from 15° to 25° in steps
2.5° in two different magnetic field settings in order to rea
an excitation energy of the residual nucleus of;3500 keV.
The setting of spectrograph entrance slits provided fou
55° a solid angle of 2.98 msr and foru>10° a solid angle
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of 11.04 msr. The beam current intensity was between
and 600 nA.

Absolute cross sections were calculated taking into
count effective target thickness, solid angle and collec
charge, and are estimated with a systematic uncertaint
615%. Areas and centroids of the triton peaks were de
mined by means of the computer codeAUTOFIT @34#, using
as reference the shape of the triton peak at 2161 keV.

The high resolving power of the magnetic spectrogra
the reduced background and the energy resolution of
spectra allowed us to resolve and analyze a large numbe
levels, the weakest of them having cross sections as low
1mb/sr at the maximum in the angular distributions. For t
energy calibration of the spectra a polynomial of rank fo
was used and the parameters of the polynomial were fixed
the energy range from 0 up to 3500 keV, imposing the
production of the following energies reported on the Kit
et al. prepublication of the adopted level scheme of120Sn
@27#: 1875.107, 2194.292, 2284.26, 2355.382, 2400.
2420.90, 2465.633, 2587.39, 3057.943, 3179.08, 3386
and 3471.54 keV. Our quoted energies are estimated to h
an uncertainty of63 keV.

In Fig. 1 the triton spectrum at 10° is shown and t
excitation energies of the most prominent peaks are in
cated. The position of the ground states for the different
isotopes are identified on the basis ofQ-value differences
@35# and the correctness of the attributions was also veri
reconstructing the cross sections angular distribution for e
of the isotopes@36#. The ground state of122Sn is outside the
range covered by measured magnetic settings. Owing to
chemical purity of the target and the isotopic enrichme
3-2
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LEVEL STRUCTURE OF120Sn: HIGH RESOLUTION . . . PHYSICAL REVIEW C 60 054603
only the most intense transitions of each contaminant m
give an observable yield.

We have studied 38 (p,t) transitions to the final states o
120Sn. Several states not reported on the adopted l
scheme@27# have been identified and their spin and par
have been assigned by the DWBA analysis reported in
next section.

The excitation energies of the120Sn measured in the
present experiment with the attributed spin and parity val
are given in Table I, together with the energies, spins,
parities of the120Sn levels adopted so far@27# and with those
observed in the previous (p,t) study of Ref.@11#. This table
is relevant to the problem of how complete is the spec
scopic information provided by different reactions@37#. Fol-
lowing the arguments of Ponomarevet al. @38# in their study
on even Nd isotopes, also in the present case, in spite o
(p,t) claimed selectivity, it is possible to study states
120Sn that are hardly identified in other less selective re
tions. In fact, at an excitation energy below 3.5 MeV t
number of120Sn states we have identified and for which t
spin and parity values have been unambiguously assigne
the present (p,t) experiment is 29, in comparison with 1
from (p,p8) reaction and 20 from (n,n8g) reaction, as re-
ported in Ref.@27#. It is also to be noted that of the 3
studied levels, 7 are seen for the first time.

III. DWBA CALCULATIONS

A DWBA analysis of the experimental reaction data h
been carried out in the cluster pick-up model. The calcu
tions have been done in finite range approximation, using
computer codeDWUCK5 @39#.

In this analysis, both the light-particle form factor~LPFF!
and the heavy-particle form factor~HPFF! were calculated
using a Woods-Saxon potential. The number of nodes in
radial bound-state wave function is given by the conser
tion rule for harmonic oscillator quanta

Q52N1L5(
i 51

2

~2ni1 l i !, ~1!

whereni and l i are the quantum numbers of the individu
nucleons, which form the di-neutron cluster. The two tra
ferred neutrons are supposed to be in a relativel 50 state
with total spinS50.

As optical potential in the proton channel, a Wood
Saxon potential has been used with parameters deduce
Varner et al. @40# in the framework of a global analysis o
elastic proton and neutron scattering data. In order to ca
late the real part of the triton-nucleus potential, a doub
folding procedure has been applied following the model
Koboset al. @41#. Up to now, microscopic potentials for tri
ton elastic scattering had been used by Sandersonet al. @42#
and Cook@43#. The DWBA analysis of the (p,t) reaction
90Zr(p,t)88Zr was also performed using a double-fold
triton-nucleus potential@44#.

