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Proton spin flip in the excitation of the first 2' states in Sn and Sn has been measured
at 30 MeV using the (p, p'y) coincidence technique. The data are ftt by the distorted-wave
Born-approximation (DWBA) collective model using the full Thomas spin-orbit coupling term
and the DWBA microscopic model using a real interaction. The effect of adding an imaginary
part to the microscopic interaction was investigated with respect to the present spin-flip
data and published asymmetry data. It is concluded that such a term can be important.

I. INTRODUCTION II. EXPERIMENTAL METHODS

In order to learn about the spin-dependent part
of the interaction in an inelastic scattering reac-
tion there are various measurements possible.
The angular distribution of the cross section,
asymmetry, polarization, and in special cases the
spin flip may all be measured. The probability of
a spin-Qip event occurring may be measured
through the particle-deexcitation y- ray angular-
correlation function with the y-ray detector fixed
perpendicular to the scattering plane.

It can be shown by use of a model-independent
theorem' that for 0' to 1' and 0' to 2' excitations
this angular-correlation function is directly pro-
portional to the probability of the projectile chang-
ing its spin orientation during the scattering in-
teraction.

Measurements of the angular distributions of
the spin-flip probability of scattered protons have
been made on the lowest 2' states of several even-
even targets with mass numbers ranging from 12
to 64 and incident proton energies ranging from
10 to 40 MeV. 2 ' There are also spin-Qip data on
some of these targets for the scattering of medium-
energy helions and deuterons. ' '

This report shows angular distributions for the
proton spin-Qip probility taken on the lowest 2'
states in ~ Sn and "'Sn at 30-MeV bombarding
energy. The data are compared with calculations
done in the distorted-wave Born-approximation
(DWBA) using both the collective model and the
microscopic model with a realistic nuclear inter-
action. The full Thomas form of the distortion of
the spin-orbit potential was included in the collec-
tive model. ' The effects of adding an imaginary
part to the microscopic interaction were investi-
gated. Asymmetries and cross sections were cal-
culated and compared with data on "'Sn taken at
the Rutherford High Energy Laboratory (RHEL)
at the same energy. "

The beam transport and energy-analysis system
and the target chamber for this experiment have
been previously described. ' The targets used
were isotopically-enriched self- supporting foils
of 10 mg/cm' for '2OSn (98.4/q) and 5 mg/cm' for
"4Sn (94.7/, ).

The deexcitation y rays were detected by a 2-in. —

diam by 3-in. -long NaI(T1) scintillator mounted on
a RCA 8575 phototube. The y-ray energy resolu-
tion was 7.5/o full width at half maximum (FWHM)
for the 662-keV y ray from a '"Cs source. The
face of the detector was 6.125 in. from the target
center, giving an average half-angular acceptance
of 7.5 . The efficiency-solid-angle produce for
this detector was determined in the experimental
apparatus by counting the 1.1'7-MeV y ray from a
calibrated "Co radioactive source at the normal
target position and making a small correction for
energy dependence. This product for the full-ener-
gy peak was determined to +6~A accuracy to be 1.16
x10 ' sr for "'Sn (E„=1.17 MeV) and 1.24 x10 '
sr for "'Sn (E~ =1.13 MeV). Protons were de-
tected by a single 5-mm-thick Si(Li) detector
cooled to dry-ice temperature. A circular col-
limator 0.7 in. in diameter and 4.6 in. from the
center of the target was used to limit the half-an-
gular acceptance to 4 .

Electronics

A block diagram of the electronics system is
shown in Fig. 1. Resembling a typical fast-slow
coincidence system, this system was designed to
minimize pileup and dead-time effects and to allow
collection of multiparameter data. To reduce the
effects of high y-ray count rates cable delays or
low-dead-time delay amplifiers were used for all
timing and logic signals, and short amplifier time
constants (100-nsec differentiation and integration)
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FIG. 1. A block diagram of the electronics. Heavy
lines indicate the route of the proton and y-ray analog
signals.

were used for the y-ray energy pulses.
Fast-timing signals from a timing single-channel

analyzer (TSCA) set on the proton amplified pulses
started the time-to-amplitude converter (TAC).
Delayed signals from an inductive pickup coupled
to the anode of the y-ray detector phototube were
used to stop the TAC.

