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Study of Inelastic Scattering of Protons from Sn"' Sn"' and Sn'"
at Isobaric Analog Resonances*
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Inelastic scattering of protons from targets of Sn"', Sn'", and Sn"4 was studied with solid-state detectors
at the resonances which are isobaric analog states of the s&i2 and d'3i2 single-quasiparticle states of Sn"',
Sn"', and Sn"5, respectively. Angular distributions were measured on and o8 the resonances. Sums of
inelastic partial widths QF„are extracted from the data and compared with theoretical predictions from
the shell-model calculations of Baranger, Baranger, and Kuo; the over-all agreement is quite good. In
particular, the strong transitions observed to excited states at approximately 2.5-MeV excitation in the
target nucleus are predicted by the theory. The transition to the collective 3 state does not show resonances.

I. INTRODUCTIOÃ

HE observation of the formation and decay of
isobaric analog resonances constitutes an im-

portant new tool for nuclear-structure studies in nuclei.
]3y bombarding, for example, Sn"' with protons, reso-
nances in the compound. nucleus Sb"7 which are isobaric
analog states of the levels of Sn"7 are formed. The decay
of the compound states to various excited levels of Sn»6

yields information on the parentage of the Sn" states to
the excited, Sn" levels. More specifically, one can ex-

tract the spectroscopic factors for the decay of the Sb"7
compound states to the states of Sn"' by proton emis-

sion. If the Sb"' resonances were perfect isobaric analog
states of the "parent" states in Sn", then these
spectroscopic factors should be proportional to the
spectroscopic factors for removing a neutron from Sn"7
while it is in the "parent" state, leaving Sn"' in the
same excited states. These spectroscopic factors cannot
be measured directly in other reactions.

The purpose of the present experiment was to extract
this type of information for the tin isotopes and, check
whether the results are consistent with other informa-

tion concerning these nuclei. The tin isotopes were
chosen as targets because they have been extensively
studied by means of deuteron stripping and pickup
experiments at this laboratory, ' ' and because elaborate
shell-model calculations on these nuclei have been
performed, ~ yielding wave functions from which spectro-
scopic factors can be calculated for comparison with
experiment.

The isobaric analog resonances observed in the elastic
scattering of protons from all the tin isotopes have been
studied. by Richard, Moore, Seeker, and Fox.' Allan and
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co-workers' —7 studied, the inelastic scattering for targets
for Sn"' and. Sn"'. In the present experiment, we mea-
sure inelastic scattering from Sn Sn and Sn124 Two
resonances are studied in each isotope, corresponding to
the low-lying —,

'+ and aa+ states in Sn", Sn'" and Sn"'.
The —,+ is, to a good approximation, a single-quasi-
particle s&i2 state while the 2+ is a single-quasiparticle
dai~ state.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out with a proton beam
from the University of Pittsburgh tandem Van de
Graaff. The beam energy was determined, by a 90
magnet; the calibration, based on the C"(p, rt) threshold
energy, is probably accurate within ~10 keV. Two NaI
scintillation counters were mounted at the periphery of
the chamber at &25' to the beam in order to monitor
the elastically scattered protons from the target during
the course of a run. The beam current was collected in a
Faraday cup connected to an integrator.

The self-supporting targets of Sn", Sn"' and, Sn"
were obtained, commercially. ' The thicknesses of the
targets used ranged from 250 to 500 ttgicms; the isotopic
enrichments were greater than 90%.

The scattered protons from the target were detected.
by two I-mm silicon surface-barrier detectors mounted,
on a remotely controlled, motorized turntable which
could, be rotated during the course of the experiment.
The pulses from the detectors were fed to linear
ampli6ers. The pulses from each ampli6er were pulse-
height analyzed by Nuclear Data 4096 multichannel
analyzers. Only 256 channels were used, to display a
single spectrum. The resolution obtained during the
course of the experiment was approximately 40 keV.
Permanent magnets set in front of the detectors im-
proved the resolution by preventing low-energy elec-
trons from the target from reaching the detectors. The
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continuous background. in the inelastic proton spectra
was reduced consid. erably by preventing the incident
beam from hitting any slits near the scattering chamber.
The illuminated, area of the target was defined. by two
round apertures, 6.4 rrun in diameter and. approximately
36 and 60 cm in front of the target, respectively. When
more than 1%of the beam hit the apertures the run was
stopped.