The double-folded potential is described by
05460
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UF~rW !5E d3rW1E d3rW2rT~rW1!r t~rW2!v~sW,E,r!, ~2!

with sW5rW1rW12rW2 and rW the separation of the centers o
mass between target nucleus and triton.rT(rW1) and r t(rW2)
are the respective nucleon densities resulting from elec
scattering experiments@45# and unfolded from the finite-
charge distribution of the proton.

For v(E,r,sW) an effective nucleon-nucleus interactio
~TUE3Y! has been chosen which is derived from t
G-matrix calculated in a nuclear matter approach using
Bonn one-boson-exchange potential @46#. The
NN-interaction is parametrized in terms of a local densi
and energy-dependent two-body interaction. This means
at variance with the usual approach, we do not factorize
interaction v(sW,E,r) in a distance- and a energy-densit
dependent part, the latter being adjusted phenomenol
cally.

Using this folded potential, the optical triton-nucleus p
tential is given by

Uopt5lUF~r !1 iW~r !1Vls~r ! lW•sW1VCoul~r !, ~3!

wherel is an overall normalization factor for the real part
the potential,W(r ) is given by a Woods-Saxon, andVls by a
Thomas form factor. The Coulomb potentialVCoul(r ) is as-
sumed to be due to a uniform charge distribution of rad
RCoul51.25A1/3 fm. Using this potential we have performe
optical model calculations in order to describe the differe
tial cross sections for elastic scattering of tritons on five
isotopes atEt520 MeV @47#. A good agreement is found
between the experimental and calculated curves. The po
tial parameters which have been extracted from the calc
tions for the five tin isotopes are very similar to each oth
As a result we get a normalization factorl'1.05 and vol-
ume integrals for the real and imaginary partI R
'385 MeV fm3 and I I'80 MeV fm3, respectively. The
depth of the spin-orbit potential is aboutVls'5 MeV.

In a first step of the DWBA analysis the ground-sta
transition of the (p,t) reaction was fitted with the program
TROMF @48#, which allows a simultaneous fit to both the r
action data and the elastic scattering data in the entrance
exit channel@49#. As starting values for this fit we used th
triton potential extracted in the optical model analysis me
tioned above and the proton potentials given by Varneret al.
@40#. In Fig. 2 experimental data for proton elastic scatter
on 122Sn atEp530.4 MeV @50#, triton elastic scattering on
120Sn at Et520 MeV @47# and our (p,t) data for the g.s.
transition are compared with the corresponding calcula
results. Both the optical potential and form-factor paramet
found in this simultaneous fit are given in Table II. Th
resulting values of the volume integrals of the real a
imaginary part for protons and tritons, areI R
5416 MeV fm3, I I5106 MeV fm3 and I R5401 MeV fm3,
I I576 MeV fm3, respectively.

The optical potential parameters differ only slightly fro
the starting values of the fit procedure. As can be seen in
2, a good agreement is found between the experimental
calculated results. In order to get this agreement in the c
3-3
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TABLE I. In columns 1 and 2 are listed the adopted energies, spins, and parities@27# of the 120Sn levels;
in columns 3 and 4 the energies and the transferred angular momentumL reported by Fleminget al. @11# in
the previous (p,t) measurement; in columns 5 and 6 the energies, spins, and parities observed in the
work; in columns 7 and 8 the relative spectroscopic factorsSr and the integrated cross sections from 5°
75°. Our quoted energies are estimated to have an uncertainty of63 keV. Absolute cross sections ar
estimated with a systematic uncertainty of615%.

120Sn level scheme
Adopted@27# (p,t) @11# Present work

Eexc keV Jp Eexc keV L Eexc keV Jp Sr s int ~mb!

0.0 01 0 0 0 01 1 2505.28
1171.265 21 1175 2 1171 21 0.60 727.72
1875.107 01 1880 0 1874 01 0.025 34.97
1930
2097.201 21 2099 21 0.002 3.02
2159.930 01 2161 01 0.013 48.57
2170.3 ~1!

