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Cross-section angular distributions of 38 (p, t) transitions to final states of ''¥Sn up to an excitation energy
of 3.597 MeV have been measured in a high-resolution experiment at an incident proton energy of 21 MeV. A
distorted-wave Born approximation (DWBA) analysis of the 38 experimental differential cross sections, carried
out by using conventional Woods-Saxon potentials, allowed us either 18 confirmations of previous spin and parity
values or new assignments of spin and parity to 14 states of ''¥Sn. A shell-model calculation has been performed
by using a realistic two-body effective interaction derived from the CD-Bonn nucleon-nucleon potential. The
doubly-magic nucleus '32Sn is assumed as a closed core, with 14 valence neutron holes occupying the five levels
of the 50-82 shell. Within this model space the calculations are performed by employing the seniority scheme
including states with seniority up to 4. The energy spectrum of ''¥Sn has been calculated and compared with
the experimental one. The theoretical two-neutron spectroscopic amplitudes are used in the microscopic DWBA
calculations of some cross-section angular distributions.
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I. INTRODUCTION

The tin isotopes, with 10 stable isotopes from ''?Sn to
1248n, provide a very good opportunity for experimental and
theoretical investigations of the variation of nuclear properties
with changing neutron number. The Z = 50 proton shell
is closed, so one may assume that the low-lying states of
these nuclei are predominantly formed by excitation of neu-
trons in the five active orbitals 0g7/2, 1ds,2, 1d3/2, 2512, and
0hy12.

Transfer reactions play an important role in our understand-
ing of tin isotopes, since these reactions are very sensitive to the
neutron structure of the isotopic sequence N = 60 (''°Sn) to
N =76 (126Sn). In particular, two-neutron transfer reactions,
such as (p, ), may be profitably used to provide detailed
spectroscopic information for these nuclei and test the relative
phases of spectroscopic amplitudes provided by shell-model
wave functions.

In recent years, we have undertaken a systematic study of
tin isotopes via (p, t) reactions in high-resolution experiments
at the Munich HVEC MP Tandem. We reported the results
for 122116.1128p(p £)120.114.1108 reactions in previous papers
[1-3], where they were also compared with predictions of
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shell-model calculations. In this paper, we have extended our
study to the '¥Sn nucleus via the '2°Sn(p, 1)''8Sn reaction.

The level structure of ''¥Sn has been studied by different
kinds of experimental measurements: radioactivity studies
from ''®In B decay (4.45 min [4], 5.0 s [5], and 8.5 s [6]),
H8gh ¢ decay (3.6 min [7,8] and 5.00 h [8]), inelastic scattering
of protons [9] and « particles [10], Coulomb excitation [11],
in-beam y-ray spectroscopy with both nonselective and se-
lective reactions such as (n, n’y) [12] and ''°Cd(, 2ny)''#Sn
[13,14] and '"Cd("Li, p4ny)1 188n[15], respectively, and very
sensitive and spin selective nuclear resonance fluorescence
experiments [16].

The level scheme of ''8Sn has also been investigated using
one-, two-, and four-nucleon transfer reactions: 117Sn(d , P)
18Sn [17]1, "Sn(p, d)''¥Sn [18], ''%Sn(z, p) "8Sn [19],
1208n(p, t) '"8Sn [20], and '**Te(d,°® Li) '8Sn [21]. In partic-
ular, two-neutron transfer reactions at low excitation energy,
showing correlations arising from the pairing component of the
interaction, characterize low-spin states and are therefore com-
plementary to the (HI, xny) reactions. The fusion-evaporation
reaction mechanism preferably feeds states with high align-
ment and is very selective in populating high-spin states.

©2008 The American Physical Society
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TABLE 1. Isotopic composition of the '2°Sn target.

Isotope 112 114 115 116
Percentage <0.10 <0.01 <0.05 0.02

117 118 119 120 122 124
0.02  0.11 0.14 99.6 0.09 0.02

The results obtained in these studies are reported in the
Nuclear Data Sheets (NDS) compilation [22], where a more
complete list of references can be found.

Fleming et al. [20] first studied the 1208n(p, 1)!18Sn
reaction at an incident energy of 20 MeV in an experiment
involving several other even Sn isotopes. For ''8Sn, only the
cross sections of the 11 most intense (p, t) transitions were
measured, with an energy resolution of 25 keV. This was the
motivation for our new study of the 1209n( D, )!18Sn reaction,
performed in a high-resolution experiment at 21 MeV incident
energy.

Accurate measurements of the differential cross sections
for 38 transitions to final states of '®Sn up to an exci-
tation energy of 3.597 MeV, including a triplet and two
doublets, allowed us to determine the angular momentum
transfer to 42 levels and assign spin and parity to each
of them. Very weakly populated states, with a lower limit
for the integrated cross sections of only 0.8 ub, were also
identified.

For a better understanding of 1185 the present (p,t)
experimental data have been supplemented by a shell-model
study, which makes use of a two-body effective interac-
tion derived from the CD-Bonn free nucleon-nucleon po-
tential [23]. The doubly-magic nucleus '*’Sn is assumed
to be a closed core, with the 14 valence neutron holes
occupying the five levels of the 50-82 shell. Within this
model space, the calculations are performed by employ-
ing the seniority scheme, including states with seniority
up to 4.

