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Excitation and decay of analogs of excited states of" Sn
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The (p, n') reaction to excited isobaric analog states of "Sn has been observed using a neutron-proton (n-p)
coincidence technique. The n-p coincidence was essential to reduce the neutron background due to
population of the T, states. The states preferentially excited are analogs of the 0.920, 0.921, 1.090, and
1.354 MeV states of "Sn which contain the strength of the 2+ core excitation. These states are observed to
decay overwhelmingly to the first-excited (2+) state of '"Sn. A value for the overall relative proton decay
probability was calculated in order to compare the data with predictions of a two-step model of the (p, n')
reaction. Good agreement with the data was obtained, provided that the imaginary part of the neutron

optical potential was reduced by the same factor which previously was found necessary to fit quasi-elastic

scattering data.

NUCLEAR BEACTIONS «i98n(P, n')~~9Sb(IAS), E&= 17, 19MeV; measured o (E&, ig);
observed proton decays, obtained two-step DWBA and coupled-channels predic-

tions.

I. INTRODUCTION

During the past I5 years, the (p, n) reaction to
analogs of the ground states of target nuclei has
been studied over a %'ide range of nuclear masses
and bombarding energies, to obtain directly in-
formation about the isospin part of the optical
potential. In contrast, relatively little work has
been done on the reaction populating isobaric
analogs of excited states, and these studies have
been confined primarily to even-even nuclei vrith
AS 90.' ' The reaction is found to populate se-
lectively analogs of collective states with a cross
section which is a significant fraction of that of
the ground state (g.s.) analog. accept for light
mirror nuclei, there has been only one reported
observation of the (p m) reaction to excited-state
analogs in an odd-A. nucleus. 4 This lack of infor--
mation is certainly partly due to the experimental
difficulty of observing the fragmented strength
above background which may be substantial for a
heavy nucleus in a conventional, pulsed-beam.
time-of-flight (TOP) experiment. Indeed, the lack
of evidence for excited analogs in neutron TOF
spectra has led one group to suggest" that the
reaction falls off strongly with mass number be-
yond A =-90.

In. a heavy nucleus, the analog states are gen-
erally unbound and often a large fraction of the
decay is by proton (p) emission. Decay branches
may be observed not only to the ground state, but
also to excited states of the final nucleus. For
example, in the reaction "'Sn(p, n)"'Sb»(p)'"Sn,
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FIG. 1. Expected proton decay scheme (relative to
the g.s. analog) of T& states in ' 'Sb based on the known
properties of the low-lying states of ' Sn and ' Sn
(Hefs. 23, 29, 31).

analogs of states in '"Sn are formed in '"Sb and
these states can proton decay to states of '"Sn.
The energetics of the reaction are shown in Fig. 1.
In '"Sn, four states each contain a portion of the
configuration formed by coupling Bn s,~2 neutron
to the 2+ collective state of the core: the —,

'+ state
at 0.920 MeV and three —,

'+ states at 0.921, 1.090,
and 1.354 MeV. Proton decays following the (p, I')
reaction to analogs of these states should fall into
bvo energy groups: one at 8-8.5 MeV, corres-
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ponding to decays to the ground state of "'Sn and
a group, near 7 MeV, of decays to the 2+, 1.23
MeV state of "'Sn. [The use of n' in the reaction
notation (p, n') and (p, n'p) is to indicate that the
emitted neutron leaves the "'Sb nucleus in the
analog of an excited state of "'Sn.]

Provided angular correlation effects are taken
into account, the (p, n'p) cross section is given by

where I~/I" is the relative proton decay probability
of the state reached in the (p, n') reaction. There-
fore, if o(p, n') can be measured, one can obtain
from the observed decays proton decay widths
which are related to the spectroscopic factors for
neutron. transfer between the parent states (in
'"Sn) and daughter states (in '"Sn). Unfortunately,
as we will show, measuring o (p, n') directly on an
odd-A nucleus as heavy as "'Sn is extremely dif-
ficult, and it has not yet been done.