2194.292 41 2190 4 2195 41 0.032 67.78
2230
2252
2284.26 52 2282 52 0.45 292.93
2290 01,11 2300 5
2317 01,11

2355.382 21 2356 21 0.034 118.62
2360 32 2365 2
2400.29 32 2400 32 0.20 361.06
2420.90 2(1) 2420 3 2421 21 0.060 195.09
2440 32 2440
2465.633 (41) 2465 41 0.082 170.75
2481.61 (7)2 2480 72 0.59 114.57
2547 (52)
2587.39 (01) 2587 01 0.025 87.18
2595
2630 01,11 2620 0
2643.350 41 2643 41 0.008 18.46
2685.15 (6)1

2687 (81)
2691 (21161) 36.81

2695.93 42

2728.11 21 2728 21 0.026 35.16
2749.70 (6)2 2751 41 0.002 4.92
2800.04 52 2801 52 0.048 15.08
2802 (72,81)
2835.39 11

2836.51 (81)
2840 (12181) 31.91

2844 11,21,31

2844.33 (6)2

2857.61 (01)
2902.21 (101)
2930.53 21 2931 (21,32) 0.019–0.044 30.51
2975.68 42 2976 (41,52) 0.003–0.012 3.73
2990

3009 21 0.0005 1.23
3034.78
3057.943 41 3050 3059 41 0.17 170.22
054603-4
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TABLE I. ~Continued!.

120Sn level scheme
Adopted@27# (p,t) @11# Present work

Eexc keV Jp Eexc keV L Eexc keV Jp Sr s int ~mb!

3069.74 3,4,5
3077.38 3(1)

3100 (12) 0.007 5.94
3120
3157.97 21 3159 21 0.012 19.05
3179.08 41 3170 3179 41 0.31 312.86
3208.54 11,21,31 3208 01 0.008 15.67
3231.95 1,2,3
3237.32

3252 52 0.023 7.28
3262.88
3279.29

3280 (12) 0.016 14.60
3284.62 1,2
3330

3341 (32141) 12.46
3349.92 (4)1

3386.32 1,2 3388 (21,32) 0.0078–0.0079 11.12
3438.25 ~4! 3442 (41,52) 0.007–0.020 15.05
3446.47 (72,82)

3455 (32172) 31.57
3471.54 (32) 3470 32 0.027 18.95
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of the (p,t) reaction, the calculated differential cross se
tions have to be multiplied by an overall normalization fac
N51.52.

Using the potential and form factor parameters deduce
this simultaneous fit, we have subsequently calculated
cross sections for all (p,t) transitions to the excited state
The experimental data and the results of the calculations
compared in Figs. 3–5. The relative spectroscopic fact
obtained by fitting the calculated cross sections to the exp
mental data and normalized to the g.s. transition, are liste
the last but one column of Table I.

Generally a good agreement is found between the exp
mental and calculated results. In particular, the positions
the first maximum in the angular distributions, which a
correlated with the transferred angular momentumL, are
well described by the DWBA calculations. ForL50 transi-
tions the first maximum is observed in the forward directio
Strong oscillating angular distributions result from t
DWBA calculations. Experimentally this behavior is o
served only for the g.s. transition. The angular distribution
transitions to excited 01 states are more or less smeared o
but the strong increase of the cross section towards forw
angles remains as a criterion for aL50 transfer. This effect
of smearing-out is well known and can be traced to coll
tive properties of excited 01 states in even Sn nuclei@24,51#.

IV. SPIN AND PARITY ATTRIBUTIONS

In the present experiment most transitions exhibit angu
distributions whose shapes strongly depend onL-transfer
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values, as mentioned above. Since only natural-parity st
are allowed in the one-step (p,t) reaction process, each fina
level excited by the pick-up of a neutron pair from the eve
even target122Sn (Jp501) will be populated with a unique
L transfer, thus leading to an unambiguous assignmen
spin and parity to the final states. As previously done
choosing the reference lines used for the energy calibrat
also in the discussion of spin and parity attributions we w
refer to the Kitaoet al. prepublication of the adopted leve
scheme of120Sn @27#.

For the excited levels up to 2400 keV in120Sn, our spin
and parity assignments, deduced from the comparison of
measured angular distribution and the theoretical predictio
agree with the values reported in the adopted level sch
@27#. A large body of data supports the spin and parity
signments to the g.s. and the first excited states in this en
region. For the levels at 2421 keV (Jp521),
2465 keV (Jp541), 2480 keV (Jp572), 2587 keV (Jp

501), 2643 keV (Jp541), 2728 keV (Jp521),
2801 keV (Jp552), 3059 keV (Jp541), 3159 keV (Jp

521), 3179 keV (Jp541), and 3470 keV (Jp532), we
confirm the adopted assignments@27#, while we remove the
uncertainties when a tentative assignment is made. The
posed assignments for all the other levels observed in
study are discussed.