On the other hand, , background. was reduced, by
employing large-area detectors. The defining apertures
in front of the detectors were D= 12.7 Dun in diameter.
The ratio of the number of particles which enter the
detector after being scattered at the edges of the defining
aperture to the total number of particles counted is of
course proportional to 1/D.

Excitation functions of the inelastic proton groups
were measured at the laboratory angles of 135' and
165 . At the resonance energies correspond, ing to the —',+

and ~+ isobaric analog states, angular distributions were
measured from 50' to 165'. Angular distributions over
the same angular region were also measured. at energies
below, in between, and. above these two isobaric analog
resonance energies.

The cross sections for the inelastic proton groups were
measured. relative to the monitor detectors, and. it was
assumed that the cross section for the elastically scat-
tered protons in the monitors was given by the Ruther-
ford formula. This assumption should be valid at the
energies (7—8 MeV) used in this experiment. The abso-
lute cross sections measured at the resonance energies
are believed to be correct within +20%.

TABLE I. The experimental results for the Sn"'(p,p') reaction.
This table lists the excitation energies of the excited states of the
target nucleus reached by proton decay from the isobaric analog
states, the assigned J",and, for each resonance, the absolute cross
sections measured at 135' and the sums of the inelastic proton
partial widths. Column 1 lists the excitation energies for the levels
observed by Allan et al (Ref. 9) with. the (p,p') reaction at
11 MeV.

TAELE II. The experimental results for the Sn'"(p, p') reaction.
See also caption for Table I.

Allan'

(MeV) (MeV)

»'"(p,p')
3+ g c.m. 7 68p

MeV
da/da pr; r„.t;
(t6b/sr) (keV)

L+ g c.m. —7 82
MeV

do/dQ p 1;r„1;
(t6b/sr) (keV)

1.142 1.14 2+
2.103 2.08 (0+)
2.115
2.239
2.260
2.336
2.418
2.496

2.41
2.50 3
2.68 (0+)
2.75
2.86
3.14

2.870
3.128

600

86
205

2.75

2.06

0.46
1.15

144
67

l20

265

0.80
0.53

0.95

2.1

0.45

a Reference 9.

TABLE III. The experimental results for the Sn»(p, p') reactions.
See also capt&on for Table I.

III. EXPERIMENTAL RESULTS

The -', + and ~+ isobaric analog resonances in Sb",
Sb'", and Sb"' corresponding to the stt s and dsts neutron
single-quasiparticle states in Sn"r, Sn"' and, Sn"' were
studied using the (p,P') reaction. Tables I, II, and III
list the experimental results at the -', + and -',+ isobaric
analog resonances for the targets Sn"', Sn"', and, Sn"6
respectively. These tables list the excitation energies of
the excited, states of the target nucleus reached by
inelastic proton decay from the isobaric analog states,
the assigned J, and. , for each resonance, the absolute
differential cross sections measured at 135' and the
sums of the inelastic proton partial widths, Pt; I'„ t;,
obtained from a Breit-signer analysis of the data. The
method used to determine Pt; I'~ t; will be discussed
below. For comparison, the first column in each table
lists the excitation energies for the levels observed by

Allan a

(MeV) (MeV)

Sn116 (p p~)
3+ g c.m. 7 02

MeV
do /dQ P 1;I',1;
(tt6b/sr) (keV)

~~+ g~c.m. =6.87
MeV

do/dQ p1;r, 1t
(t6b/sr) (keV)

Allan'
pQ

(MeV) (MeV) J~

»'"(p,p')
-'+ E ' =784

MeV
do'/dQ Qtt r„1t
(t1b/sr) (keV)

1+ gq c.m. 8 04P
MeV

do'/dD g1'I'„1'
(pb/sr) (keV~)