Observing the proton decay following the pop-
ulation of excited-sta. te analogs in a (p, n') reac-
tion is of interest for another reason. Anomalies
have been reported' ' in single detector measure-
ments of p decay following the (p, n) reaction on
heavy nuclei, which may be attributed, at least
in part, to "quasi-inelastic" scattering. Total
p yields were observed which are larger than ex-
pected on the basis of &x(p, n) measurements"
and widths of the analog states were found to be
greater than those determined from either (p, p')
resonance studies'o "or (p, n) TOF measure-
ments. "'

If analogs of collective states are populated in
the (p, n) reaction, the energy for their proton
decay to the core-excited state in the final nucleus
would be close to that for g.s. analog decay and
would not be resolved from g.s. analog decay in a
p singles measurement. This is an example of
the "window effect" first noted by Allan" on the
basis of his "'Sn(p, p')"8Sn results. It was in-
voked by Grimes et al. ' to account in part for the
discrepancy between the singles p and (p, n) mea-
surements on 'o'Pb and "'Bi. However, the great
difficulty in observing the quasi-inelastic neutron
peaks in the TQF spectra, and the speculation
that the cross sections are small, meant that this
possibility was open to question. In a measure-
ment similar to that reported here, j3howmik
et al. '4 report no significant evidence for excita-
tion of excited. analog& of ovPb and 08Pb. They,
however, make no calculations of the expected
effect, which as we shalI show for the case of
"'Sn, is small and could easily be hidden in their
data.

In earlier papers, "'~ we described a technique
for measuring quasi-elastic scattering on '"Sn,

in which the neutron from the (p, n) reaction was
detected in coincidence with the decay proton.
This technique is particularly well suited for
looking for excited-state analogs, because the
neutron background from reactions to the T& states
is greatly reduced. In this paper, we report ob-
servations of the (p, n) reaction to the excited-
state analogs of "'Sn described above, and their
decays to states of "'Sn. Population of the ex-
cited analogs is sufficiently large to account for

, a difference in I~/I' as measured in a singles p
experiment" and in a recent comparison of coin-
cidence and conventional TOF measurements of
the g, s. analog yield. "

The (p, n') cross section was estimated from
the data and the known spectroscopy of the nuclear
states. A detailed analysis has been carried out
in terms of a two-step reaction mechanism. "

II. EXPERIMENT

Data on the '"Sn(P, nP)'"Sn reaction were taken
using the n-p coincidence technique described in
a previous paper. " In a heavy nucleus (A~ 90),
analog (T, ) states are particle unstable and have
a relatively high probability of decaying by proton
(p) emission. Thus, detecting a proton at the
appropriate energy signaled that a (p, np) reaction
may have taken place and the neutron TQF was
determined relative to the proton signal. The
coincidence method did not require a pulsed beam
from the accelerator and yielded data of compar-
able quality to that obtained by (p, n) TOF methods.

The coincidence method has a significant advan-
tage for the present work. Requiring a proton in
coincidence with the neUtro~ greatly reduced the
background due to populating T, states near the
T& state of interest, because the T, states decay
predominantly by neutron emission if it is ener-
getically allowed. This reduction in neutron TOF
background eliminated the need for good time-of-
flight resolution and correspondingly long flight
paths in the neutron detection arm. %e have ob-
tained relatively clean spectra, at energies near
reaction threshold, where the large background
of evaporated neutrons makes the conventional
method impractical.

A 2 mg/cm ' 9Sn target, enriched to 89.8% was
bombarded with a proton beam from the Univer-
sity of Minnesota MP tandem Van de Graaff ac-
celerator. Neutrons and y rays were detected in
an array of five 5 cm diam by 5 cm Ne 213 scin-
tinators at 40 cm from the target. Conventional
pulse shape discrimination (PSD) was used. Neu-
tron TOF was determined relative to a charged-
particle signal from either of a pair of surface-
barrier detector telescopes placed at backward
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angles. Ail coincident-pair events (charged-par-
ticle energy and neutron TOF) were recorded,
event-by-event, on magnetic tape for extensive
off -line reanalysis.

Data were taken at 36', 48, 60', 72', and 84'
for incident energies covering the range 16-20
MeV in 1 MeV steps. More extensive angular
distributions were taken at 17 MeV (36'-156' in
6' steps) and 19 MeV (36'-102' in 6' steps).
These latter data form the basis for our present
investigation.

ui. RESUI.TS

A. Coincidence measurements

A proton-gated, TOF spectrum, taken at 48'
and an incident energy of 17 MeV is shown in
Fig. 2(a). The timing resolution was typically
1.7 nsec full width at half maximum (FWHM) and
corresponds to 600 keV neutron energy resolution
at E„=3.2 MeV. The peak labeled "y" is due to y
events which were allowed to leak through the PSD
window. In addition to the strong g.s. analog neu-
tron peak at 3.2 MeV, labeled n„a lower energy
group Qg appears in the energy region corres-
ponding to populating analogs of states near 1 MeV
in "'Sn. The e„group cannot be attributed to pro-
ton decays of T& states in "'Sb because these will
decay mainly by the neutron channel, which opens
at an excitation energy 2.8 MeV below that of the
g.s. analog.