We also perform microscopic distorted-wave Born ap-
proximation (DWBA) calculations of the (p, t) transfer, by
using a simple one-step transfer theory [24,25] with '2°Sn
ground-state and !'3Sn final-state wave functions generated by
our shell-model calculation. Preliminary results of the present
study were published in Ref. [26].

The setup and the experiment are described in the next
section and the analysis of the experimental results is presented
in Sec. III. Section IV is devoted to the theoretical analysis:
In Sec. IV A we briefly outline the theoretical framework
of our shell-model calculations and compare experimental
and theoretical energy spectra; in Sec. [V B we show how
form factors are derived in the microscopic DWBA calcula-
tion and compare experimental and theoretical cross-section
angular distributions. A summary of our study is given in
Sec. V.

II. THE EXPERIMENT

The '2°Sn(p, 1)''8Sn reaction has been studied by using the
21-MeV proton beam delivered by the HVEC MP Tandem

accelerator of the Maier-Leibnitz Laboratory of LMU Munich
and the Technical University of Munich. The '2°Sn target,
whose isotopic enrichment is reported in Table I, had a
thickness of 114 pg/cm? on a carbon backing of 6 ug/cm?.
The high isotopic enrichment of the target enabled us to
measure triton spectra free of contributions from different tin
isotopes.

The beam current intensity was up to 500 nA and was
integrated into a Faraday cup set behind the target.

The reaction products were momentum separated by the
Q3D spectrograph and detected in its focal plane at 11 angles
from 10° to 65° with respect to the beam axis in three different
magnetic field settings up to an excitation energy of the ''¥Sn
residual nucleus of 3.597 MeV. The magnetic field values have
been set to allow overlaps in energy.

The acceptance opening of the magnetic spectrograph was
11.04 msr (horizontal x vertical of 20 x 20 mm) for 6 > 10°.

The analyzed particles were detected in a 1.8-m-long focal
plane detector [27] that consists of an array of single-wire
proportional detectors with an additional cathode readout
structure, followed by a rest energy plastic scintillator detector
for particle identification. This device provides focal plane
reconstruction, AE-E identification, and the position with
good resolution. Because of the excellent separation of the
tritons from other reaction products, the measured spectra are
virtually free of contaminants: The spectrograph is an ideal
instrument for the measurement of transfer reaction products.
The excellent energetic characteristics of the accelerator, the
Q3D, and the detector enable us to measure high-resolution
excitation spectra, with an energy resolution of about 8 keV
full width at half maximum in the detection of the outgoing
tritons.

The energy calibration of the spectra of the '2°Sn(p, 1)!'8Sn
reaction has been carried out by using a third-order polynomial.
The polynomial parameters were set by reproducing well-
known excitation energies of levels of ''Sn determined in
y-decay experiments [22]. Our quoted energies are estimated
at 3 keV.

Absolute cross sections have been determined with an
uncertainty of ~15%, by taking into account effective target
thickness, solid angle, and collected charge.

The triton spectra were analyzed by means of the computer
code AUTOFIT [28], with the shape of the triton peak at
2.734 MeV used as reference.

The high resolving power of the Q3D, the very low
background, the large solid angle, the favorable peak to
background ratio, and the spectrum energy resolution allowed
measurement of rather weakly populated levels having cross-
section values less than 0.3 pub/sr at the maximum of the
angular distribution (see as an example the case of 2.999-MeV
level).
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FIG. 1. Position spectrum of tritons measured at @ = 15°. Some levels are labeled with their excitation energy in MeV.

In Fig. 1 the measured triton spectrum at 20° is shown
and the excitation energies of the most populated levels are
indicated.

We have measured 38 transitions to the final states of ''8Sn
up to E, = 3.597 MeV; 5 of these have been observed for the
first time.

The angular momentum transferred, the spin values, and
the parity have been assigned by means of the cluster DWBA
analysis reported in Sec. III.

Table II summarizes the results obtained in the present
experiment: The energies, spins, and parities of the !'¥Sn levels
adopted so far are listed together with the energies, spins, and
parities [22] observed in the present study of '2°Sn(p, 1)''8Sn
reaction. The integrated experimental cross sections, estimated
with a systematic error of 15%, are also reported in the last
column of Table II, together with the statistical errors.