1.291
1.702

1.29 2+
1.76 0+
2.03 0+

2.108
2.224 2.24
2.267 2,27 3

(2.3I)
2.366
2.391
2.531

2.60
2.649
2.803
2.845 2.87

403 1.10

274 0.75

91 0.25

734 1.65
62 0.17
22 0 06

77 0.27

100 0.35

325 0.63
159 0.56
120 0.42

1.13 2+
2.12

2.43
259 3
2.69 (0+)

1.132
2.105
2.133
2.199 2.20
2.217
2.43
2.605
2.678
2.708
2.879 2.85
2.952
2.988
3.215 3.19

500
46

70

372

138

3.2
0.33

0.50

2.70

1.0

1.8

&10 0.65

107

2,8

0.65

139 0.70

a Reference 9. a Reference 9.
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FiG. 1. The proton spectra at 135' measured at the ~+ isobaric
analog resonance energies.

' D. L. Allan, B.H. Armitage, and B.A. Doran, Nucl. Phys. 66,
481 (1965).

Allan, Armitage, and Doran, ' who studied the (p,p')
reaction at 11 MeV.

Excitation functions ~of the inelastic proton groups
were measured at, the laboratory angles 135'and. 165',
with 20-keV energy steps over the energy region corre-
sponding to the two resonances. Figure 1 shows the
proton spectra at 135' measured at the ~+ analog reso-
nance energies, No proton groups were observed corre-
sponding to states with excitation energies greater than
3.3 MeV. The excitation functions measured for the
inelastic proton groups are shown in Fig. 2. Angular
distribution for the various groups on and o6 resonances
are shown in Figs. 3—5.

The identification of the 2.31-MeV level in Sn"' is
doubtful since it corresponds to a sma11 peak partially
obscured, by a peak due to'an impurity. However, it does
seem to resonate at the ~+ resonance and was therefore
considered. to be a state of Sn"6. The level in Sn"' at
2.87 MeV, which is not seen at the —,'+ resonance and only
weakly at the ~3+ resonance, might be the 2.845 level
seen by Allan et al. ' in the Sn"'(p,p') reaction at
11 MeV.

In Sn"' the states at 2.66 and 2.74 MeV have not
been observed previously, either in the Sn"'(p, p') re-
action at 11 MeVbyAllan'orin the Sn"'(d, d') reaction

at 15 MeV by Kim and Cohen, "The state at 2.86 MeV
may correspond to the very weak state at 2.87 MeV seen
in the (p,p') reaction at 11 MeV. '

In Sn'24, three very strong peaks were seen in addition
to the strong 2+ state at 1.13 MeV. All the peaks ob-
served. here, both the weak and strong peaks, were also
identiied at 11 MeV. ' The peak at 2.69 MeV may
correspond to twolevelsat 2.678and2. 708MeVseenin
the (p,p') work at 11 MeV. '

In Sn"', the0+statesidenti6edbymeansof the (d,p)
reaction' at 1.76 and, 2.03 MeV, resonate more strongly
at the ~+ resonance than at the ~+ resonance. Allan,
Jones, Taylor, and Weinberg7observed similarbehavior
for the 0+ states at 1.87 and 2.63 MeV in Sn"'. Such
behavior is to be expected because of the lower-barrier-
penetration probability of d waves as compared. to s
waves: In order to reach a 0+ state from the 2+ analog
state, a k=0 proton must be emitted, while from the 2+
analog state, a 3= 2 proton must be emitted. The states
at 2.08 and 2.66 MeV in Sn'" resonate at the ~+ isobaric
analog resonance and not at the —,'+ isobaric analog
resonance. Likewise the level at 2.69 MeV in Sn"'
resonates more strongly at the —,

'+ isobaric analog energy
than at the ~3+ energy. This behavior suggests that the
2.08- and 2.66-MeV states in Sn"2 and the 2.69-MeV
stateinSn'"rnayalsohavespinandparity0+. It should
be noted, however, that the peak observed at 2.60 MeV
in Sn"' does not show the same behavior, although a 0+
level is known at 2.63 MeV from the (d,p) analysis. '
This peak may correspond. to two unresolved levels
which resonate diQerently.