These data were analyzed off line by replaying
the raw data tapes with the coincidence require-
ments reversed and extracting proton energy
spectra gated by the neutron groups, n, and n„.
The accidental background was obtained in a sub-
sequent pass by gating on an appropriate region
in the TOF spectrum, and was subtracted from
each of the n, - and n»-gated spectra. Fig. 2(b)
shows two such background-subtracted proton
spectra.

The 7.2 MeV g.s. analog decay peak dominates
the n, -gated spectrum. Extracting this peak from
the proton spectra was straightforward and an
analysis and discussion of the g.s. analog data has
already been reported. " In the n„-gated spec-
trum, several peaks are seen, corresponding to
the decay of analogs of excited states of "'Sn.
The arrows in Fig. 2(b) indicate some of the ex-
pected proton decay energies based on the nature
of low-lying states in "'Sn (see Fig. 1). Peaks
in the energy range 6.9-7.3 MeV correspond to
the decay of analogs of excited states between
0.92 and 1.35 MeV to the 1.23 MeV, 2 state in
ixsSn. Some evidence is seen in the 8.0-8.5 MeV
region for decays to the g.s. of '"Sn.

The yields due to excited-state analog decays
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to the "'Sn(2") state were obtained by a graphical
fit to the peak shapes. The group near 7.2 MeV
in the n„-gated spectrum undoubtedly contains
some contribution from the g.s. analog decay.
This was estimated from an analysis of a series
of proton spectra obtained by gating on narrow
bands of neutron energies across the TOF region
containing n, and n». The excited-state analog
groups in the 6.9-7.3 MeV region could not be
resolved adequately one from another, so the net
yield from all the contributing decays in this re-

FIG. 2. (a) Neutron time-of-flight spectrum for the
reaction SSn(p, np) fisSn at 48' and incident energy of
17 MeV, gated by protons. The neutron groups corres-
pond to population of analogs of the Sn g.s. {n&) and

states at an excitation energy near 1 MeV (n o). Also
shown are a y peak and the detector threshold corres-
ponding to 1.6 MeV neutrons. (b) Decay proton spectra
in coincidence with the neutron groups n~ gower) and

n&& (upper), after background subtraction. The arrows
indicate several probable proton energies following
the population of excited analogs of Sn and their decays
to either the ground or first excited states of Sn.
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gion was estimated for each spectrum. In what
follows, it is this group of decays which will be
termed the "excited state analog yield. "

Differential cross sections were determined
from these net yields. The calculations included
corrections for finite solid angle effects in both
the neutron and proton detectors. An overall
scale uncertainty of + 8% for the excited states
analog cross section at 19 MeV results from un-
certainties in the neutron detection efficiency
(+ 7%), attenuation in the scattering chamber wall
(+ 2%) and target thickness (+ 2%). At 17 MeV,
the outgoing neutrons from the excited-state an-
alog reactions have energies near 2 MeV, which
is in the region where the neutron detection effi-
ciency rises steeply with energy from threshold
(1.6 MeV). The efficiency is not well known near
threshold, and as a result, the 17 MeV cross sec-
tions have a scale uncertainty of at least+ 20%.
The angular distributions for the excited-state
analogs at 17 and 19 MeV are shown in Fig. 3.
These angular distributions have been plotted as
a function of c.m. neutron angle. In principle,
they depend also on the angle of the emitted pro-
ton; however, the analogs of excited states decay
to the '"Sn 2+ state largely via l =0. Thus, the
m-p angular correlation will be essentially iso-
tropic and the observed yield can be written in
the form of Eq. (1).

It was not possible to obtain useful angular dis-
tributions for the excited-state analog decays to

the "'Sn ground state. Their yield typically was
10-15% of that seen for decays to the 2+ state,
an&, in most cases, it was difficult to distinguish
bona fide peaks from background in th'e 8.0-8.5

MeV region of the proton spectra.

l800—
'"Sn(p, n) '"Sb

Ep = l9 MeV

8 =24'
g.S.