III. ANALYSIS OF THE EXPERIMENTAL RESULTS

A direct one-step (p, t) transfer reaction on an even-even
0" target nucleus populates only natural parity states of
the residual nucleus, with a unique L-transfer value, in the
hypothesis that the two neutrons are transferred with a relative
angular momentum of zero. In this case spin and parity of
the observed levels are directly and unambiguously given by
the assignment of the L transfer [J; = L, 7, = (=D~

Initially a DWBA analysis of the experimental data con-
cerning the '2°Sn(p,)''8Sn reaction has been performed
by assuming a semimicroscopic dineutron cluster pickup
mechanism. The calculations have been carried out in a
finite-range approximation, using the computer code TWOFNR
[29] and following the same lines of those performed in the
case of 1*Sn [2] and !'?Sn [3]. Basically we assume that the
relative motion of the transferred spin-singlet neutron pair has

zero orbital angular momentum and no radial nodes. The wave
function of the center of mass of the transferred neutron pair
is represented by a single-particle wave function with angular
momentum equal to the total angular momentum L of the
transferred pair. The number of nodes of the center-of-mass
radial wave function is given by the conservation rule for
three-dimensional harmonic oscillator quanta,

2
Q=2N+L=) n+10)

i=1

where n; and /; are the quantum numbers of the individual
shell-model states that form the transferred pair.

The angular distributions display shapes characteristic of
the transferred angular momentum L and are only slightly
affected if N changes by one, and they depend very little
on the detailed microscopic shell-model components of the
transferred dineutron cluster. Therefore cluster DWBA cal-
culations represent a valid means in the use of the shape of
the experimental angular distribution to extract the transferred
angular momentum L. However, the details of the shell-model
structure of the transferred cluster (i.e., n; and [; values
of the cluster components and their relative phases) are of
considerable importance in calculating the magnitude of the
transfer cross section, as will be shown in Sec. IV B.

A proton-dineutron interaction potential of Gaussian form
V(rpm) =Vo exp[—(rpzn/é)z] with & = 2 fm has been used.
The parameters for the proton entrance channel have been
deduced from a systematic survey of elastic scattering by
Perey [30] and for the triton exit channel by Fleming [20].
Table III summarizes the optical model parameters for the
proton and triton elastic scattering, used in the Woods-Saxon
parametrization and the geometric parameters for evaluating
the bound-state wave function of the transferred dineutron
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TABLE II. The adopted energies, spins, and parities [22] of the
'8Sn levels (columns 1 and 2), the energies, spins, and parities
observed in the present work (columns 3 and 4), and the integrated
cross sections from 7.5°(12.5° for the 2.999-MeV level) to 67.5°
(column 5). Our quoted energies are estimated to have an uncertainty
of 3 keV. In column 5 absolute cross sections, estimated with a
systematic error of £15%, are reported together with the statistical
errors.

Adopted Present experiment

Eexc (keV) Jr Eexe (MeV) J* Oint (b)
0.0 (U 0.0 ot 2250 + 14
1229.666 2+ 1.230 2F 613+ 12
1758.31 ot 1.758 ( 3242
2042.882 2+ 2.043 2+ 13+1
2056.91 ot 2.057 ot 33+£2
2120 2"
2280.342 4+ 2.280 4+ 28 +£2
2321.23 5-

2.323 543 +2% 41546
2324.846 3~
2328.02 2+
2403.22 2+ 2.403 2+ 16 +1
2408 4+
2488.871 4+ 2.489 4+ 71 +2
2496.88 ot 2.497 ot 20+ 1
2530
257491 7" 2.575 7" 25+1
2577 2+
2677.35 2+ 2.677 2+ 44 +£2
2725 1+,2%,3%
2733.789 4+ 2.734 4+ 119+3
2738.01 1t
2773.94 4=
2817 4-,57,67)
2817.17 3
2878.70 45,67 2.879 5” 8+1
2889 )
2903.87 2+ 2.904 2+ 25+1
2929.72 o+, 1+ 2.930 ot 101
2934 2%
2963.437 4+

2.963 5” 115+3
2972 4+
2991
2999.45 6T 2.999 6" 0.8+0.2
3015.21 1,2,3
3020 (0
3048.35 4
3052.16 7+, 8%
3057.22 2+ 3.057 2+ 6+1
3089.21 +
3108.06 9*, 10"

3.108 7 1+0.3
3137.48 ot 3.137 ot 3+1
3159.35 4+
3190

3.218 ( 7+1
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TABLE II. (Continued.)

Adopted Present experiment

Eee keV)  JT  Ege (MeV) I Oin (12b)
3227.67 2+, 3%
3228.37 2+t 3.228 2+ 6£1
3231 8"
3237 3.237 ot 1£0.5
3252.03 3") 3.252 6" 441
3262.53 3+
3270.67 1
3274 3.274 1" +3" 15+1
3286
3308.54 2+

3.309 1~ +2* 6+1
3317 0-,17,2~
3344 37) 3.344 3 8+1
3355.86 2+

3.355 ot 12+1
3363 0t 1t
3374.60 4+

3.375 5” 38+2
3386.30 3t
3389

3.395 5” T£1
3409
3427.11 3+

3.427 3 9+1
3441
3460.49 4+
3462.63 27,37) 3.463 2+ 19+1
3475

3.524 2 9+1
3540.57 1+,2%, 3+
3541 6%,77) 3.541 3~ 4+1
3558.9 77,87,97

3.559 6t 5+1
3576 27,37,47

3.585 2 43+2
3592.54 4+
3597 2+ 3.597 2+ 10£1

cluster. These optical model parameters have been also used
to analyze the angular distributions of the '*2Sn(p, t)'?°Sn
reaction measured at 20 MeV [20] and 26 MeV [1,31],
the 1%Sn(p, 1)!'*Sn reaction measured at 26 MeV [2], the
128n(p, 1)11%Sn reaction measured at 26 MeV [3], and the
123Sb(p, 1)'?1Sb reaction measured at 26 MeV [32], giving
good agreement between experimental results and cluster
DWBA calculations. Good agreement between experimental
results and cluster DWBA calculations has been also achieved
for the present '2°Sn(p, £)!'8Sn reaction, allowing the assump-
tion that multistep processes are relatively unimportant for this
reaction. Thus, multistep processes are not taken into account
in the present cluster DWBA analyses.