2691 keV level.In the adopted level scheme@27# there are
two close lying levels, the first at 2687 keV with tentativ
(81) assignment derived from a (p,p8) study @1#, and the
second at 2695.93 keV with 42 assignment from a (n,n8g)
3-5
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study @23#. Furthermore, a level at 2685.20 keV is report
on the basis of a (n,n8g) study@23# with a (6)1 assignment.
We obtain a good reproduction of the angular distribution
considering an unresolved doublet withJp521 ~10%! and
Jp561 ~90%!.

2751 keV level.In Ref. @27# a level at 2749.70 keV is
given on the basis of a (n,n8g) study @23# with a (6)2

assignment. In our measurement the level at 2751 keV

FIG. 2. The experimental data for proton elastic scattering
122Sn @50#, for triton elastic scattering on120Sn @47#, and the experi-
mental (p,t) data for the120Sn g.s. transition are compared with th
calculations.
05460
y

is

quite weakly populated and the angular distribution is rep
duced by aL54 transfer. The present attribution isJp541.

2840 keV level.In the adopted level scheme@27# there are
two close lying levels observed in a (n,n8g) study@23#, the
first at E52835.39 keV with a spin and parity 11, and the
second at 2836.51 keV with a tentative spin and parity (81).
Furthermore a level at 2844 keV is reported with a tentat
spin and parity assignment 11,21,31 deduced from a
119Sn(d,p) reaction study@7#. In our measurement this grou
of levels is weakly populated and the angular distribution
quite well reproduced by considering an unresolved dou
with Jp512 ~3%! andJp581 ~97%!.

2931 keV level.In the adopted level scheme@27# a level is
reported atE52930.53 keV obtained from (d,p) @7#, (p,p8)
@1# and (n,n8g) @23# studies withJp521. In our (p,t) mea-

n

FIG. 3. Angular distributions for the transitions to the120Sn
levels whose excitation energy, spin, and parity are indicated.
dots represent the experimental data, the solid lines the theore
estimates obtained with the double-folded triton potential. The
ergies attributed to the observed levels are those given in
present work.
rmal-
ouble-

.26
5

TABLE II. The Woods-Saxon optical model parameters for the incident proton, the value of the no
ization factorl, the parameters of the imaginary Woods-Saxon triton-nucleus potential used with the d
folded real potential, and the geometrical parameters of the form factors.

Optical model parameter
Vr

~MeV!
r r

~fm!
ar

~fm! l
Wv

~MeV!
r v

~fm!
av

~fm!
Wd

~MeV!
r d

~fm!
ad

~fm!
Vls

~MeV!
r ls

~fm!
als

~fm!
r c

~fm!

p 50.2 1.21 0.69 1.9 1.25 0.69 8.0 1.21 0.69 5.9 1.10 0.63 1
t 1.10 14.3 1.50 0.83 4.7 1.42 0.39 1.2
HPFF ~WS! 1.28 0.58
LPFF ~WS! 1.30 0.50
3-6
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LEVEL STRUCTURE OF120Sn: HIGH RESOLUTION . . . PHYSICAL REVIEW C 60 054603
surement the level at 2931 keV is quite populated and
angular distribution can be reproduced by bothL52 andL
53. The present tentative assignment isJp5(21,32).

2976 keV level.In the adopted level scheme@27# a level is
reported atE52975.68 keV obtained from a (p,p8) @1# and
(n,n8g) studies@23# with spin and parity 42. In our (p,t)
measurement the level at 2976 keV is populated q
weakly and the angular distribution is reasonably reprodu
by L55 or also byL54. The present tentative assignment
Jp5(41,52)

3009 keV level.At this energy no level is given in the
adopted level scheme@27#. In our case this level is populate

FIG. 4. Same as Fig. 3.

FIG. 5. Same as Fig. 3.
05460
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very weakly. We reproduce fairly well the measured angu
distribution with anL52 transfer. The present assignment
Jp521.