B. Comparison with ( p, n) time-of-flight data

As part of the study of the "'Sn(P, n) g.s. analog
reaction, "data were taken at Lawrence Livermore
Laboratory using a conventional, pulsed-beam
TQF method. Spectra obtained in long runs with
correspondingly good statistics were examined for
evidence of population of excited-state analogs.
Figure 4 shows a portion of one of these TQF
spectra (No.te the suppressed zero for the ordin-
ate. ) The g.s. analog peak is clearly visible, but,
in contrast to the coincidence spectrum of Fig. 2(a),
there is a substantial background due to (P, n)
reactions proceeding to 7.; states in '"Sb. While
this background makes identification of the ex-
cited-state analog peaks rather tenuous, the data
are consistent with the presence of such peaks
having the relative strengths of those determined
in the e-p coincidence measurements. This is
shown in Fig. 4, where the g.s. analog peak shape„
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FIG. 3. Angular distributions taken at 17 and 19 MeV
of the (p, np ) excited-state analog yield via the analogs
of the four states listed in Table I. The curves are
two-step DWBA calculations using the coupling scheme
of Fig. 6(a) as described in the text.
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FIG. 4. Portion of a conventional pulsed-hearn, time-
of-flight spectrum for the Sn(p, n) ~BSb reaction at 24'
and 19 MeV bombarding energy showing the g.s. (IAS)
peak and the positions of several excited analogs. The
solid curve is an estimate of the yield to the 1.09 and
0.920 MeV analogs based on the g-p coincidence data.
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reduced by the indicated factors of 0.10 and 0.0S,
has been added to a smooth background (dotted
curve) at flight times corresponding to excitation
energies, respectively, of 1.09 and 0.92 MeV
above the g.s. analog. These reduction factors
were estimated from the ratio of the excited and

g.s. analog yields seen in the coincidence experi-
ment. They are appropriate because, as is dis-
cussed later, the relative proton decay widths
of the excited-state analog group and the g.s.
analog are approximately equal. Although the
error bars on the data points are large, there is
evidence for analogs of excited states at 0.92 and
1.09 MeV. Analogs of excited states at 0.787 and
1.35 MeV appear to be less strongly excited.

I
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FIG. 5. Total ' Sn(p, ~p) ~Sn cross section plotted as
a function of bombarding energy. Circles are the data
of Ref. 15 for excitation and decay of the ' Sn g.s. ana-
log only. Squares are the results of Bef. 17 for the
yields of protons with energies near 7.2 MeV as mea-
sured in a single detector experiment.

C. Decay of the excited-state analogs

The coincidence data show that analogs of ex-
cited states between 0.92 and 1.35 MeV decay
preferentially to the 1.23 MeV (2') state of "'Sn,
indicating that these analog states contain signi-
ficant fractions of the 2' core excitation. This
agrees with the general finding of experiments on
lighter nuclei' 4 that quasi-inelastic scattering
selectively populates analogs of collective states.

The observations also are an example of the
"window" effect, first pointed out by Allan, ' who
noted that the majority of protons from the decay
of excited analogs in "'Sb have energies close to
that of the g.s. {IAS)-g.s. decay. In the present
case, the excited-state analog decay energies are
within 100-300 keV of the g.s. analog decay energy
of 7.2 MeV, and would not be resolved from the

latter in a single proton detector experiment.
in Fig. 5; o(p, n)I'~ji' values for the g.s. analog

reaction as determined from the single detector
p measurements of Miller and Garvey, "are com-
pared, as a function of energy, with the published
results of our n-p coincidence experiment. " As
can be seen, the agreement bebveen the two me-
thods is good at 16 MeV, but at 17 and 18 MeV
the p results (solid squares) are about 25%%up larger
than those of the n pc-oincidence experiment (open
circles). The disagreement is approximately the
same as the ratio, seen in our measurements, of
the integrated yield for the excited state analogs
to that for the g.s. analog and accounts for the
larger value of I~/I (0.38+ 0.05) quoted in Ref. 17
compared with that (0.34) determined from (p, p')
resonance scattering' or from a direct compari-
son of n-p coincidence and (p, n) TOF data (0.320
+ 0.015)."