We have assigned the transferred L values, and conse-
quently spins and parities of levels of the residual nucleus
18Sn, by means of the comparison between the shapes of
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TABLE III. 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 ry ar Wv ry ay Wd ] aq Vso I'so Aso re
(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 1.61 0.82 8.00 1.10 0.80 1.30
bound state 1.30 0.50

the experimental angular distributions and the calculated ones,
owing to their pronounced structure and difference for different
L transfers. The 07 states are shown in Fig. 2; the 2" states in
Fig. 3; the 4" and 6% states in Fig. 4; and the 37,5, and 7~
states in Fig. 5. The 2.323-MeV triplet and the two doublets
at 3.274 and 3.309 MeV are displayed in Fig. 6. In these
figures the angular distributions for the observed levels are

do/dQ (ub/sr)

Oc.m. (deg)

FIG. 2. Differential cross sections for the excitation of 0" states
by the '°Sn(p, ¢)''8Sn reaction. The dots represent the experimental
data; the solid lines are the theoretical estimates obtained with
semimicroscopic DWBA calculations. The energies attributed to the
observed levels are those given in the present work.

compared with the cluster DWBA calculations. For the triplet
and doublets the percentage of the different L contributions
have been determined by imposing the lowest value of x>.
As Table II shows, we have made spin-parity assignments
for all the observed levels. In particular, with respect to
the adopted levels (NDS) [22], 18 confirmations and 14
new assignments have been made and 6 ambiguities have
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FIG. 3. Differential cross sections for the excitation of 2% states
by the '°Sn(p, )''8Sn reaction. The dots represent the experimental
data; the solid lines are the theoretical estimates obtained with
semimicroscopic DWBA calculations. The energies attributed to the
observed levels are those given in the present work.
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FIG. 4. Differential cross sections for the excitation of the three
observed 4™ and the three observed 67 states by the '2°Sn(p, £)!¥Sn
reaction. The dots represent the experimental data; the solid lines
are the theoretical estimates obtained with semimicroscopic DWBA
calculations. The energies attributed to the observed levels are those
given in the present work.

been removed. Two unresolved doublets and one triplet have
been also observed, giving six confirmations and one new
assignment. The proposed assignments for the levels identified
in the present experiment that are new or correspond to those
reported in the NDS [22] with uncertain J* or without J™
assignment are discussed in the following, together with the
assignments of the unresolved triplet and doublets. The four
removed ambiguities concern the 2.879-, 2.930-, 3.344-, and
3.463-MeV levels.

(1) 2.323 MeV: The NDS [22] report three levels, the
first at 2321.23 keV with J* =5~ from "¥Ing~
decay (8.5 s) and from ''"3Sbe decay (5 h) [6]
studies and from a '"8Sn(n,n’'y) study [12], the
second at 2324.846 keV with J* =37 from a
118Sn(n,n’y) study [12], and the third at 2328.02
keV with J™ =2% from a '"8Sn(n,n'y) study
[12]. In our measurement this transition is quite
strongly populated and the shape of the angular
distribution is well reproduced by an unresolved
triplet with J* = 57(33%), J* =37 (33%),and J™ =
27 (33%).

(i) 2.879 MeV: In the adopted level scheme [22] a level
is reported at 2878.70 keV with J™ =4,5,6". The
J7 assignment is deduced from a study concerning
181n B~ decay (4.45 min) [4], which suggests a
value of J* = (57), and from a measurement of

PHYSICAL REVIEW C 78, 064608 (2008)

10*
10" 33443
100 L * °* o o B
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FIG. 5. Differential cross sections for the excitation of the three
observed 37, the four observed 57, and the two observed 7~ states by
the '2°Sn(p, 1)!'®Sn reaction. The dots represent the experimental
data; the solid lines are the theoretical estimates obtained with
semimicroscopic DWBA calculations. The energies attributed to the
observed levels are those given in the present work.

the ''Cd(e, 2ny) reaction [14] with J™ = (67). A
"8Sn(n, n'y) study [12] assigns J™ =57, (6). Our
measured angular distribution is well reproduced by
assuming L =5 transfer. The present assignment
J™ =57 removes the ambiguity.