A typical time spectrum is shown in Fig. 2.
TAC starts were selected from protons scattered
from states of 0- to 3-MeV excitation in the tin
target. The spectrum shown has passed through a
linear gate enabled by a TSCA which selected

pulses between 0.7 and 1.5 MeV in the y-ray ener-
gy spectrum. The large peaks are due to the
pulsed nature of the cyclotron beam which has a
period of 61.5 nsec at 30 MeV. Structure within
these peaks corresponds to starts from protons
scattering from. separate energy levels in the tin
nucleus. This structure is due to charge-collec-
tion effects integrated into the double-delay-line-
amplified (DDL AMP) proton pulse. The peak con-
taining true coincidence events is identified by an
increase in the starts from excited states, while
elastic events contribute evenly to all peaks. The
FWHM of the total peak is 22 nsec.

Events from the true coincidence peak were
selected by a TSCA. A slow coincidence was re-
quired between the output of the TSCA set on the
fast-time spectrum and the output of the TSCA
set on the y-ray energy spectrum. The output of
the slow-coincidence unit was used to enable the
linear gate stretchers (LGS). Pairs of coincident
pulses were passed by the LGS for pulse-height
analysis. These pulses were converted by two
analog-to-digital converters (ADC) and stored "on-
line" in a 128 x128-channel array in the core of
the XDS Sigma-7 computer. The coincident parti-
cle-y-ray event was displayed on an oscilloscope
and markers were set to extract one-dimensional
spectra.

Ungated, stretched proton pulses were analyzed
by a third ADC and after conversion were stored
in a 1024-channel spectrum in the core of the XDS
Sigma-7 computer. Collection of this singles spec-
trum for the whole run at each angle provided a
convenient normalization for the coincidence data.
The selected one-dimensional coincidence spectra,
the two-parameter coincidence array, and the sin-
gles proton spectrum were stored on cards for
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FIG. 2. Proton-y-ray time spectrum. Start pulses come from the proton TSCA, the stop pulses from the y-ray fast
discriminator. The TSCA's were set so that 0.7 ~E„~1.5 MeV. The true peak is identified by the increased height on
the right side of the peak.
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later analysis. Proton starts, gated y-ray stops,
true-coincidence gate enables, and all elastic
events in the monitor were separately counted on
scalers in order to monitor the course of the ex-
periment and to calculate dead-time corrections.

same y-ray energy range which corresponds to
the proton elastic peak, and scaling the counts by
the singles ratio K.

The statistical standard error, 8S(8), associated
with S(g) is

Data Reduction

The probability for a proton scattered at 6) to
have its spin flipped is, for infinitesimal de-
tectors,

8 dQN'

where 8 is the proton scattering angle, ~dQ is the
solid-angle-efficiency product, N is the total num-
ber of inelastic scattering events to the 2' state,
and R is the number of real coincidences.

R may be calculated from the formula R= T,+

—KT„where T, + (T,) is the total number of coinci-
dence events from the 2' (ground) state. The scal-
ing factor K is the ratio of singles 2' events to
singles elastic events taken in the same proton
energy bins as used in the analysis of the coinci-
dence data.

Total coincidences were determined by summing
the coincident counts in the two-parameter array
which corresponds to the y-ray photopeak and the
2' proton peak. The number of accidential counts,
KT„was determined by summing counts in the

8S(8)=-8w 1 [T2+ +K'T, + T,'(6K)'] '~

where the error in N is small and is neglected.
Writing a formula for S(g) in terms of ft/N when

detectors subtend finite solid angles is not so sim-
ple. The radiation pattern for y rays resulting
from a spin-flip (~ =el) transition is peaked
along the line perpendicular to the scattering plane.
Also, the radiation patterns for the non-spin-Hip
(~ =0, s2) transitions are zero only along the
perpendicular. Thus, to calculate S(g) for a finite
y-ray detector one must take the weighted average
of the spin-flip y-ray radiation pattern over the
detector solid angle and subtract the contribution
of real coincidences from non-spin-flip transitions.
The number of real coincidences from non-spin-
flip transitions is a function of the relative popu-
lations of the &pe =0, a2 sublevels of the excited 2'
state. The position of the particle-detector aper-
ture defines the scattering plane. An aperture of
finite size, however, will define an envelope of
scattering planes. Each scattering plane in the
envelope is weighted by the fraction of the total
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FIG. 3. Spin-flip probability for Sn. The data have
been corrected for the use of finite detector apertures.
The curves are the collective model with a full Thomas
term (solid line) and the microscopic model with the KK
force (x's).

FIG. 4. Spin-flip probability for ~ 4Sn. The correction
for finite detector apertures reduces the value of the data
at forward angles. The curves are the collective model
with a full Thomas term (solid line) and the microscopic
model with the KK force (x's).
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TABLE I. Becchetti and Greenlees o tical-ree ees optical-model parameters {Ref. 14).
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Optical Model

The distorted waves were obtained through the
usual optical-model potential:

d
U(x) =Uc- Vf(r, r„,a„)—i W~-4aW~ —f(r, r„a,)

1 d
m„c "r Ch

The Coulomb potential, U~, was taken to be that
of a uniformly charged sphere with radius rcA'".
The functions f(r, r„a,) are the Woods-Saxon ra-
dial distributions.