An early attempt" to interpret quasi-inelastic
scattering as a one-step process analogous to
inelastic scattering, by deforming the isospin po-
tential gave cross sections which were an order of
magnitude smaller than those observed. Later,
in 1972, Madsen et cj;I."showed that the (p, n')
cross section for transitions to analogs of'strongly
collective states proceeds primarily via a two-
step mechanism of inelastic excitation of the core
collective state, followed by charge exchange, or
vice versa. The direct one-step amplitude not
only is relatively small, as noted above, but is
90 out of phase with the two-step amplitudes and

may be neglected. A coupled-channel method"
was used to solve the Schx'odlngex' equation~ in-
cluding the g.s., the core-. excited state of the
target and their analogs as four coupled states.
This clescl iptlon was . extendecl to (p n ) analog
reactions on the odd-A target "Cu,4 using the
weak-coupling model" to describe the fragmen-
tation of the core state due to particle-vibration
coupling.

In the two-step model of quasi-inelastic scat-
tering, the overall reaction amplitude is propor-
tional to the amplitude for the inelastic step. Thus
the analog of an excited state in '"Sn (Fig. I) will
be seen only if it has appreciable collective
strength. In '"Sn, the three —,

'+ states at 0.921,
1.09, and 1.35 MeV and the —,

'+ state at 0.920 MeV
are seen strongly in Coulomb excitation and ac-
count for the strength of the 2+ core vibration
coupled to an 8,~, neutron. " Properties of these
states are given in Table I. The tabulated values
of the deformation parameter P, were calculated
from measured B(E2) values, "assuming a uni-
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TABLE I. B(E2) values from Coulomb excitation and
deformation parameters for states in ~~98n.

Excitation
Energy {MeV)

B{E2)
(e'fm')

0.920

0.921

1.090

1.354

5+
2

720+ 70 0.0645 +0.0031

600+75 0.0589 + 0.0037

310+15 0.0423 +0.0010

230 + 15 0.0365 + 0.0012

~ From Bef. 23.

formly charged sphere of radius 1.4A' '. Other
excited states in '"Sn were seen weakly or not at
all in Coulomb excitation, and no evidence was
found for the population of their analogs in the
present experiment.

Contributions arising from a single-particle
exchange mechanism (SPE) of neutron pickup
followed by proton stripping were assumed to be
small in the present case, although they have been
claimed to be important in charge exchange reac-
tions in certain other cases. The greatest success
of the SPE mechanism has apparently been in re-
producing the cross sections for the ('He, t) reac-
tion to the analog of the target ground state'4 and
to antianalog states. " Including the (p, d)(d, n)
contribution also resulted~ in improved agree-
ment of calculated and measured (p, n) angular
distributions for the g.s. analog reaction. How-

ever, these SPE calculations were all performed
in the zero-range approximation, and recently
Kunz and Charlton have shown"" that first order
finite-range corrections in SPE calculations are
extremely large and opposite in phase to the zero-
range term. Accordingly, when the calculations
are performed in full finite range, the SPE con-
tribution is reduced substantially compared to the
zero-range calculations. It appears, therefore,
that the contribution of SPE to charge exchange
reactions is smaller than it was formerly believed
to be in these cases.

Secondly, in ('He, t), SPE forms an n particle
in the intermediate state. This releases a large
amount of energy to the system, and so there are
many coherent intermediate states which are ac-
cessible. In (p, n) on the other hand, SPE takes
place via an intermediate deuteron which is loosely
bound and so the energetics are less favorable
for its formation.

Finally, SPE would be expected to populate sin-
gle-particle configurations rather than collective
states. Experimentally, it is observed that the

(p, n') reaction strongly populates analogs of col-
lective states, nearly to the exclusion of single-

particle states. Therefore, even if SPE did con-
tribute to charge exchange in cases where the
overlap with single-particle states is strong, the
SPE contribution to (p, n') would be small.

The observation of the collective state selec-
tivity of the (p, n') reaction is supported by the
present results. The 0.79 MeV»& state in '"Sn
is described as a relatively pure f,~~ single quasi-
particle (SQP) state. Its strength as seen in the

(d, p) reaction" is 2-6 times that of the states
listed in Table I. However, its analog was not
observed to be populated in the present (p, n'p)
studies, and, hence, population of the —,

"states
of Table I via their d,~, SQP components was ig-
nored in the present analysis.