(iii) 2.930 MeV: Two levels are reported in the NDS [22],
the first at 2929.72 keV with J* = 0%, 1T and the
second at 2934 keV with J™ = (2%). For the level at
2929.72keV the J™ assignment is deduced on the basis
of a study of ''”Sn(d, p) [17] that identifies an angular
momentum transfer L = 0 and a study of '8 Sn(n, n'y)
[12] that assigns J™ = (0T). For the level at 2934 keV,
the J™ = (2%) assignment is based on an L = (2)
transfer in a (p, p’) study [9]. The angular distribution
for the level at 2.930 MeV displays a very steeply
rising cross section at small reaction angles and a
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FIG. 6. Differential cross sections for the excitation of the triplet
at 2.323 MeV and the two doublets at 3.274 and 3.309 MeV observed
by the '2°Sn(p, t)''®Sn reaction. The dots represent the experimental
data; the solid lines are the theoretical estimates obtained with
semimicroscopic DWBA calculations. The energies attributed to the
observed levels are those given in the present work.

(iv)

)

(vi)

(vii)

sharp minimum at the detector angle of about 20°.
This pattern is typical of L = 0 transfer and is well
reproduced by our calculated 2.930-MeV angular dis-
tribution. This corresponds to the 2929.72-keV level,
and our assignment is J* = 0%,

2.963 MeV: The shape of the angular distribution of
this strongly populated level is quite well reproduced
by L =5 transfer. The assignment of spin and parity
is consequently J* = 57. Probably this level cannot
coincide with the level reported in the NDS [22]
at 2963.437 keV with J* = 4% from "8Ing~ decay
(4.45 min) [4] and "'8Sn(n, n’y) [12] and "'¥Sn(e, o)
[10] studies.

3.108 MeV: In our experiment this level is quite weakly
populated, the cross section at the maximum in the
angular distribution being about 0.35 ub/sr. An L =7
transfer reasonably reproduces the angular distribution.
The present assignment is J” = 7~. The adopted
level scheme [22] reports a level at 3108.6 keV with
J™ =97%,10%. From the "°Cd(«, 2ny) reaction [14]
this level is identified as J™ = 107, The level we find at
3.108 MeV presumably does not coincide with the
3108.06-keV level.

3.218 MeV: The transition to this level is observed to
exhibit an angular distribution with L = 0 shape. The
J™ assignment is therefore 0T. In the NDS [22] no
level is given at this energy.

3.237 MeV: In the NDS [22] a level is reported without
spin and parity attribution at this energy on the basis
of '7Sn(d, p) [17] and "8Sn(p, p’) [33] reactions.
In the present experiment the level at 3.237 MeV is
weakly populated and the angular distribution is com-
patible with an L = 0 transfer. The present assignment
is 0.

(viii)

(ix)

)

(xi)

(xii)

(xiii)

(xiv)

(xv)

(xvi)

(xvii)
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3.252 MeV: In Ref. [22] a level is denoted with an en-
ergy of 3252.03keV and J* = (3%). The ''8Sn(n, n'y)
study [12], based on y(f) and y linear polarization,
suggests J™ = 2, 3%, In our case the 3.252-MeV level
angular distribution is consistent with an attribution of
JT=6".

3.274 MeV: In the NDS [22] two levels are reported,
one at 3270.67 keV with J =1 derived from an
(n,n'y) study [12] and another at 3274 keV without
spin and parity assignment derived from ''’Sn(d, p)
[17]. We reproduce the observed angular distribution
quite well by considering an unresolved doublet with
J* =17 (30%) and J* = 3~ (70%).

3.309 MeV: The NDS [22] report two levels, the
first at 3308.54 keV with J™ = 2% observed in the
(n,n’y) reaction [12] and the second at 3317 keV
with J© =07,17,2~ deduced from a '/Sn(d, p)
reaction study [17]. The angular distribution shape is
reproduced by considering an unresolved doublet with
J™ =21 (50%) and J* = 17 (50%).

3.344 MeV: The NDS [22] report with a tentative
J™ = (37) from a '"8Sn(p, p’) reaction study [9]. In
that study an L = (3) transfer is assumed. In our
measurement we reproduce quite well the differential
cross section considering an L = 3 transfer. The
present assignment is J* = 37.

3.355 MeV: In the NDS [22] two levels are given,
one with an energy 3355.86 keV with spin and parity
attribution of 2+ resulting from the ''8Sn(n, n'y) study
[12] and another from a ''7Sn(d, p) reaction study [17]
at (3363 4= 3) keV with J* = 0T, 1. In our case the
3.355-MeV level angular distribution displays a char-
acteristic L = O transfer shape. The present assignment
is JT =0%.

3.375 MeV: The transition populating this level is
well reproduced by an L =5 transfer. The present
assignment is J” = 57. Therefore, this level might
not correspond to the adopted level [22] reported at
3374.60 keV with J™ = 4% from a study of '"*Ing~
decay (4.45 min) [4].

3.395 MeV: The adopted scheme [22] does not give
any level at this energy. In our measurement, the
differential cross section is quite accurately reproduced
by assuming an L = 5 transfer. The J” attribution is
5.