Several sets of optical-model parameters exist
for "Sn at 30 MeV. " " The parameters used in
the following calculations are the best-fit parame-
ters of Becchetti and Greenlees' which were ob-
tained by a simultaneous fit of cross-section and
polarization data of many nuclei at several ener-
gies.

These parameters have the advantage of being
easily extended to "4Sn with isotopic dependence
systematically included. The values used are
shown in Table I. These values do not differ great-
ly from best-fit parameters obtained by analysis
of ~ Sn data alone.

Collective Model

Collective-model calculations were done includ-
ing a deformed spin-orbit potential with the full
Thomas form developed by Sherif and Blair. ' The
deformation of the Thomas form of the spin-orbit
potential can be written as

aU, .= ~U(1)+ aU(2),

where for an excited state with spin I,

EU(2)=~ ( )
a 1XV„ ff ~ VY,*"(8,P) X —.V

SO I

where

f= [1+exp - (r B)/a „)-]
and R,', is the undeformed nuclear radius.

The sum of the terms aU(1) and aU(2) includes
all ths spin-orbit strength generated through the
usual first-order treatment of the deformation of
the optical potential in the collective model. This
sum is the full Thomas term.

All collective-mode1 calculations were done with
a computer code written by Sherif which includes
the full Thomas form with a separate deformation

strength as a free parameter. Coulomb excitation
was included in all calculations. The strength of
the spin-orbit deformation (p„) relative to the
main-potential deformation (p) was varied and the
calculations were compared with the measured
spin-flip, asymmetry, and cross-section angular
distributions for "Sn and with the spin-flip angu-
lar distribution for ~'Sn. Collective-model fits
to the spin-Qip and asymmetry data are shown in
Figs. 5 and 6 for values P„/P of 0, 1, 2.

The spin-Qip and cross-section calculations are
not as sensitive to the relative strength of the de-
formation as the asymmetry calculations. The
fits to the asymmetry data are most sensitive at
the forward angles where the phase of the calcu-
lated asymmetry is changed by including the de-
formed spin-orbit strength. Backward angles ex-
hibit only changes in amplitude. Of the fits shown
for the asymmetry, the best is for P„=P. The
spin-Qip fits on either target are too insensitive
to P„ for a choice to be made. Varying p„rela-
tive to p from 0 to 2 leaves the values of the total
(p, p') cross section essentially unchanged. The
value of P obtained by normalizing the theoretical
integrated cross section to the experimental in-
tegrated cross section is 0.133. The value is
about 10/ higher than the value extracted from
experimental B(E2) values. "

Microscopic Model

Microscopic calculations were done using the
long-range part of the Kallio-Koltveit (KK) poten-
tial" for the projectile-target interaction. This
is a central force. The targets were described
by the quasiparticle wave functions of Clement
and Baranger" which include 27 neutron and six
proton configurations. Exchange effects were in-
cluded using the zero-range approximation sug-
gested by Petrovich et al. " The microscopic fits
to the asymmetry and cross section are shown in
Figs. 7 and 8. The microscopic spin-flip calcula-
tions may be seen in Figs. 3 and 4.

The spin-Qip calculations for "'Sn and "'Sn are
in reasonable agreement with the data. No strong
isotopic differences are evident in the calculations
for either case. The ~'Sn cross section is too low
at the first maximum, but the shape is in general
agreement with the data. The ' Sn asymmetry fit
is much worse than in the collective case. The
values are too low throughout the whole angular
range of the fit. Only the phase of the oscillations
continues to agree with the data.

The form factor in the microscopic calculations
is real. In order to see if some of the discrepancy
in the microscopic fit to the asymmetry is due to
omitting the imaginary part of the form factor or
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The shape and magnitude of the cross-section
and spin-flip predictions are reasonable using the
Clement and Baranger quasiparticle wave func-
tions. The predicted spin flip has a higher value
at the backward peak than for the collective-model
case. However, it still shows agreement with the
data. No isotopic changes were evident in com-
paring spin-flip predictions for ~ Sn and ~'Sn.

The asymmetry was not fitted very well using a
real KK interaction. The addition of an imaginary
term to the form factor greatly improves the asym-
metry prediction and shows some improvement in
the fit to the cross section. An 1 ~ s term in the
microscopic interaction would probably improve
the results further. The spin-flip prediction is
unchanged in making the form factor complex.
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