In order to compare the excited analog yields
wi. th calculations, an estimate was made of the
relative proton decay width of the excited analog
group. For each analog state, the decay depends
on its overlap with states of '"Sn, the orbital an-
gular momentum carried away by the decay pro-
ton, and its energy relative to the height of the
Coulomb barrier.

In the decay of a 3' or —',+ IAS to the 0+ (g.s.) of
Sn only angular momentum transfer l =2 is

allowed, whereas l =0, 2, and 4 are allowed for
decay to the 2 state. The energies are such that
the transmission coefficient for the l =2 g.s. decay
(E~ - 8.2 MeV) is essentially the same as that for
the l = 0 decay to the 1.23 MeV (2") state (E~ - 7.0
MeV). [In fact, T, (8.2 MeV) =0.34, whereas T,
(7.0 MeV) =0.33.30] Furthermore, both of these
are nearly equal to the transmission coefficient
of the I =0 g.s. (IAS)- g.s. decay [To(7.2 MeV)
=0.35 (Ref. 30)]. Differences in partial proton
widths I~ for these decay modes, therefore, must
be attributed almost entirely to differences in
overlap between the parent analog and daughter
states.

The structure of the states given in Table I is
such that their analogs can only decay via l =0 to
the 2+ state of '"Sn. Spectroscopic factors for
1=2 or l =4 decays would require admixtures of
d andg orbitals coupled to the 2+ core state, and
these are expected to be small. In addition, the
transmission coefficients for l =2 and 4 decays
(0.15 and 0.02, '0 respectively) are reduced rela-
tive to l =0 (0.33). Consequently, these facts
support the assumption that the excited (IAS)- 2"

decay is essentially pure l =0, and that the (p, n'p)
cross section is given by Eq. (1).

Because the I =0 penetrabilities of the excited
(IAS)- 2' and g.s. (IAS)- g.s. decays are similar,
the partial proton width of the former, I~(exc- 2'),
for each excited analog is related, via the strength
of its (2+s, ~,) component, to that of the latter;
I~(g.s. IAS). In an extreme weak-coupling picture,
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there would be only one —,
'+ state and one —,"state

formed by coupling an s,~, neutron to a 2+ core
excitation, and I~(exc-2+) and I~(g.s. IAS) would
be equal. The partial proton width and the total
width, I", for the g.s. analog have been measured
to be 17 and 50 keV, respectively. "

This simple picture is somewhat complicated in
"'Sn by the mixing of nearby single quasiparticle
(SQP) levels. In particular, the SQP energy for
d,~, is 1.43 MeV, "with the result that the —,

'+ weak-
coupling state is fragmented into levels at 0.921,
1.09, and 1.35 MeV, all of which contain some
d,~, admixture as is seen in stripping reactions. ""
Thus, the proton decay width of the —,

'+ weak-coup-
ling state is divided among the three states, with
the 0.921 MeV state taking the biggest fraction.
The total width, I", of each of the excited analogs
may be taken to be similar to the measured value"
of 37 keV for the 1.09 MeV —',+ state. With these
numbers it was estimated that (p, n'p) accounts
for approximately one-third of the total (p, n')
yield to the four excited analog states.

Using these simple arguments it is qualitatively
easy to understand the relatively low exc (IAS)- g.s. decay probability observed in the present
experiment. Assuming that quasi-inelastic scat-
tering proceeds via the core-excited components
of the final state, the majority of the yield will
be to states at 0.920 and 0.921 MeV, which have
rather small overlaps with the 0" ground state.

The bvo-step model was applied to the excited-
state analog transitions which were observed at
bombarding energies of 17 and 19 MeV. Two
sets of calculations were carried out using the com-
puter code CHORK. " These are indicated sche-
matically in Fig. 6 for the —',+ state. In Fig. 6(a)

3/2 (rAS)

TABLE II. Optical model parameters. Parameters are
those of Ref. 34: y= Z/A ~, ~= Pl -Z)/A, 8'„and R', ~ 0
always. All potentials are in MeV and all distances are
in fm.