In theinvestigationof Allan, Jones, Morrison, Taylor,
and steinberg, ' it appears that the collective 3 states
in Sn"'and Sn" stronglyresonatein the Sn"'(p p') and
Sn"'(p, p') reactionsat the 2+isobaricanalog resonance.
In the present experiment only a very small peak is
identified as the 3—level at the ~+ resonance in Sn'" and
Sn"'. The spectrum of Sn"' does show a strong peak
near thelocationof the3 state; however, the Sn"'(d, p)
reaction (Ref. 2) assigns a positive-parity, 1+, 2+, or 3+
level very near this energy which could be mistaken for
the 3 state. In order to investigate this further, the
spectra were measured at 130 for higher incident
energies, E„=10MeV, where the 3 state isknown to be
strongly excited. . All spectra were measured at the lower
resonance energies and at the higher energies in rapid
succession in order to minimize the possibility of an
error in energy calibration for the spectra. Figure 6
shows the spectrum for Sn"4(p,p') measured at E~=10
MeV. The 3—state is correctly identified at the —,'+
isobaric analog resonance as a very small peak. Perhaps
the peaks observed in Sn"' and by Allan e] a/. ' ' in Sn"'
and Sn'" are not the 3 states, but are the same positive-
parity states which are observed in the (d,p) reactions.

The sumsof the inelasticpartial widths gt; F„t;are
determined at themaximum of the resonance (E=Z„),

10 V. S. KIm and B.L. Cohen, Phys. Rev. l42, 788 (1966).
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Sn" (p, p')
2.87 MeV

0..

200

Sn (p, p' )

2,84 MeV

Sn (p, p')

FIG. 2. The excitation functions
measured for the inelastic proton
groups. The 2.66- and 2.84-MeV
states in Sn"' and the states of
Snr~(P, P') were measured at
8= 165'; the remaining states
shown were measured at 8=135'.
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using a single-level Breit-signer formula

2F'
r„.„-=

t'(28+1)I", 47r

where 0.». is the total resonance cross section integrated
over the angles, F~ is the partial wid, th for the elastic
proton, 1' is the total resonance width, and rI is the spin
of the isobaric analog state. The values for I' and I'~
used in expression (1) are those obtained from the
elastic proton scattering analysis for the same analog
states by Richard, Moore, Seeker, and, Fox at Florida
State University and are listed in Table IV.

In order to determine the total resonance cross
sections 0-», angular distributions were measured, for
the observed levels at the isobaric analog resonance
energies and at off-resonance energies (Figs. 3—5). The
angular distributions measured at oQ-resonance energies
were used, to determine nonresonant contributions to the
cross sections. The nonresonant cross sections were then
subtracted, from the cross sections measured, at the
resonance energies in order to obtain the resultant
resonance cross sections. This procedure appears to be
valid for all states except the 6rst excited, 2+ states,
since the nonresonant cross sections for states other
than the 2+ states appears to be very small. However,
the 2+ states at the ~+ resonance clearly show inter-

TABLE IV. The results obtained by Richard et aL (Ref. 4) from
the elastic-proton-scattering analysis, which were used in the
Breit-Wigner analysis of the inelastic-proton-scattering data.

g c.m.
y

(MeV)

6.869
7.022

7.684
7.820

7.840
8.044

Sn"'(p p) Sn"'
1+

Sn'" (p,p) Sn'"

1+
2

Sn'24 (p,p) Sn1~4

3+
2

r,
(keV)

16.5
8.3

7
17

9
14

r
(keV)

42
37

42
59

» Kleinfeld, de Boer, Covello-Moro, Bull. Am. Phys. Soc. 12,
564 (1967)."D. G. Alkhazov, D. S. Andreev, K. I. Erokhina, and I. Kh.
Lemberg, Zh. Eksperim. i Teor. Fis. 33, 1347 (1950) I"English
transl. : Soviet Phys. —JETP 6, 1036 (1958)g.

