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C. R. Bingham
The University of Tennessee, Knoxville, Tennessee 37916
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

D. L. Hillis
The University of Tennessee, Knoxville, Tennessee 37916
(Received 16 October 1972; revised manuscript received 9 April 1973)

Differential cross sections for 2*Sn(d, p) at 33.3 MeV were measured in 5° increments from 12.5 to
47.5° lab. The resolution was about 30 keV full width at half maximum. The (a, *He) spectra with

o 55-keV resolution were obtained at 15 and 20° lab with 65.7-MeV a particles. Distorted-wave
calculations were made, allowing the assignment of [ values, some of which were not made in earlier
neutron-transfer studies. Spin assignments and spectroscopic factors were obtained in accordance with
the shell model. Consistent spectrocopic factors were obtained from the (d,p) and (a, *He) reactions.
Sums of spectroscopic factors and centers of gravity are presented for the levels observed and are
compared with the results of pairing theory. Essentially all the neutron strength remaining in the
neutron shell between N = 50 and N = 82 was located. Most of the strength in the 2f,,, 3p;,, and
1h g/, levels of the next major shell was located.

I. INTRODUCTION The Sn isotopes have been previously studied
by low-energy (d,p) and (d, ) reactions.?~® Still
In a recent study of the neutron shell structure there was considerable uncertainty, and in some
of the Zr isotopes!’? it was shown that the (d,p) cases, complete lack of knowledge about those
and (@, *He) reactions complement each other in subshells populated by high-! transfers, i.e., the
the study of single-particle structure of nuclei. 17,120 2f 2, and 1k, subshells. Consequently,
Transitions involving a low-I transfer are the the present study was initiated to obtain a more
strongest in the (d,p) reaction while those in- complete picture of the neutron shell structure of
volving an [ transfer of 4—6 are strongest in the 1253n. In order to enhance the population of the
(a, *He) reaction. higher spin states, a deuteron bombarding energy
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FIG. 1. The 24Sn(d, p) spectrum at 12.5° lab. The excitation energies of the residual states are given for the promi-
nent transitions, and peaks from light impurities are identified.
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more than twice the bombarding energy for the
earlier experiments was used. Since optical-mod-
el parameters describing the elastic scattering of
34-MeV deuterons” and 30- and 40-MeV protons®
are available, a bombarding energy near 34 MeV
was selected. The bombarding energy for the

(o, *He) studies was chosen to coincide with earlier
elastic and inelastic scattering studies® and with
185 (e, *He) studies.'®

II. EXPERIMENTAL DETAILS

The deuterons and « particles were accelerated
to 33.3 and 65.7 MeV, respectively, by the Oak
Ridge isochronous cyclotron. The reactions were
studied in the broad-range spectrograph facility,
with the outgoing protons and *He being detected
in 50-um-thick nuclear emulsions in the focal
plane. The emulsions were subsequently scanned
in -mm strips.

The '*%8Sn target, furnished by the cyclotron
laboratory, was 0.6 mg/cm? thick and was ~99%
isotopically pure. The uncertainty in target thick-
ness is about 15%. This is the principal contribu-
tion to the over-all uncertainty of the absolute
cross sections which is estimated to be £20%.

The '%%Sn(d, p) spectrum at 12.5° is shown in
Fig. 1. Peaks due to light impurities are identi~
fied in the figure. The full width at half maximum
for the single-level peaks is typically 30 keV. The
experimental uncertainties on the excitation en-
ergies are believed to be about 5-10 keV. The
ground-state peak is a doublet which was pre-
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viously separated by Nealy and Sheline.?

The '**Sn(a, *He) spectrum at 20° is shown in
Fig. 2. The statistics were insufficient to study
the low-! transfers, but transitions to the higher
spin states are clearly observable and statistical
uncertainties are less than 10% for most cross
sections that were analyzed. The resolution in
the ®He spectra is about 55 keV and hence some
states resolved in the proton spectra were not re-
solved here. The largest peak in the (a, *He) spec-
trum is the ground state which is populated by an
1=5 transition. Cross sections for the /=3 tran-
sitions around 3-4 MeV are fairly large, but the
=0 and /=1 transitions are not observable in the
present *He spectra. The peaks near 5 MeV are
fairly large and are presumably due to transitions
to the 1k, subshell. Since the distorted-wave
theory predicts these grossly different cross sec-
tions for (d,p) and (a, *He) for all the ! transfers
involved, one obtains added confidence in spin as-
signments which give consistent spectroscopic
factors from the two reactions.