55.2-0.32 Ep+ 0.27'+ 24'
0.22 Ep-0.18y- 1.4
10.2-0.25 Ep+ 0.2ly+ 12'
55.2-0.32 E„-24'
0.22 E„—1.4
12.0 —0.25 E —12m

Ra=R~ 1.17, a—-/=ad —- 0.75
Vm = 6.2, Rso= 1.01, gso= 0'7
Rf= 1.82, a)= 0.51+0.7c, R~l ——1.26, aI= 0.58

the couplings are one-way, so the paths (1+2)
and (3+4) are equivalent to two-step DWBA cal-
culations. In Fig. 6(b) full channel coupling is
used. In three of the one-way coupling calcula-
tions only the two-step paths (1+2) and (3+4)
were considered; in one calculation, the direct
path was included. The three calculations illus-
trate slightly different parametrizations of the
optical potential, which were used previously in
describing fits to the quasi-elastic data. " They
will be referred to as sets A, B, and C, and are
all consistent with or are close to being consis-
tent with the Lane representation of the optical
potential. "

These potentials are based on the "V,, =0.84"
proton parameters and "common" neutron para-
meters of Ref. 34, which are given in Table II.
The form of either the neutron or proton potential
is given by

U(r) = —Vaf (r, r&, a ) fW„f (r, rl, al)—

+f4aqW, —(r&rr&ar)
df

I/2 (IAS)

3/2
I

I/2'
II9

Sn (a)
Sb

3/2 (IAS}
4

I/2'(I AS)

3/2
I

I /2+
I I 9S Sb

(b)
FIG. 6. Channel coupling schemes used in the one-

way coupling (a) and full coupling (b) calculations.

where f(r, r„a,) =[1+exp(r -r '~ )/ 3]a' and Vc is the
Coulomb potential due to a uniformly-charged
sphere. Both sets A and B use the parameters of
Table II as given, but the charge-exchange form
factor is calculated differently for the two cases.
For set A it was assumed that U~(r) cc U, (r), where
the strength, U, , and geometry parameters were
taken from the optical potentials. Because al and

x~ are slightly different for protons than they are
for neutrons, average values were used for these
parameters in the form factor. For set B, the
difference in neutron and proton geometries was
accounted for by calculating U~„(r) according to the
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Lane model, from the difference of the neutron
and proton optical potentials at each value of the
radius. That is, at each value of r, V~(r ) was
calculated according to

Set C differs from set 8 only in that all imaginary
terms in the neutron potential are reduced by a
factor E which depends on the neutron energy E„.
Hef. 15 contains a full discussion of the consider-
ations under which the parameter sets were cho-
sen.

As is discussed in Ref. 15, sets A, B, and C
predict different quasielastic scattering angular
distributions. Those of set A underestimate the
total cross section for bombarding energies below
about 19 MeV, and also incorrectly describe the
shape 5t forward angles. Calculating the charge-
exchange potential with Eq. (3) in set B, improves
the forward-angle shape, but still underestimates
the cross section in the same way as set A. By
reducing the imaginary neutro i potential in set C,
good overall fits were obtained at all energies.
The factor F was found to decrease from unity at
20 MeV to 0.6 at 16 MeV, "and gives a more real-
istic energy dependence to the neutron imaginary
potential than is given by that of set A or B. This
reduced potential also gave significantly improved
fits to low-energy neutron elastic scattering and
reaction data.

The results of the two-step DWBA calculations
ax'e presented in Fig. 3. Each predicted angular
distribution is the sum of contributions to analogs
of the four states of Table I scaled by the estimated
proton decay probability (0.32). There are no free
parameters for the (p, n') calculation: These were
determined from the (p, m) reaction, neutron scat-
tering, and Coulomb excitation data. Set A (dotted
curve) and set B (dashed curve) are similar in
both magnitude and shape at both energies. At
19 MeV there is reasonable agreement with the
magnitude of the cross section, whereas at 1V MeV
considerable improvement is given by set C (solid
curve). . Thus, while the difference in the shapes
of the forward-angle quasi-elastic angular dis-
tribution predicted by sets A and 8 are not seen
in the quasi-inelastic predictions, the same factor
I' which was required to reproduce the magnitude
of the quasi-elastic cross section is needed to
achieve agreement here. Considering the approx-
imations used in the description and in estimating
the overall relative proton decay probability for
the excited analog states, the agreement with the
data is satisfactory.

Calculations also have been carried out using
the Lane-consistent optical potential recently ob-
tained from a global fit to (P, n) data. " The re-
sults are essentially the same as those of set A.
The agreement with the 19 MeV data is good, but
the 17 MeV data are underestimated.