ference effects with the nonresonant contributions to the
cross sections for angles less than 90'. The extraction of
0-» for the 2+ states used. only the data obtained for
angles greater than 90'. The nonresonant cross sections
for exciting the 2+ states by the semiclassical Coulomb
excitation process were calculated, using the following
valuesforB(E2): Snr's B(E2)= (0.186&0.020)es&&10 4s

cm' "; Sn'", B(E2)= (0.170&0.030)e'X 10 " cm4 ";
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The results are listed, in Tables I—III. The individual
partial widths were in general not determined. For 0+
final states only one value of orbital and total angularmomentary,

jis allowed and. the sum Q~; I'„.~; reduces to
one term. For the ~+ resonance usually only one value of
/ is allowed, e.g., in the decay to a 2+ state I= 2, j= ~3 or

~, and the sum reduces to two terms. In general, one can
try to obtain more information on the relative values of
the F„~;in the sum by analyzing the angular d,istribu-
tions. If one assumes that the reaction proceeds only via
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FIG. 6. The proton spectrum for Sn'~ measured at Ir „=10 MeV.
The 3 state can be seen to be strongly excited.

compound nucleus formation, the expressions of 31att
and Biedenharn" can be employed. However, this was
not done for several reasons: (a) the neglect of d,irect
reactions is not justided, especially for the erst excited
state (2+); (b) The experimental errors in the angular
distributions are not small, and no measurements were
made for e(50'; (c) the experimental angular distribu-
tions show little structure, and are often almost iso-
tropic; theoretically, all angular distributions on the 2+
resonance should be isotropic. It was felt that the sum of
the partial widths extracted from the total cross section
as described above was more reliable and, as will be seen
below, would still allow comparison with theory.

IV. DETERMINATION OF THE SINGLE-PARTICLE
PARTIAL WIDTH

A very important quantity to be measured, in nuclear-
structure studies is the spectroscopic factor S(l,j). A
method similar to that suggested by Schiffer'4 and.
Andersen et a/."for extracting the spectroscopic factor
from the partial width for an isobaric analog resonance
is given by

S(l,j)= (2Tp+1)I'„(;/I'„( P, (2)

where I'„~ & is the calculated single-particle partial
width, and F„~; is the measured, partial width. The
factor 2Tp+1 is included to facilitate comparison with
the spectroscopic factors for removal of a neutron from
the parent state.

In order to determine I'„g,'~, a computer experiment
is performed. Protons are scattered by a real potential of
the form

V= V.ps+ Vc. t,
FIG. 5.The angular distributions for the strong inelastic peaks in

Sn'~. Measurements were obtained on resonance energies and off
resonance energies. The crosses x represent the value of the cross
section between the dip, 8 e m. =7.84 MeV and spic E ' .=8.04
MeV, isobaric analog resonances. Shown also for the erst 2+ is the
expected Coulomb excitation cross section for a B(E2)= (0.165
&0 0170)s X10~s cm4 (Ref. 11).

where V,It, is only the real part of an optical-model
& J. M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258

(1952).
'4 J. P. Schiffer, Nucl. Phys. 46, 246 (1963).»B. L. Andersen, J. B. Bondorf, and B. S. Madsen, Phys.

Letters 22, 651 (1966).
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calculations were made using the distorted-wave Born
approximation (DWBA) code Ivr.rzis for several well
depths (and therefore several resonance energies). The
well depths ranged from 70 to 78 MeV; the radius
parameters were held fixed at ro=r, =1.25 F; the dif-
fuseness parameter was a=0.65 F. Plots of F„~'&versus
E„are shown in Fig. 7; there is no jdependence because
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no spin-orbit potential was included.
In earlier work, ' ' a different method of estimating

I'„t,'n was used (denoted as method I in Refs. 17 and
18): The radial wave function of the captured (but
unbound) proton was approximated as being equal to
the radial wave function of the bound neutron in the
analog parent state. The present method (denoted as
method II in Refs. 17 and 18) should be more accurate
because it takes into account the unbound nature of the
proton wave function and the effect of the nuclear
potential on the barrier penetrabilities (in method I only
Coulomb penetrabilities were considered).