Angular distributions of the proton groups were
obtained in 5° increments from 12.5 to 47.5° lab
for comparison with distorted-wave predictions.
Since the (a, *He) angular distributions are not
very characteristic of the I transfer,'® particular-
ly for the higher spin states, the *He spectra were
measured at only 15 and 20° lab.

III. DISTORTED-WAVE ANALYSIS

Distorted-wave calculations were made with the
program JULIE! for both the (4,p) and (o, *He)
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FIG. 2. The %4gn(a ,3He) spectrum at 20° lab. The excitation energies, shown for the prominent transitions, were

taken from !248n(d, ).
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TABLE I. Optical-model parameters used in the distorted-wave calculations,

Vo W Wp Vs 7 0 &) ap 7 ag e
Particle (MeV) (MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (fm) (fm) (fm) Reference
d 98.95 0.0 15.3 7.00 1,113 0.814 1.25 0.848 7, a, 1.30 7
P 49,93 4.52 4.94 6.04 1.16 0.75 1.37 0.63 1.064 0,738 1,25 8
a 100 53.74 1.352 0.667 7, a, 1.40 9
3He 196.9 17.37 1.04 0.811 1.60 0,797 1.40 12

cross sections. The distorted-wave cross section
is given by
do NR 2Js+1

= = aYfT 2 oy(0)
40" 2s+ 124, +1 SOiuue

where J; and J, are the spins of the target and
residual nuclei, respectively; s (=3) is the spin
of the stripped neutron; S is the spectroscopic
factor; and NR accounts for the overlap of the
ingoing particle and the outgoing particle-neutron
system, as well as the strength of the interaction
causing the transition. For the (d,p) calculations
a value of NR =3.30 was used.? The value of NR
=92.1 used here for the (a, *He) calculations was
obtained empirically in previous work.?

The distorted-wave calculation for the (d,p)
cross sections employed nonlocal potentials!® for
the ingoing and outgoing channels and finite-range
effects in the local energy approximation.!* No
radial cutoffs were used. The ranges used for the
deuteron and proton channels were 0.54 and 0.85
fm, respectively. The range of the interaction
was taken to be 1.54 fm. The nonlocality and
finite-range corrections were made by multiply-
ing the local zero-range form factor by appro-
priate corrective functions.!®*'* The local zero-
range form factor is the radial bound-state wave
function for the stripped neutron. It was taken as
the solution of Schrddinger’s equation with a
Woods-Saxon potential with a spin-orbit term of
the Thomas form having 7,=1.24 fm, ¢=0.65 fm,
Yos=1.14 fm, g,=0.65 fm, A =25, and a well depth
adjusted to give an eigenvalue equal to the binding
energy of the transferred neutron.

The elastic scattering of 34.4-MeV deuterons
from several targets has been studied.” In Ref. 7
an average potential, which is a function of A and
Z, was developed. This average potential was
used in the present calculation to obtain the wave
function for the ingoing deuteron. The parameters
are listed on the first line of Table I.

The proton energies varied from 31 to 36.5 MeV.
The potential for the proton channel was obtained
by interpolation between the potentials which fit
the elastic scattering cross section and polarization
data at 30 and 40 MeV.® The parameters near mid-
range (~33.7 MeV) are listed in Table I. The pa-

rameters for the other energies were very simi-
lar.