IO loi ( I

-(b)

I I I I I I IO ( i i 1 I I I I

19 MeV — — (c) 17 MeV

Sn(p. nt Sb(T, g. s.) Sn(p, n) Sb(T, g. s.)

JD
E

IO

CI

Sn(p, np) Sn(2 )

-I

Sn(p, np) Sn(2 )

IPI+ji j

IO IO

IO~ I I I I I I I i 5 I I I I I I I I 5 I I I I I I I I

o +o eo Iso I6O ' o eo eo Iso Iso o eo eo I2o Iso
8p(c.m. ) {dog} 8n(c.m. ) (dsg) 8n(c.m. ) (dog)

FIG. 7. Results of coupled-channels calculations using the coupling scheme of Fig. 6(b) compared vrith the
following: (a) p+ ~20Sn elastic scattering and inelastic scattering to the first excited 2' state taken at 16 MeV
(Ref. 86). (b) Differential cross sections for ~~Sn(p, n)~ Sb {g.s. IAS) and 1198n (p np™)ii8Sn(2+)reactions at 19 MeV.
The open circles are the (pn, p) data for decay to the g.s. analog scaled as described in Ref. 15 to the (p, n) data (closed
circles, upper curve) taken by TOF. (c) Same as (b) for 17 MeV.
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The effect of including the direct term (path 5)
is minor and is shown only for 17 MeV. The con-
tribution of this path alone varies from a few to
ten percent of the two-step cross section. How-
ever, when it is included in a full calculation its
effect is small, as is shown in Fig. 3 by the dot-
dashed curve, - which is a calculation using set C.
Thus the direct amplitude appears to add incoher-
ently as was found previously. "

Figure V summarizes the full coupled-channels
calculations corresponding to Fig. 6(b). They are
shown only for one opticaL potential since the ef-
fect of changing the potential parametrization is
similar to that exhibited by the two-step DWBA
calculations just described. Set C parametriza-
tion was used and the effect of channel coupling
on the absorption potentials was estimated by a
comparison to 16 MeV elastic and inelastic p+ "OSn

data of Makofske et. al. ~ Good agreement of a
coupled-channels calculation with-these data was ob-
tained by reducing all the imaginary strengths by
12%, as is shown in Fig. V(a). This reduction in
all absorption potentials was applied in the coupled
channels calculation for the (p, n) and (p, n') reac-
tions.

Figures V(b) and V(c) compare the resulting
quasi-eLastic calculation with data. The shapes
are essentially the same as the DWBA calculations
of Ref. 15 which neglected channel coupling. This
is in contrast to recently published results for the
molybdenum isotopes' which showed that channel
coupling had a large effect. This is presumably a
direct result of the size of the deformation para-
meter P, which is considerably larger for several
of the molybdenum isotopes than it is for the tin
isotopes. This interpretation is consistent with

the resuLts of Ref. 3 for "Mo, which has a small
deformation parameter (P2- 0.08) and for which
the effects of channel coupling on the g.s. analog
are small.

Finally, the coupled-channels quasi-inelastic
predictions are compared to the data in Figs. V(b)

and V(c}. As previously discussed, there are no
free parameters in these calculations. Agreement
between prediction and experiment is
excellent.

In summary, it appears that quasi-inelastic
(p, n) scattering on "'Sn preferentially excites
analogs of collective states and can be well des-
cribed by the two-step model. of Madsen et al."
Changes in the imaginary strength of the neutron
potential which improved the description of the
quasi-elastic scattering near threshold also were
necessary to achieve good agreement to quasi-
inelastic scattering. The effect of full channel
coupling was minor, provided the absorptive po-
tentials were adjusted to fit elastic and inelastic
scattering. The analogs of the excited states of
"'Sn populated in these studies proton decay over-
whelmingly to the first excited 2+ state of '"Sn.
Their proton decay energies are close to that of
the g.s. (IAS} decay and their overall yield ac-
counts for the observed difference between singles
p and (n-p) coincidence measurements of the (P, nP)
cross section via the g.s. IAS.

More information could be obtained from these
studies if the proton detector resolution were im-
proved, and particularly if the (p, n') cross sec-
tions could be determined. Determining the indi-
vidual proton decay branches of the analog states
would enable a much more critical test to be made
of the assumed reaction mechanism.
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