3100 keV level.At this energy no level is given in the
adopted level scheme@27#. A state at 3090620 keV is re-
ported by Leonard@9# from unpublished results of a
121Sb(d, 3He) study. In that study anL51 transfer is as-
sumed. In our measurement this level is reasonably po
lated and the angular distribution is compatible with a ten
tive attribution ofJp5(12).

3208 keV level.In Ref. @27# a level is given with an en-
ergy 3208.54 keV with a spin and parity assignment of 11,
21, and 31 resulting from an L52 transfer in a
119Sn(d,p)120Sn reaction study@7#. From the120Sn(n,n8g)
reaction@23# a level is reported at this energy with tentativ
spin and parity attribution of (01). In our case the 3208 keV
level is quite strongly populated and the angular distribut
is reasonably well reproduced by aL50 transfer. The
present assignment isJp501.

3252 keV level.At this energy no level is given in the
adopted level scheme@27#. This level is weakly populated in
our experiment. The measured angular distribution is con
tent with an attribution of 52.

3280 keV level.In Ref. @27# a level is given at an energ
of 3279.29 keV derived from a (n,n8g) @23# study. In Ref.
@23# the spin attribution is 1. In our experiment we find
weakly populated level. We reproduce the angular distri
tion by assuming anL51 transfer. The present tentative a
signment isJp5(12).

3341 keV level.In Ref. @27# two levels are reported, on
with E53330610 keV derived from a (p,p8) study @1#
without spin and parity attribution and another one
3349.92 keV which was observed in a120In b decay@17,18#,
and in the (n,n8g) reaction@23# with (4)1 spin and parity
attribution. In our study this level is strongly populated. W
reproduce the angular distribution quite well by consider
an unresolved doublet withJp532 ~40%! and Jp541

~60%!.
3388 keV level.In the adopted level scheme@27# a level is

denoted with an energy of 3386.32 keV on the basis of
(p,p8) @1#, (d,p) @7#, and (n,n8g) @23# studies with 1, 2
spin attribution. In our measurement this level is qu
strongly populated. The angular distribution is well repr
duced by bothL52 andL53 transfer. The present tentativ
assignment isJp5(21,32).

3442 keV level.In the adopted level scheme@27# a level is
given at 3438.25 keV identified in120In b decay ~46.2 s!
studies@17,18# and in (n,n8g) reaction@23# with a ~4! spin
attribution. In our case the level is strongly populated. T
angular shape is reproduced by bothL55 andL54 transfer.
The present tentative assignment isJp5(41,52).

3455 keV level.In Ref. @27# a level is reported atE
53446.47 keV from120In b-decay studies~47.3 s! @17,18#
with attributed spin and parity (72,82). We observe a
strongly populated level and reproduce quite well the diff
ential cross section by considering an unresolved dou
with Jp532 ~10%! andJp572 ~90%!.
3-7
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V. SHELL-MODEL CALCULATIONS AND COMPARISON
WITH EXPERIMENT

A. Outline of the CCM and calculations

The general shell-model Hamiltonian for a system
identical particles is written as

H5(
j

e j N̂ j

1
1

4 (
j 1 j 2 j 3 j 4JM

GJ~ j 1 j 2 j 3 j 4!AJM
† ~ j 1 j 2!AJM~ j 3 j 4!,

~4!

where thee’s are the sp energies andN̂j is the number op-
erator for levelj ,

N̂j5(
m

ajm
† ajm . ~5!

The operator

AJM
† ~ j 1 j 2!5 (

m1m2

^ j 1m1 j 2m2uJM&aj 1m1

† aj 2m2

† ~6!

creates a pair of particles coupled to angular momen
(JM), and the quantitiesGJM( j 1 j 2 j 3 j 4) are the matrix ele-
ments of the two-body interaction between states which
antisymmetrized but not normalized.

The main feature of the CCM is to solve the Schro¨dinger
equation for a nucleus withN valence particles

HuN,b,J,M &5EbJ~N!uN,b,J,M &, ~7!

expanding the wave functions in terms of states of theN
22)-particle system. Therefore, we write

uN,b,J,M &5(
j g

cj bg
J ~N!A00

† ~ j j !uN22,g,J,M &, ~8!

whereb andg specify the states withN andN22 particles,
respectively.