The (@, *He) calculations were made in zero
range with local potentials. The optical potentials
for a and *He particles are somewhat ambiguous
and effects similar to the effects of nonlocality and
finite range can be produced by choosing « poten-
tials with deeper absorptive wells. Hence, the «
and *He potentials were chosen to be similar to
those used in previous (@, *He) and (*He, a) anal-
yses'?*15 to fit measured angular distributions.
The °He potential was obtained from the scattering
of 51-MeV *He from ®Zr,'? but the *He potential
does not have a large A dependence.'® The o po-
tential was selected from the large number of am-
biguous potentials which fit the elastic scattering
of 65-MeV « particles from !'%Sn.° The « and °He

10.0

124gq (d,p)
E o= 33.3MeV

&
Qa
€
Z
o
=
b
W ool
(2]
(7]
o
['4
(&}
-
-t
=
w
[+ 4
o 1.555 f=2
& 0.0l 4
o ] \ 2264 f=2
(X1/10) =
* 1
0.2320=0
0 ) 20 30 20 50 60

CENTER-OF-MASS ANGLE (deg)

FIG. 3. Experimental angular distributions of 124Sn-
(d,p) for the transitions to the major shell below N=82
in comparison with the distorted-wave calculations.
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FIG. 4. Experimental angular distributions for the
=3 transitions in */Sn(d, ) in comparison with the dis-
torted-wave calculations.

.0 .
124sn(d,p) l

Eqp = 33.3 MeV
o o 2=

406

o
%
~
a
E
g
g Ol
5
w
»
n
0
o
@
o
]
<
=
z
w
@ 0.0l
w
[T
L
8
0.001 - L - J
(o) 10 20 30 40 50 60

CENTER-OF—MASS ANGLE (deg)

FIG. 5. Experimental angular distributions for the [ =1
transitions in 124Sn(d, p) in comparison with the distorted-
wave calculations.

optical-model parameters used are also listed in
Table I.

IV. RESULTS AND DISCUSSION

Preliminary distorted-wave analysis of the
(d,p) and (a, He) cross sections gave (a, He) re-
sults in agreement with the results of the (d,p)
measurements at 15 MeV 2 and (d, p) results that
were somewhat larger. It was assumed that a
systematic error had occurred and the (d, p) cross
sections were multiplied by 0.8 to achieve agree-
ment. The resulting 2%Sn(d, p) differential cross
sections are compared with the distorted-wave
predictions in Figs. 3-6. The corresponding ex-
citation energies, spin assignments, and spectro-
scopic factors are listed in Table II. The spectro-
scopic factors from the (a, ®He) reaction as well
as those obtained from (d, p) at 15 MeV 3 are also
given in Table II. Due to the dominance of the
large-l transfers in the (a, *He) spectrum and the
relatively poor statistics in the ®He spectra it was
not possible to obtain spectroscopic factors for the
1=0to =2 and the weak /=3 transitions. In a few
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FIG. 6. Experimental angular distributions for groups
containing I =5 transitions. The lower three distributions
were treated as pure [ =5 transitions. The next two were
treated as doublets. Agreement between (d, ) and («,°He)
could not be achieved for the 4.01-MeV group using just
two I values; it presumably contains at least three states.
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cases where states were not resolved in the
(a, ®°He) spectrum, the component due to the lower-
! transfer was subtracted and the spectroscopic
factor for the higher spin state was then deduced
for comparison. Also, two peaks were treated as
doublets in both the (d,p) and (a, *He) spectra in
order to obtain consistent spectroscopic factors
from the two reactions. The state at 4.01 MeV
could not be adequately fit with a two-component
curve which would agree with the (a, 3He) results.
This group probably contains at least three states
and is shown in Fig. 6 without a theoretical predic-

tion.

The low-lying levels which correspond to strip-
ping the neutron into the N=50-82 shell are shown
in Fig. 3. The ground-state peak contained both
the 14,,,, ground state and the 2d,, state at 0.026

MeV.® The h,,,, part was obtained from the (a, *He)

results and the dg,, part deduced. Both the =2

and /=5 components are shown in Fig. 3. The

733

h,,,» spectroscopic factor was not obtained in the
lower-energy work.® The I=2 states between 1.27
and 2.27 MeV can be either d;,, or d;,, states; they
are tentatively given (§*) assignments. Reference
3 did not report the (1g,,,) level at 1.377 MeV and
made a tentative assignment of s,,, for the state

near 2.27 MeV.

