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Spin-Dependent Observables for the ' C(p, p'y) Reaction at 400 MeV
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Protons scattered inelastically from ' C were detected at laboratory angles between 6' and 13 in

coincidence with y rays from deexcitation of the 1+ T 1 state in the recoil nucleus. Coincident cross
sections for y rays emitted normal to the reaction plane and angular correlations for y rays emitted in

the proton scattering plane at angles between 90' and 270' are presented and compared with predictions
from both nonrelativistic and relativistic models of proton-nucleus scattering calculated in the impulse

approximation. These data display a clear preference for the relativistic-model prediction.

PACS numbers: 25.40.Ep, 24.70.+s

The proton-nucleus interaction can be described eco-
nomically at intermediate energies with the impulse ap-
proximation. To describe elastic scattering in this ap-
proximation, one needs only the nucleon-nucleon (NN)
phase shifts and a description of the nuclear density

(usually taken to be the charge density measured by
electron scattering or a self-consistent Hartree-Fock den-

sity). The impulse approximation is expected to do well

between incident proton energies of 200 and 500 MeV
where the NN interaction is weakest. For inelastic
proton-nucleus scattering, the nuclear structure of the
excited state is also required; this can be tested indepen-

dently with inelastic electron scattering in most cases
where application of the impulse approximation is not so

successful.
Both relativistic models (with use of the Dirac equa-

tion) and nonrelativistic models (with use of the Schro-
dinger equation) have had reasonable success in describ-

ing elastic scattering. With the advent of the focal-
plane polarimeter, measurements of the spin rotation
parameter have shown a preference for the relativistic
model above incident proton energies of 290 MeV.
For inelastic scattering at 500 MeV, neither model is

favored for a complete set of spin observables. In many
cases, inelastic data (to states that do not show a "collec-
tive" nature) at other energies between 200 and 800
MeV are not described well by either model. In order
to resolve this theoretical problem, alternative experi-
mental techniques were sought that could provide ob-

servables which are sensitive to different parts of the
proton-nucleus interaction. The data presented here are
the first application of the (p,p'y) reaction above 150

MeV to measure observables which clearly discriminate
between relativistic and nonrelativistic descriptions of in-

elastic proton-nucleus scattering. Detection of the decay

y ray gives angular correlations which are sensitive to
the spin of the residual nucleus. Previous studies of the

(p~t, p'y) reaction' have been done at 150 MeV and
below, where the impulse approximation is poorer.

The measurements made use of the medium-resolution
spectrometer" (MRS) at the TRIUMF facility with
400-MeV protons incident on a 94.7-mg/cm graphite
target. Eight bismuth germanate detectors were put in

lead shielding and placed at angles between 90' and
270' in the scattering plane at a distance of 35.5 cm
from the target. y rays were detected in coincidence
with scattered protons in the medium-resolution spec-
trometer at laboratory angles of 6', 7', 9', l l', and
13'. Half of the bismuth germanates were 7.6 cm diam
and half were 10.2 cm diam; all were 7.6 cm long. One
BaF2 detector (7.6 cm diam and 7.6 cm long) was placed
normal to the scattering plane at a distance of 10.2 cm
from the target. The high duty cycle of the TRIUMF
cyclotron with beam pulses of 2-3 ns duration, repeating
every 43 ns, gave high coincidence data rates with typi-
cal reals:randoms ratios of 3:1. A threshold of 1.2 MeV
was set on the y-ray detectors, and strong coincidences
were observed with protons at excitation energies of 4.44
and 15.1 MeV corresponding to the 2+ T=O and 1+
T=l states in ' C. Spectra of y rays in coincidence
with these states were compared with Monte Carlo cal-
culations, ' which gave an excellent prediction of both
the shape (at a resolution of 2 MeV) and the absolute
efficiency (as determined from the detector solid angles
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with the isotropic y ray emitted for the 3.56 MeV 0+ to
ground-state transition in Li). The physical back-
ground from a wide E2 resonance under the 1+ state in

the proton energy spectra was suppressed by a factor of
about 10 (before subtraction of randoms) by the y-ray
coincidence. This allowed a clean determination of the
peak areas with the 200-keV resolution obtained with the
medium-resolution spectrometer. Proton-arm singles
data, tagged with a bit set in a coincidence register with

a known prescale factor, were taken simultaneously with
the coincidence data. The singles cross sections were
found to be consistent within errors (4% relative and 6%
absolute) with previously published values. '

The in-plane angular correlation for a y ray emitted
by deexcitation of the residual nucleus from a 1+ to a
0+ state has the general form'

do/dn dn„=A(8 )+8(8 )cos(28„)

+C(8 )sin(28„), (1)

where 8„ is measured in the laboratory frame with

respect to the beam axis, and 8~ is the scattered proton
angle in the center-of-mass frame. The three constants
corresponding to the isotropic, symmetric, and antisym-
metric terms can be obtained from the impulse approxi-
mation. ' ' Following Shepard and Rost, the general
form for the 0+ to 1+ transition amplitude as deter-
mined by parity and rotational invariance is

TM ~q Cq &p +Dq ~q ~

T~~p Cp 0'p +Dp o'q
&

T~-„=A„1+B„o„,

(2)

~here q =kf —k;, p = —,
' (k;+kf), and n =pxq in terms

of the initial and final projectile momenta k; and kf.
The T; are operators in the projectile spin space for re-
sidual nucleus substates with projection M=O along the
direction i =q, p, or n. The projectile spin operators are
oq =cr q, etc. Then the in-plane angular-correlation

t

coe%cients of Eq. (1) are given in terms of the coef-
ficients of Eq. (2) by'
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C(81,) = 2Re(cpcq*+DpDq*).