As already mentioned in the Introduction, this impli
solving theN-particle problem through a chain calculatio
involving only nuclei differing by two in nucleon number. I
other words, the solution for theN-particle problem is built
by starting from an initial value ofN, say N0 , and then
progressively adding pairs of particles up to the desired va
of N. Since only zero-coupled operators are included in
expansion~8!, the maximum seniorityvmax in the states with
N particles is that of the core statesuN22,g,J,M &. It is
therefore clear that the initial valueN0 , at which one starts
the chain calculation, determines the seniority truncati
namelyvmax5N0 for any value ofN.N0 .

The practical value of this approach lies in the fact th
within a given seniority truncation, a variety of approxim
tions can be produced by restricting the number of c
states in Eq.~8!. We callkth order theory the approximatio
in which the core states are restricted to the lowestk states.
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This allows for the reduction of the amount of numeric
work required by a standard seniority-truncated shell-mo
calculation.

Our calculations for120Sn have been carried out withi
the framework of the CCM including states with seniorityv
up to 4. We have verified that the use of a 50th-order cal
lation suffices to produce practically exact results for at le
the ten lowest states for each value of the angular mom
tum. In this way, the size of the matrices to be diagonaliz
is largely reduced. As an example, within the chosen mo
space the total number of basis states withJp541 is 5409
while our energy matrix is of order 250.

We may mention that inherent in our formalis
is the use of the overcomplete set of basis vect
A00

† ( j j )uN22,g,J,M &. An account of our procedure for re
moving the redundant states may be found in Refs.@29# and
@52#.

As residual interaction between the valence neutrons
side doubly magic100Sn, we have used a two-particle effe
tive interaction derived from the Paris nucleon-nucleon p
tential. A description of how this derivation is carried out
given in Ref. @53#, where a list of relevant references ca
also be found. Here, we only emphasize that no adjusta
parameter appears in the calculation of our two-body ma
elements.

As regards the sp energies, we have derived them dire
from the experimental spectrum of131Sn. The five levels
observed in this nucleus below 2.5 MeV excitation ener
are, according to the conclusions of Refs.@54,55#, single-
neutron hole states. Their corresponding energies are~in
MeV!: ed3/2

21 50.0, eh11/2

21 50.242, es1/2

2150.332, ed5/2

21 51.655,

andeg7/2

21 52.434. The sp energies can be obtained@56# from

these values through

e j52~e j
211D j !, ~9!

where

D j5
1

2 j 11 (
j 8J

~2J11!GJ~ j j 8 j j 8!. ~10!

In this way, we obtain for the sp spectrum the values~in
MeV!: eg7/2

50.0, ed5/2
50.591, ed3/2

52.382, es1/2
52.141,

andeh11/2
52.988.

Clearly, the above choice may not be the best one,
significant changes in the nuclear mean field are to be
pected when moving away from closed shells. In this stu
however, we did not want to play with adjustable paramete

B. Comparison between theory and experiment

In Fig. 6 the spectrum of120Sn established in the prese
experiment is compared with the calculated one. In the t
oretical spectrum we include all the levels up to 3.0 Me
while in the higher-energy region only states having t
same angular momenta and parities as those of the obse
ones are reported.

As a general remark, let us note that in the energy inter
2.7–3.2 MeV the theoretical level density is smaller than
observed one~see Fig. 6!. This may be attributed to the lac
3-8
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of configurations withv.4, which are likely to produce a
downshift of most of the high-lying states. This is indicat
by the fact that, except the 11 state, all the states up to abo
2.7 MeV have dominantv50 or 2 components while abov
this energy there is in general a strong seniority mixin
Thus, rather large discrepancies are to be expected in
higher-energy region.

We now compare in some detail the calculated and
perimental spectra. From Fig. 6 we see that the experime
low-energy spectrum is well reproduced by the theory.
fact, up to 2.3 MeV a one-to-one correspondence betw
the six lowest calculated and experimental levels can be
ambiguously established. As regards the quantitative ag
ment, a rather large discrepancy~about 200 keV! occurs only
for the two 21 states, the calculated excitation energies
the other four states differing by less than 80 keV from
experimental ones.