The angular distributions for the 2f,,, transfers
are shown in Fig. 4. The spectroscopic factors
for the states near 2.60, 3.19, 3.61, and 4.81 MeV
agree fairly well with the corresponding results
from Ref. 3, and the sum of the spectroscopic
factors for the states 4.18 and 4.24 MeV agree
with the result of Schneid, Prakash, and Cohen®
for the group at 4.20 MeV. Spin assignments and
spectroscopic factors were not reported in Ref. 3
for the states at 0.94, 2.76, 3.00, 4.67, and 4.73
MeV in spite of the fact that the 2.76-MeV transi-
tion was the strongest in their spectrum. The
spectroscopic factors given in square brackets in

TABLE II. Excitation energies, spins, and spectroscopic factors in comparison with the results from 24gn @, p) at

15 MeV.

Present results

1248n(d, p) (15 MeV) 2

Present results

4gn(d, p) (15 MeV) ?

E* E* E* E*
MeV)® ml;,  S;, Su%me (MeV) nl s MeV)® nl;  S;, Sume (MeV) nl; S
0.0 lhy, 042 041 0.0 1449 3.13  (lhgy) £ 0,05

0.0269 2dy, 044 ¢ 0.026  2dy,  0.34 3.83  (3pgp, 0.10, 0,10,8  3.85 (2fy,) 0.078
0.232  3sy,  0.33 0.22 3sy,  0.25 lhgp) 0,02 0,02

0.930  (2fy) 0.015 0.94  [2f7pl® [0.012]° 3.94  (2fy 0.02, 0,010

1277 2d(sp 0.07 1.27  (2ds)  0.039 1hgp) 0.01 0,01

1.377  1gq, 0.038 0.056 4,01 (lhyp) i 0.06 108 @ 0.24
1.555  2d(5q 0.04 1.56  (2d5) 0,023 4,06 (3p3) 0.14 ‘ ©psn) 0.
2.264 (2d;;) 0.019 2,27 (3sy) 0.009 418 @fqp) 0,04 oo 120 @ 0.071
2.600 (2f7) 0.010 2.59  (2fyp) 0.011 4.24  (2fy) 004 ) @fra) 0.
2.767  2fy, 054 0,54 2.76  [2f71® [0.58]° 4,42

2.890  (2fy) 0.032 4,58  (lhyp) 0,08 0,11 4,55

3,016  2fy,; 0.04 3.00  [2fqp]° [0.026]° | 4.64  (2fqy) 0.09 4,67 [2f1p]® [0.039]°
3.085  2fy,  0.04 3.07  (3psn) 0.038 4,71 (2fyp)  0.08 4.73  [2fy]® [0.083]°
3.193  2fy, 0.067 0,059  3.18  (2fy,)  0.058 4.81  (2fyp) 0.10 4.83  (2fqp)  0.059
3.349 (3py;y) 0.14 3.35  (2fyn)  0.062 4,93 (lhyy) f 0,11

3.421  3py, 0.36 3.42  (3p3n) 0.34 5.02  (lhgp) 0.13 0,15

3.482  3py, 0.08 5,12 (1hgp) £ 0.15

3.53  (lhys) 0.04 0,04 3.53  (3p3n) 0.042 5.23  (lhyp) f 0.11

3.61  (2fys) 0.02 3.63  (2fqn) 0.021

2 See Ref. 3.

b Excitation energies taken from 1245n(d, p) except for the few cases where only (a, 3He) spectroscopic factors are

given,

¢ The angular distribution was corrected for the 2dy;, component at 0,026 MeV before analysis as 1hyy).

dEnergy from Ref, 5.
¢ These quantities were not reported in Ref, 3, but were deduced from their data in the present work.

f The spectroscopic factor was not calculated from (d, p) data because a single peak was not dominant in the d, p)
spectra, There were sufficient counts within an (e, 3He) resolution width to be consistent with the (o, 3He) interpreta-

tion,

gThel =1 component was small and was subtracted before analysis as anl =5,
h The I =3 component was small and was subtracted before analysis as an I =5.
i The angular distribution for the peak at 4,01 MeV is similar to an ! =5 distribution but the strength is about 3 times
as large as is indicated by the (a,He).
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TABLE III. Parameters used to calculated the quasi-
particle energies E; and the nonoccupation probabilities
sz from pairing theory (in MeV) (see Ref, 17).