3.427 MeV: The spin and parity reported in the
NDS [22] for the level at 3427.11 keV are 3.
The '"8Sn(n, n'y) study [12] gives J* = (21), 3. We
accurately reproduce the measured angular distribution
shape by assuming an L = 3 transfer for the transition
to the level. The present assignment is J* = 3.
3.524 MeV: In the NDS [22] no level is reported at
this energy. The measured differential cross section is
compatible with an attribution of J™ = 2%,

3.541 MeV: The adopted level scheme [22] reports
two levels,k one at 3540.57 keV with J* = 1+, 2% 3+
identified in the ''7Sn(d, p) reaction study [17] with
L = (2) transfer and in '""Sn(p, d) [18] with L =2
transfer and the the other at (3541 & 10) keV in a
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(p, p)) study with L = (6, 7) transfer [9]. In the present
experiment the angular distribution is consistent with
L = 3 transfer and our assignment is J* = 3.

(xviii) 3.559 MeV: In the NDS [22] a level is reported at
3558.9keV with J™ = 77,87, 97 identified in a study
of '"8Sbe decay (5 h) [6]. In our case the observed
level is weakly populated and we nicely reproduce the
measured angular distribution with L = 6 transfer. The
present assignment is J7 = 67,

(xix) 3.585 MeV: The NDS [22] do not report a level at this
energy. In our case the level is reasonably populated,
and an L =2 transfer satisfactory reproduces the
measured angular distribution. The assignmentis J* =
A

(xx) 3.597 MeV: The adopted level scheme [22] reports
a level at 3597 keV with J™ = 2% identified as L =
2 transfer in a (p, p’) study [9] and in a "'7Sn(d, p)
reaction study [17]. We nicely reproduce the measured
angular distribution with an L = 2 transfer. The present
assignment is J* = 2T,

IV. THEORETICAL ANALYSIS

A. Shell-model calculations

Our shell-model study of ''8Sn is based on the use of a
realistic two-body effective interaction, as were our previous
studies of '0-114120gpn [1-3]. As in our paper on ''°Sn
[3], this interaction is derived from the CD-Bonn nucleon-
nucleon potential [23] whose repulsive core is renormalized
by constructing a low-momentum potential Vi, defined up
to a cutoff momentum of 2.1 fm™! [34]. This Vigws is a
smooth potential that can be used directly as input in the
Q-box folded-diagram expansion [35] for the calculation of
the shell-model effective interaction.

We start by assuming '32Sn as a closed core, with
the 14 valence neutron holes occupying the five levels
0g7/2, 1d5/2, 1d3/2, 2S1/2, and 0]’111/2 of the 50-82 shell. As
a first step, we calculate the Q-box, including diagrams up to
second order in Vjoy . The computation of these diagrams is
performed within an harmonic-oscillator basis by using inter-
mediate states composed of particle and hole states restricted
to the two major shells above and below the Z = 50, N = 82
Fermi surface. The oscillator parameter is iw = 7.88 MeV, as
obtained from the expression fiw = 454713 —25A72/3, As
a final step, the effective interaction is obtained by summing
the O-box folded-diagram series to all orders by means of the
Lee-Suzuki iteration method [36].

It is worth noting that in the present calculation for 14
valence holes inside '32Sn, we need hole-hole matrix elements
of the effective interaction. Their calculation is somewhat
different from that for particles as regards the computation
of the Q—box diagrams. This is shown in Ref. [37].

We should also mention that we have made no attempt
to modify empirically the interaction obtained by following
this procedure, which is appropriate for the two-hole system.
However, to account partially for correlations that set in as
we move away from closed shells, we have determined the
five single-hole (SH) levels through a fit to the yrast states of
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TABLE IV. Comparison of calculated energies with
those obtained from the present experiment. See text for

details.
Jr Ecalc Eexpt JT Ecalc Eexpt
MeV)  (MeV) (MeV)  (MeV)
ot 0.000 0.000 4+ 2.564 2.280
1.805 1.758 2.855 2.489
2.090 2.057 3.198 2.734
3.077 2.497
3.385 2.930 6t 2.900 2.999
3.700 3.137 3.856 3.252
3.946 3.218 4.153 3.559
4.215 3.237
4.262 3.355 5 2.427 2.323
2.728 2.879
2t 1.641 1.230 3.218 2.963
2.483 2.043 3.388 3.375
2.502 2.323 3.720 3.395
2.895 2.403
3.181 2.677 7 2.546 2.575
3.275 2.904 3.245 3.108
3.449 3.057
3.633 3.228
3.799 3.309
3.938 3.463
4.039 3.524
4.228 3.585
4.201 3.597

9Sn with the corresponding angular momentum and parity
(instead of taking them from the experimental spectrum of
131 SIl)

~1

Our adopted values are (in MeV) eg_7/12 = 2.8,6(15/2 =

2.155,¢;) = 0.85, ;) =12, and ¢} = 0.0.

Having determined the one- and two-body terms of the
Hamiltonian, we can calculate the energy spectrum of !'8Sn,
as well as the spectroscopic amplitudes needed to compute
the differential cross sections, as shown in Sec. IV B. This has
been performed by using the chain-calculation method (CCM)
described in Refs. [1,38], which is an approach to shell-model
calculations based on the seniority scheme. As mentioned
in the Sec. I, we have included here states with seniority
v <4, as was done in our previous studies of 1148p [2] and
1208n [1].