Four of the next five excited levels in the observed sp
trum, namely, those withJp521 ~twice!, 41, and 72, can
be identified with calculated states located in the energy
terval 2.4–2.7 MeV, the agreement between theory and
periment being comparable with that obtained for the low
energy region. Our results, therefore, confirm the spin-pa
assignments made in the present work for the states at 2
2.47, and 2.48 MeV, which had not received until now a fi
assignment@27#. Concerning the 31

2 state at 2.40 MeV, the

FIG. 6. Comparison of experimental and shell model spec
See text for comments.
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calculated energy is considerably higher~about 500 keV!
than the experimental one. This is not surprising since c
figurations outside of our model space are likely to be i
portant for this state. Besides the four above states, o
eight states are predicted by the theory in the energy ra
2.4–2.7 MeV. For three of them an identification with o
served levels may be attempted. In particular, the 52 state
can be associated to the 52 level at 2.80 MeV, while the 61

and 81 states can each be identified with the higher s
member of theJp521161 and Jp512181 unresolved
doublets at 2.69 and 2.84 MeV, respectively. Regarding
21 member of the first doublet, no correspondence with
given calculated level can be safely established, as it app
from Fig. 6. As for the 12 member of the second double
our first calculated state with this angular momentum a
parity is predicted at 3.9 MeV. It therefore appears that t
state, as well as the two other experimental 12 states at 3.10
and 3.28 MeV, respectively, are beyond the scope of
present calculation. It is of interest to note that a 101 state is
predicted by the theory 50 keV above the 81 one. This state
can be identified with the experimental 101 isomer, de-
exciting to the 81 state ~2.84 MeV! by the 68.7 keVE2
transition@57#. It should also be noted that four states wi
Jp511, 42, and 62 ~twice! are predicted at 2.50, 2.56
2.54, and 2.60 MeV, respectively. However, as already m
tioned in Sec. IV, these unnatural parity states are not exc
in a one-step (p,t) reaction.

The identification of any of the other experimental leve
above 2.5 MeV with states predicted by the theory may
misleading. For example, the calculated 01 and 41 states at
3.00 and 3.11 MeV might be identified with the experimen
01 and 41 levels at 2.59 and 2.64 MeV, respectively, wi
discrepancies of about 400–500 keV. In this context,
should be considered that these two states are characte
by a strong seniority mixing, which is likely to make ourv
<4 truncation too restrictive. As mentioned above, this
gument may also hold for most of the states in this ene
region. It is worth noting, however, that in the theoretic
spectrum we have, for any givenJp ~except the 12 states
discussed above!, all the states which appear in the expe
mental one~this is not quite evident from Fig. 6, where th
calculated states are reported only up 3.5 MeV!.

VI. SUMMARY

In a high resolution experiment cross section angular d
tributions have been measured for transitions to 38 level
the 120Sn nucleus, up to an excitation energy of; 3.5 MeV
in the (p,t) reaction induced on122Sn at 26 MeV proton
incident energy. The experimental reaction data have b
analyzed using a double-folding procedure to calculate
real part of the triton-nucleus potential in the framework
the model of Koboset al. @41#. The effective nucleon-
nucleon interaction is calculated in a nuclear matter appro
from the Bonn one-boson-exchange potential and is par
etrized in term of a local density- and energy-dependent t
body interaction. The DWBA calculations have been p
formed in the finite-range approximation, with a cluster for
factor.

.

3-9
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Exploiting the remarkable dependence of the transfer
angular momentum displayed by the differential angular d
tributions, we have improved the knowledge of the120Sn
level scheme. In fact, we have removed the uncertainty
spin-parity assignment for five levels and given an una
biguous assignment, which is different from that of R
@27#, to two states. Furthermore, we have assigned spin
parity to two new levels.

In connection with the experimental work, we have c
ried out a theoretical study of120Sn within the framework of
the shell model. We have truncated the model space to s
with v<4 and made use of a two-body effective interacti
derived from the nucleon-nucleon Paris potential. The co
parison of the calculated spectrum with the experimental
lends support to some of the spin-parity assignments give
this work. However, above about 2.7 MeV excitation ener
a one-to-one correspondence between calculated and
served levels could not be established. This is because in
energy region our calculations are likely to be not accur
d

B.
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enough to reproduce the details of the spectrum. In f
while collective components may play an important role
the structure of some states, our seniority truncation is c
tainly too restrictive. We would also like to point out that w
have not tried to optimize the sp energies. In fact, within
framework of the shell model, changes in the sp energies
to be expected when going several nucleons far from
closed shell.
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