Set A A €572 €2 €12 €32 €np

I 279 1.03 0,015 0.805 1.282 2,740 2,485
o 279 1442 0,015 0.805 1,282 2,740 2.485
oI 2,79 1.442% 0,015 0.805 2.0 2,740 2,485

2 Taken from Ref, 3,

Table II were obtained by the scaling of neighbor-
ing I=3 spectroscopic factors that were reported
with the ratio of the peak cross sections. In each
of these cases the spectroscopic factors so de-
duced agree well with those obtained in the present
work. Also, the angular distributions pictured
for these states in Ref. 3 do not appear to be in-
consistent with the f,,, assignments. A tentative
new I=3 transition is reported at 2.89 MeV and an
1=3 component was included in the description of
the multiplet peak at 3.94 MeV. The peak near
3.08 MeV reported as (3p,,,) in Ref. 3 appears to
be due to an I=3 transition here. States near 3.35
and 3.85 MeV reported as (2f,,,) in Ref. 3 appear
to be (3p,,,) and (3ps,,, 1k,,,), respectively, in the
present work.

The angular distributions for the /=1 transitions
are shown in Fig. 5. The spectroscopic factors
for the states near 3.42 and 4.06 MeV agree well
with the lower-energy results.® The level at 3.482
MeV was not resolved from the 3.42-MeV peak in
the earlier work and the level at 3.53 MeV as-
signed as (3p;,,) before is probably populated by
an [=5 transition.

Angular distributions for the peaks containing
(1hy,,) transitions are shown in Fig. 6. These
states lie between 3.5 and 5.3 MeV where the level
density is large and hence cleanly separated states

are rare. For many cases components due to
lower-l transfers complicate the (d, p) angular dis-
tributions and hence the present results depend
heavily on the (@, *He) measurements. Those
cases where more than one [ transfer was apparent
were treated as doublets and there is more un-
certainty in the results for such cases. The peaks
interpreted as kg, are large in the (a, *He) spec-
trum, and hence must be due to either /=5 or [=6
transitions. For the large (a, *He) peaks that ap-
peared as single peaks in the (d,p) spectra also,
the agreement with the (d, p) results is satisfactory.
The peaks at 3.73, 4.93, 5.12, and 5.23 MeV were
not as apparent in the (d, p) spectra, but there were
enough counts within an (a, *He) resolution width
centered on each energy to agree with the (o, *He)
result. Since the agreement with the (d, p) results
is satisfactory, the tentative assignment of (1&,,,)
has been made for these states. None of the &,
transitions were reported in the earlier work.~%

V. SPECTROSCOPIC-FACTOR SUMS AND
SINGLE-PARTICLE ENERGIES

The sum of the spectroscopic factors for each
subshell should be a measure of the nonoccupation
U2 of that subshell in the target nucleus:

(62:?8’(1')’

where S,(i) is the spectroscopic factor for the ith
state and the sum is over all the levels of the sub-
shell. The center of gravity for a subshell defined
as

3P HOMO)
i S
; S,

where E ¥(i) is the excitation energy of the ¢th
state, is related to the quasiparticle energies of

El=

TABLE IV, Sums of spectroscopic factors and centers of gravity in comparison with the results of pairing theory
(see Ref, 17), The numbers outside parentheses include only those states for which definite spin assignments were
made. The values inside the parentheses are for all states analyzed, including those with tentative assignments.