FIG. 7. The plot of the single-particle proton partial width Fpg I'

versus the resonance energy for l =0 and l =2.

potential of Saxon-Woods shape, and Vc,„~ is the
Coulomb potential of a uniformly charged sphere.

The scattering goes through a resonance when the
phase shift tt t; in the l, jpartial wave goes through 90'.
Near resonance the cotangent of the phase varies
linearly with the energy and the resonance width is
defined by

cotPt;= (g„—jv)

E„is the resonance energy, and 8 is the incident proton
energy. Equation (4) defines the single-particle width to
be used in calculating the spectroscopic factor, Eq. (2),
when E„in the computer experiment is the same as the
experimentally measured resonance energy of the iso-

baric analog resonance. In order to make the computed
and measured resonance energies coincide, the depth of
the Saxon-Woods well was varied. I'~~,' was obtained
from the slope of the curve of cot@t; versus E. The

V. COMPARISON OF Sn"'(P P') AND
Sn"r(d)f) RESULTS

If the compound state observed in the (p,p') reaction
is a perfect isobaric analog of a certain parent state, then
the spectroscopic factors obtained from Eq. (2) should
be equal to the spectroscopic factors for the (p,d) or
(d, t) pickup reaction on a target which is in that parent
state."In the case of Sn"', a comparison can be made
between the Sn"'(P,P') and Sn"r(d, t) reactions, since
Sn"' is available as a target. The ground, state of Sn" is
-', +, so the Sn"r(d, t) spectroscopic factors' are to be
compared with the spectroscopic factors measured for
the Sn"'(p, p') reaction at the -',+ isobaric resonance.

A comparison of relative spectroscopic factors for the
two reactions is made in Table V. The assignments of J"
listed in the table are those found in Ref. 2. The relative
spectroscopic factors for the states formed by the
transfer of an /=0 particle are normalized to the ground
state, whereas the states formed by the transfer of an
l=2 particle are normalized to the first 2+ state. The
agreement between the relative spectroscopic factors
for the two reactions is seen to be quite good. Absolute
values of S were not obtained in the (d, t) experiment.

(d, t) (p,p')
E" (MeV) Z* (MeV)

(d, t) (p,p')
Sl(sr+)rel St(s~krel

0.0
1.76
1.99

1.28
2.18

0.0
1.76
2.03

1.29
2.24

l=p
0+
0+
p+

l=2
2+

(1+2+ 3+)

1
0.37
0.47

1
1.44

1
0.32
0.38

1
1.56

TABLE V. A comparison of the relative spectroscopic factors
from the Sn"'(p p') (&+ isobaric analog resonance) and the
Sn"'(d, t) (Ref. 2) reactions. The values of J are those found in
Ref. 2.

VI. COMPARISON OF RESULTS WITH
THEORETICAL PREDICTIONS

Spectroscopic factors for both the —,'+ and ~3+ isobaric
analog resonances can be compared with the spectro-
scopic factors which can be predicted if the wave
functions for the initial and final states are available.

~ R. H. Bassel, R. M. Drisko, and G. R. Satchler, Oak Ridge
National Laboratory Report No. ORNL-3240, 1962 (unpublished}."E.W. Hamburger, B.L. Cohen, J.Kremenek, J.B.Moorhead,
and C. Shin (to be published).' E. Schneid, PhD thesis, University of Pittsburgh, 1966
(unpublished)."D.Robson, Phys. Rev. 137, 535 (1965).
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Using the wave functions of Kuo, Baranger, and.