(3)

The computer codes ' DREx and Dw81 were used to
calculate the transition amplitude for the relativistic and
nonrelativistic models, respectively. From the transition
amplitude, the in-plane coincident angular correlations
were calculated with the program AcoR for the 1

T=l state. The same nuclear structure amplitudes, as
given by Cohen and Kurath, ' were input to both DREX
and Dw81. The NN scattering t matrix was param-
etrized by the meson-exchange representation of
Horowitz for DREX, and by the summed-Yukawa rep-
resentation of Franey and Love ' for DW81. Both repre-
sentations are fitted to the SP84 NN phase-shift solu-
tions of Amdt and Roper. Both calculations used
"consistent" distorted waves, where the same effective
interaction was used for the inelastic transition as for the
elastic-scattering optical potentials. The elastic calcula-
tions have been previously published and give an excel-
lent prediction of the data. The input to both calcula-
tions is essentially identical, and the main diA'erence be-
tween them is the off'-shell representation of the NN
t matrix.

The angular correlations for the present measurements
are shown in Fig. 1 along with a best-fit solution to the
general form expected from Eq. (1). The errors shown
do not include an overall normalization error of 8% com-
mon to all angles. The value of A(8~) will reflect this
uncertainty, but the ratios 8/A and C/A will be
unaffected. The data show almost a 180 shift in phase
between 6.7 and 13.3'. The values of the isotropic,

10 I I
I

I I I
I

I I I

I
I I I

9 =6.7'
P

j
0 =8

P
90

E -2
10

b

8 =13.3'

'IO I I I I I I I I I I I I I

80 120 160 200 240 280

FIG. l. y-ray angular correlations for different coincident
proton angles for the 15.1 MeV 1+ T=1 state in ' C at an in-
cident proton energy of 400 MeV. The diff'erential cross sec-
tions and the scattered proton angles 0~ are given in the
center-of-mass frame vs the laboratory y-ray angle. The dot-
ted lines are fits to the general form given in Eq. (1).
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FIG. 2. The isotropic term A(8~) (top), the symmetric term
B(8p)/A (8i, ) (middle), and the antisymmetric term
C(8i, )/A(8~) (bottom) of Eq. (I) for the 15.1 MeV 1+ T= I

state in ' C plotted as a function of proton angle. The solid
points represent the coefficients for the fits (and fitting errors)
of Fig. l, the solid curve is the prediction from the relativistic
model, and the dashed curve is the prediction from the nonrela-
tivistic model. The cross sections in the top figure do not in-

clude an overall normalization error of 8%.

symmetric, and antisymmetric terms, as determined by
these fits are shown in Fig. 2, along with fitting errors.
The small (approximately 1%) correction for the finite
angular size of the y-ray detectors has been ignored.
Also shown in Fig. 2 are the coefficients of Eq. (1) as
predicted by DREX and Dw81. For all coefficients, the
relativistic model is favored. It is important to point out
that both calculations have no adjustable parameters,
and should be considered to be predictions. If plane
waves rather than distorted waves are used, the A
coefficient is overestimated by a factor of 2 to 3, and the
calculations for the 8 and C coefficients at all proton an-
gles retain the shape given by the distorted-wave calcula-
tions at 8~=7' (i.e., the lower two curves in Fig. 2
would be virtually Oat with the values given by the 7
point) for both DW81 and DREX. This implies that the
effect seen here is mainly due to distortions (from the op-
tical potentials), which are better described by the large
vector and scalar potentials of the relativistic model.

The coincident cross section for y rays emitted normal
to the reaction plane is related to the spin-Aip probability

FIG. 3. The spin-IIip probability (S„„)as determined from
the coincidence cross sections for y rays emitted normal to the
reaction plane and from the singles cross section. The solid
points are from the present measurements, and the open points
are from the focal-plane polarimeter data of Ref. 26.
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where R is the branching ratio for y decay of the excited
state (0.96 for the 15.1-MeV state in ' C). These data
are shown in Fig. 3. As for the in-plane cross sections,
the relativistic model is clearly favored. Plane-wave cal-
culations give a constant value of S„,=0.4 from 7' to
16' for both Dw81 and DREx, showing the importance of
the relativistic description of distortions. It is worth not-
ing that the large scalar potential in the relativistic mod-
el results in a reduced effective mass of the nucleon in-
side the nucleus (as shown in relativistic Hartree calcula-
tions ), and hence an enhancement of the lower com-
ponents of the nuclear structure wave functions.

In conclusion, both the in-plane angular-correlation
observables and the out-of-plane cross sections associated
with the (p,p'y) reaction display a preference for the rel-
ativistic model, in contrast to previous (p~i,p~i) data at
intermediate energies where there is not a clear prefer-
ence for either model. As more data become available
from the (p,p'y) reaction, more can be learned about
why the relativistic impulse approximation for the
proton-nucleus interaction does well for the observables
of the present measurements. This knowledge, in turn,
should lead to improvements in the predictive po~er of
the calculations.
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