Pairing theory

Set I
Experiment (Kisslinger-Sorensen) Set II
Number of E; - Eyqy E;~ Eyp
nl; transitions Z} S; (3) E}; (MeV) U,? (MeV) U,? (MeV)
1k41,9 1 0.41 0.0 0.36 0.00 0,40 0.0
2ds3/y 1 0.44 0.026 0.48 —-0.043 0.48 -0.031
3s1y9 1 0.33 0.232 0.087 0.752 0.14 0.613
184 1 0.047 1.377 0.056 1.163 0.095 0,981
2ds), (3) (0.129) (1.509) 0.031 1.89 0.056 1.65
2f 3 4(14) 0.687 (1.13) 2.84 (3.39)
3Pas 2(5) 0.44 (0.82) 3.43(3.57)

1hg, (10) (0.76) (4.72)




Kisslinger and Sorensen.'” In pairing theory'’
the quasiparticle energies are given by

E;=[(e; =2 )7+ 4%V,
and the nonoccupation probability is given by
U}2=%[1+(€; —A)/Ej] ’

where €, is the single-particle energy of the sub-
shell, A is the Fermi energy of the nucleus, and A
is one half the “energy gap.” The parameters
used in these calculations are listed in Table III,
Those given in Set I are the parameters calculated
from the data and formulas of Ref. 17. Those in
Set II are the same except that the value of A
=1.44 MeV, obtained in Ref. 3, has been used.
The parameters in Set III are identical to those

in Set II except that €,,, has been arbitrarily in-
creased to improve the agreement with experi-
ment for the s,,, state.

The spectroscopic-factor sums and the experi-
mental centers of gravity Ej are given in Table IV.
Since '*%Sn has 74 neutrons, it is only eight neu-
trons short of a closed shell. The first five sub-
shells listed in Table IV should contain these
eight holes. The number of holes observed,
25;(27+1)23;S,(), where the sum over j is over
the first five subshells, is 8.49. This is in good
agreement with the expected value. The three
higher subshells listed in Table IV belong to the
next major shell and hence should be empty in the
target. A spectroscopic-factor sum near unity
should be obtained for these subshells. The table
indicates that essentially all the f;,, and p,,,
strength and nearly all the 4y, strength is located.

The predictions of pairing theory'” for parameter
Sets I and II (Table III) are also given in Table IV.
The quasiparticle energies exceeded 1 MeV in all
cases, so the differences in quasiparticle ener-
gies for each subshell and the 4,,,, subshell are
listed for comparison with the centers of gravity
Ej.

lUsing the parameters from Kisslinger and
Sorensen'” (Set I) the energy for the d,;, level is
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predicted to be lower than the #,,,,, but both the
experimental and theoretical numbers are near 0.
The s,,, level is predicted to be at much higher
energy than observed, while the agreement for
the g,,, and d;,, levels is much better. The pre-
dicted nonoccupation probabilities agree well with
experiment for the k,,,,, dy,, and g,,, subshells.
The predicted values for the s,,, and d;,, sub-
shells are much smaller than the experimental
values.

Using parameter Set II, which is the Kisslinger-
Sorensen parameters with A changed to 1.44 as
taken from Ref. 3, the agreement is somewhat
improved for the s,,, and d;,, subshells. However,
it is poorer for the g,,, subshell. If the parame-
ters are further changed to Set III, i.e., €,,, is
changed from 1.28 to 2.0 MeV, the nonoccupation
probability Uj,,” becomes 0.26 and E, ,, - E;,,, be-
comes 0.169 in much better agreement with ex-
periment. However, since a single nucleus is be-
ing considered, such adjustment of a single-par-
ticle energy is less meaningful than parameter
searches involving large volumes of data, and
hence searches were not made on the ¢; to obtain
the best fit to the present data.

Better agreement between the d;,, spectro-
scopic-factor sum and the pairing-theory predic-
tion can possibly be established through a differ-
ent interpretation of the data. If the d;,, state at
1.277 MeV were interpreted as d,,,, then 273,S;,,(7)
and the Ef,, would be ~0.56 and 0.29 MeV, re-
spectively, still in fair agreement with the pair-
ing-theory predictions. The values for the 4,
subshell would then be 0.054 and 1.738 MeV, re-
spectively. These are in much better agreement
with the predictions of pairing theory.
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