Baranger, 3 E. Baranger" calculated the corresponding
spectroscopic factors involved for the —,'+ and ~+ isobaric
analog resonances in Sb"~, Sb"', and Sb"'

If it is assumed that the parent state in the odd tin
isotope is a pure one-quasiparticle state and that the
state in the even nucleus is a pure two-quasiparticle
state, then the work of Baranger and Kuo" gives the
following expression for the spectroscopic factor for
proton emission from the analog state to an excited
state k of the even nucleus:

27+ I
~~7(~,@)= l" lf'"(&P) (~+&8j)

28+1

where V, is the fullness of the single-particle state j io
the odd nucleus, J is the total angular momentum of the
two-quasiparticle state (k) in the even nucleus, g is the
total angular momentum of the analog state, P&"l (rij/)
is the amplitude for finding, in the kth eigenfunction of
the even nucleus, that state consisting of two quasi-
particles in states g and j, and 8 is the Kronecker delta
function. The spectroscopic factors were calculated for
sij 2, d@~, d5~2, and. g~j 2 quasiparticles and. for final states
with J =0+, 1+, 2+, 3+, and 4+.

Since only the sum of the partial widths was obtained
from the d.ata, experimental spectroscopic factors were

TAnLE VI. The theoretical predictions for the Snu'(p, p') re-
actions at the q1+ and &2+ isobaric analog resonances. This table
lists the excitation energies for the theoretical two-quasiparticle
states of the residual nucleus, the J~ for these states, the values of
l and j for the transferred particles, the spectroscopic factors
calculated by Baranger (Ref. 20), and the partial widths calcu-
lated using Kq. (2).

(MeV) J
$+ analog

S(f,j)

state
ry) j'

(keV)

$+ analog state
r„i;

l, j S(lj ) (keV)

0.0 0+
1.150 2+

1.567 0+
2.247 4+

2.466 2+

2.640 0+
2.742 2+

2.837 1+

2) 2

0
27 2

2) 2

2

27 2

27 2

2) 2

27 2

) 2

27 2
7

0, 2

2 l

0.449
0,125
0.209
0.013
0,045
0.123
0.016
0.010
0.005
1.211

0.103
0.851
0.085

0.008
0.617

14.6
4.24
1.75

0.55
0.027

0.025
1.47

0.096
3.11
0.067

1.93

0, -', 0.211 21.5
2) 2 0.185 1.73
2) —,

' 0.058 0.54

0, —,
' 0.200 4.87

4 —' 0 014

2, —', 0.007 0.013
2, -', 0.002

0, —,
' 0.540 2.82

2, -', 1.26 1.23
2, 2 0.009

2, 2 0.912 0.76

not determined. . However, using the spectroscopic
factors calculated, by E. Baranger, the values of F» I'

determined, in Sec. IV, and relation (2), a sum of
theoretical partial wid. ths can be obtained and compared
to the experimental results.

Tables VI—VIII give the theoretical predictions for
the partial widths. These tables list the excitation
energies for the theoretical states of the residual nucleus

TABLE VII. The theoretical predictions for the Sn"'(P,P')
reaction at the -,'+ and -', + isobaric analog resonances. See also
caption for Table VI.

(MeV)

0.0 0+

1.471 0+
1.534 2+

2.081 0+
2.362 0+
2.404 2+

2.468 4+

2.678 1+

2.978 2+

2) 2

2

0, ~2

2 7 2

2 ) 2

2

7 2

0)
2 7

21 2

2

0 1

2 7

0 1

2) 2

2) 2

4, $

S(l,J)
0.815
0.015
0.116
0.061
0.011
0.049
0.007
0.069
0.152
0.253
0.001
0.003
0.012
0.033
0.410
0.000
0.062
0.015
0.009
0.064

—,'+ analog state
ryli
(keV)

16.8
0.04
1.29
0.18

0.001
0.05
0.45
0.15

0.004

1.06

0.066
0.005

0, -', 0.028
0, -', 0.236
2, —,

' 0.139
2, —,

' 0.014

0.11
0.51
0.07

4, —,
' 0.033

2, -', 0.376 0.10

2, -' 0.056 0.03
2, —,

' 0.138

-', + analog state
r„&,

l, j S(l,j) (keV)

0, —,
' 0.533 33.0

0) -', 0.144 1.48

2, -', 0.106 0.40
2, —,

' 0.091

(MeV)