In Table IV, the excitation energies measured in the present
experiment are compared with the calculated ones. We have
excluded the 37 and 1~ states, for which the discrepancies
between experiment and theory are very large. They are, in fact,
above 1 MeV for the two observed 1~ states and above 2 MeV
for the four 3~ states. The description of these states seems to
be therefore beyond the scope of the present calculation, which
is likely to be traced to the effects of configurations outside
the chosen model space.

As a general remark, we note that for half of the states
shown in Table I'V the experimental energies are overestimated
by more than 400 ke V. This can be partly attributed to the lack
of v > 4 components, whose inclusion should in principle
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FIG. 7. Comparison between calculated and predicted differential cross sections for 0, 2%, 4%, 57, 6", and 7~ final states. The lines
represent results of the microscopic calculations of the differential cross sections (in ub/ster) as a function of center-of-mass angle (in degrees).
The subscripts 1, 2, 3, and 4 associated with the lines indicate the calculated energy ranking of the corresponding states, with 1 representing
the lowest state of given J™. Error bars are shown for the lowest 6* and 7~ states; in all other cases, the error bars are smaller than the symbol
representing the measured differential cross section. Note that the data points correspond only to clearly resolved states. The (57, 37, 27) triplet
at 2.323 MeV and the (17, 37) doublet at 3.274 MeV are not represented in the figure.

produce a downshift of most of the states. This is not expected,
however, for the first 2 state. The energy of this state is also
overestimated by our calculation in light tin isotopes [39] and
in 1101145 [2,3], although a full shell-model basis was used

064608-9
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for the former and for ''°Sn. However, it is worth noting that
the energies of the second and third 0% states in ''¥Sn are well
reproduced by the theory, at variance with what happens in
A reasonably good agreement between theory and
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experiment is also obtained for all reported negative-parity
states, with the discrepancies ranging from a few tens of keV
to about 350 keV.

B. Microscopic DWBA calculations

In this section we will attempt to determine whether the
shell-model eigenstates of '2°Sn and ''¥Sn, calculated by
the procedure discussed in Sec. IV A, are consistent with the
measured differential cross sections. This will require us to
describe the two-neutron transfer process microscopically.

Our main assumption is that the reaction involves direct
transfer, so that the only relevant degrees of freedom are those
of the proton and the transferred neutrons. We do not include
any compound nucleus effects, in which the outgoing triton
is emitted long after the energy of the incoming proton is
shared with many of the target nucleons. In the simplest version

G2(ry, 02)]4, — [P (0, o) R (xy, 01)]Y,

PHYSICAL REVIEW C 78, 064608 (2008)

of direct two-neutron pickup it is assumed that the relative
motion of the two neutrons is not changed during the transfer.
Thus the only part of the target two-neutron wave function
that contributes is the part where the two neutrons have the
same relative motion that they will have in the outgoing triton,
namely with zero relative orbital angular momentum and zero
total intrinsic spin angular momentum.

The details of this reaction theory have been presented
elsewhere (see Ref. [3] and further references given there).
We give here a brief summary of the important steps in the
calculation. Starting with the target wave function, two types
of projection are required:

(i) One must project out the degrees of freedom of the
target nucleons that are not involved in the transfer. What
remains is the wave function of the transferred neutrons,
in the form

Y [0, 1)y
ni,L, jisna, €2, ja
ny, 8y, jisnz,la, o

The Snjl,el, it j, coefficients entering in Eq. (1) are
the spectroscopic amplitudes, which are calculated from
the target and residual shell-model eigenstates. The

4l o) are single-neutron shell-model orbitals.
Equation (1) exhibits the coherence of the components
associated with the different transferred configurations,
a characteristic of direct theories of multinucleon
transfer.

(i) One must project out the part of Eq. (1) in which
the neutrons have the intrinsic spin and relative orbital
motion that they will have in the outgoing triton. The
result is a function of the position of the two-neutron
mass center, F(R)Y A{I (ﬁ), which serves as the form factor
of a DWBA calculation. We used the DWBA program
TWOFNR [29], with the optical parameters listed in
Table III, the same optical parameters that were used
in the cluster transfer calculation of Sec. III.

Because this theory uses a collective interaction between
the proton and the transferred neutrons, rather than a realistic
interaction between the proton and the individual neutrons, it is
difficult to express the results in terms of absolute differential
cross sections. However, the relative differential cross sections
at different outgoing triton angles, and between different final
states of the residual nucleus, should be adequately described
by the theory. Therefore, in the presentation of the results of
the calculation, we have normalized the calculated differential
cross section with a single multiplicative factor, chosen to give
the best visual fit to the measured ground-state (OT) angular
distribution. This single multiplicative factor was used for all
final states. This is in contrast to the procedure followed in
Sec. III, where each calculated angular distribution was
normalized separately to give an approximate fit to the

(1)
2(1 + 8n| ,nzafn,fzsjl’jz)

data. Our object there was to use the shapes of the angular
distributions to assign L values to the transfers, not to test
shell-model descriptions of individual final states.