3+
2 analog state

ryls
~(l,J') (kev)

2+ analog state
rq)g

l, j S(lj ) (keV)

0.0 0+

1.148 2+

1.576 0+
2.216 4+

2.403 2+

2.689 0+
2.708 2+

2.813 1+

2) 2

0, -',

)

4 J.

2) 2

0, $
2) 2

27 2

2) 2

) 2

2) 2

2 7

0.334
0.131
0.265
0.012
0.041
0.184
0.015
0.008
0.008
1.40
0.001

~ ~ ~

0.093
0,916
0.114
0.001
0.008
0.661

12.3
4.62
1.91

0.92
0.02

2.20

0.095
4.13
0.11

2.65

0 2 0.145 16.3
2, ~2 0.214 3.08
2, —,

' 0.048

0, 2 0.161 4.56
4 2 0.012

2, 2 0.013 0.03
2, -', 0.003

0, 2 0.653 4.05
2, 2 1.50 2.05
2, -', 0.009

2, 2 1.08 1.26

TAsrz VIII. The theoretical predictions for the Sn'~(p, p')
reaction at the —',+ and $+ isobaric analog resonances. See also
caption for Table VI.

~ E. Baranger (private communication).



1611216

RESONANCERESONANCE
EX P. THEORYTHEORYEXP.

6-5 S 124 2+ I245-
p+

+
I

p+

x /~
I

(0+)x I/2

x /3 2'(0 ) 2-

x /5

I22

Cl,

F

4 2

I

I22
p+5-

0 4

ca& 3-
N 2-

p+
0+x /~ I+ 2+I

x /3
I

0+
x /5

I

2'
(0+)

p+ x /5
I

I+(0+ &

I I

116

p+

I I 6
x /g

2+

I
1 I I

I 0 3 2
EXCITATION ENERGY (MeV)

p+

x /~
I

p+
I

x /5
I2-

2 + p+
0 0 0+
II I I I

2 I 0 3 2 I

EXCITATION ENERGY (MeV)

FIG. 8. A comparison between the experimental sums of partial
widths measured at the ~~+ isobaric analog resonances and the
sums of theoretical partial widths predicted by shell-model
calculations. The theoretical results are those listed in Tables
VI—VIII. FIG. 9. A comparison between the experimental sums of partial

widths measured at the $+ isobaric analog resonances and the
sums of theoretical partial widths predicted by shell-model
calculations. The theoretical results are those listed in Tables
VI—VIII.below 3.3 MeV, the J for these states, the values of /

and j for the transferred particles, the spectroscopic
factors, and the partial widths.

The wave functions are those calculated with the
parameters of Table Sa of Ref. 3. The sensitivity of the
results to the choice of parameters was checked" by
calculating the spectroscopic factors also with the
parameters of Table Se of Ref. 3. The larger spectro-
scopic factors in the two calculations, S)0.1, usually
agree within 10%, in a few cases there are 25% dis-
crepancies, and above 4-MeV excitation energy in the
even nucleus, larger disagreements appear. However, no
data were obtained above 4-MeV excitation.

The comparisons between the experimental results
and the sums of the partial width listed in Tables VI—
VIII are shown in Figs. 8 and 9. It should be noted that
the spins and. parities of all the experimental states are
not yet known so that a level-by-level comparison
cannot be made. The over-all agreement between ex-
periment and theory is good; it is comparable to the
agreement found by Baranger and Kuo" between the
experimental stripping spectroscopic factors, ' and, the
predictions of the wave functions of Baranger, Kuo, and,

Baranger. In particular, the large partial widths mea-
sured to excited states between 2- and 3-MeV excitation
energy are correctly predicted by the theory. A con-
spicuous disagreement concerns the 0+ states at 1.5-
MeV excitation in Sn'" and Sn"4 which are predicted, to
be strongly excited at the ~+ resonance but are not
observed experimentally. Otherwise, the agreement is as
good. as can be expected from the crudeness of the
theory, and. from the method of extracting the partial
widths and of estimating the single-particle widths.
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