Figure 7 summarizes the comparison between calculated
and predicted differential cross sections for 0*, 2%, 4%,

3.274 MeV (a)
101 e
E 10°%
= L
=
G
=
©
=}
10"
-1 | Ll |
10 0 20 40 60
0;.m. (deg)

FIG. 8. Comparison of measured differential cross sections with
calculations based on assumed L™ transfers, or mixtures of assumed
L™ transfers. (a) 30% 1~, 70% 3~ (solid line); 15% 2%, 85% 3~
(dashed line); 100% 3~ (dotted line). (b) 50%1~, 50%2* (solid line);
100% 27" (dot-dashed line).
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5-, 6%, and 7~ final states. Note that the version of two-
neutron-transfer theory that we use, in which the transferred
neutrons have zero total spin and zero relative orbital an-
gular momentum, predicts that only natural parity states
will be populated. Therefore it is noteworthy that known
unnatural parity states at 2738 keV (17), 2774 keV (47),
and 3386 keV (3") do not appear in our observed (p,t)
spectrum.

The most striking feature of the observed (p, ) spectrum is
the dominance of the ground-state transition. For example, at
30° the ground-state transition is stronger than the 2T transition
by a factor of 8 and stronger than any other transition by
more than a factor of 35. This ground-state dominance is also
exhibited by the results of the microscopic calculations, where
the ground-state transition has about 4 times the strength of
the 2;“ transition and about 50 times the strength of any other
transition.

It is seen from Fig. 7 that the microscopic theory over-
predicts the strength of the 2/ transition, relative to the
ground-state transition, by a factor of about 2. This may imply
that the real 2] level has greater complexity than is afforded by
the shell-model configurations we have included. If this more
complex component of the real 2T level cannot be reached
from the 2°Sn ground state by the (p, t), then the observed
cross section would be lower than we would calculate on the
basis of simple shell-model configurations.

The orders of magnitude of the strengths of the transitions
to the odd-parity states are reasonably well accounted for,
although we cannot claim level-by-level agreement. We have
no predictions for transitions to 1~ states, because the single-
neutron orbitals included in our shell-model calculation do not
allow us to pick up a neutron pair coupled to 1~. However,
there is some evidence that we do populate 1~ states. For
example, the NDS table reports a J = 1 level at 3270.67 keV,
without a parity attribution, and a level at 3274 3 keV,
with neither a parity nor an angular momentum attribution.
Figure 8(a) shows our measured angular distribution for
this unresolved doublet, together with three cluster-transfer-
calculated angular distributions. In our opinion, the best fit to
the data is obtained for the mixed L = 1, L = 3 combination.
Similarly, the NDS tables reporta J = 27 level at 3308.54 keV
anda J =(07,17,27) level at 3317 £ 3 or 3310 £+ 10 keV.
Figure 8(b) shows that our measured angular distribution for
the doublet at 3309 keV is better described by a 17, 2%
admixture than by a pure 2% transition.
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The properties of 1~ states in the !'!6118:120.122.124gy

isotopes have been discussed by Bryssinck et al. [16] in terms
of 2 ® 3~ two-phonon excitations.

V. SUMMARY

The '2°Sn(p, 1)!'8Sn reaction has been studied in a high-
resolution experiment at an incident proton energy of 21 MeV.
We have measured differential cross sections for 38 transitions,
including a triplet and two doublets, to levels of ''®Sn up to an
excitation energy of 3.597 MeV. Spins and parities have been
assigned to all the observed levels by carrying out a finite-range
DWBA analysis in which a semimicroscopic dineutron cluster
pickup mechanism was assumed. With respect to the adopted
levels, 18 previous assignments have been confirmed, 14 new
assignments have been made, and 6 ambiguities have been
removed. The two unresolved doublets and the triplet give six
confirmations and one new assignment.

Motivated by the present experiment, we have performed
a shell-model study of ''8Sn with 14 neutron holes inside the
1328n core. The two-body matrix elements of the effective
interaction have been derived from the CD-Bonn nucleon-
nucleon potential, and the single-hole energies have been
determined by reproducing the experimental energies of
the yrast J* =7/2%,5/2%,3/2%,1/2%, and 11/2" states
in 1”Sn. The calculations have been carried out within the
seniority scheme, truncating the model space to states with
v < 4. Experimental and theoretical energies are compared
for the states identified in the present experiment, with the
exception of 1~ and 3~ states for which the discrepancies are
very large. Almost all experimental energies are overestimated
by our calculation with discrepancies ranging from a few keV
to 1 MeV. Good agreement is obtained for the negative-parity
states.

A one-step microscopic DWBA calculation of differential
cross sections has also been performed by using two-neutron
spectroscopic amplitudes obtained from our shell-model cal-
culations for '"8Sn and '2°Sn. The results reproduce the
observed dominance of the ground-state transition although the
quantitative agreement between experimental and theoretical
differential cross sections cannot be considered completely
satisfactory. In particular, we can account for the orders of
magnitude of the strengths of transitions to odd-parity states,
but we cannot claim level-by-level agreement.
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