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Cross sections and analyzing powers have been measured for 800-MeV proton inelastic
transitions to unnatural-parity states in C. Data for the 15.11-MeV 1+, T =1 state are
well explained by a distorted-wave impulse-approximation calculation based on proton-
neutron charge-exchange cross sections. Negative analyzing powers were observed for
the first time at 800 MeV, for the 12.71-MeV 1+, T =0 state. Values of A~ appear to be
characteristic of the isospin transfer, and support isospin assignments for states at 18.3
and 19.4 MeV.

PACS numbers: 25.40.Ep, 24.70.+ s, 25.40.Rb, 27.20.+ n

Recent nucleon-nucleon experiments suggest
that spin-dependent terms in the proton-proton
scattering amplitude are significant around 800
MeV, ' yet previous evidence for excitation of un-
natural-parity states in inelastic proton scatter--
ing in this energy region is scant. ' ' These lev-
els with parity (-1)~"' require a spin transfer,
b,S, of 1; first-order excitation of such states
thus depends entirely on the spin-dependent
terms. Here we report differential cross sec-
tions to low-spin unnatural-parity states in "C
which are comparable in magnitude to those ob-
served at much lower energies. In addition, large
negative values of the analyzing power, A, , have
been seen for the first time at 800 MeV; the mag-
nitude of A, appears characteristic of the isospin
transf er.

Angular distributions of dv/dQ and A, were
measured with the 800-MeV polarized beam at
the Clinton P. Anderson Meson Physics Facility
with use of the High Resolution Spectrometer.
Scattered particles were detected in an array of
drift chambers and scintillation detectors that
have been described previously. ' Energy resolu-
tion was generally about 120 keV. Data in sever-
al angle bins were summed to give an angular
resolution of 0.34' for most of the data shown.
Absolute cross sections accurate to + 15' were
determined by comparison with previous elastic
scattering data for "C.' The transverse polariza-

tion of the beam was monitored continuously with
a hydrogen polarimeter; it averaged about 0.75.

A spectrum taken at 2.3' with a spin-down inci-
dent beam is shown in Fig. 1. With the exception
of the highly collective 4.44-MeV 2' state, the
unnatural-parity transitions to the states at 12.71
MeV (1',T =0) and 15.11 MeV (1',T =1) dominate
the spectrum The t.wo strong states at 18.3 and
19.4 MeV are also apparently unnatural-parity
transitions. A state at 19.4 MeV has been identi-
fied in electron scattering as a 2, T =1 state. '
States at these energies observed in pion scatter-
ing have been tentatively assigned 2, T =0 and

2, T =1, respectively, but with considerable
isospin mixing. ' Many other states have also
been observed in this energy region. ' At larger
angles, the "C spectrum is dominated by natural-
parity states.

The angular distributions for the two 1' states
are noticeably different from each other, as
shown in Fig. 2. Both, however, ar similar to
the corresponding data at 122 MeV. ' The abso-
lute cross sections for the two states are each
within a factor of 2 of the 122-MeV values; the
800-MeV values are mostly larger. For the T =1
state, A, is close to zero (as it is also for the
b T =1, hS =1 transition in 'Li measured in the
same experiment). The T =0 state, however, has
a significantly negative A, at small momentum
transfer, in contrast to the uniformly positive
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FIG. 1. Small-angle spectrum of the reaction C(p,
P') C. An electronic cutoff was used to suppress the
elastic peak at the left-hand side.
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values of A, previously observed at this energy
for natural-parity transitions. Analyzing powers
at 122 MeV are very different from these. '

Theoretical interpretation of these data is ap-
propriately based upon the impulse approximation
(IA) as formulated by Kerman, McManus, and
Thaler. " This method has enjoyed considerable
success in the description of the elastic scatter-
ing of 800-MeV (Ref. 4) and 1.04-GeV (Ref. 2)
protons. Here the interaction between the projec-
tile and the target nucleons is assumed to be the
free nucleon-nucleon (N-N) interaction. The scat-
tering amplitude in the N-N center-of-mass (c.m. )
system can be written

M(q) =A(q) +B(q)(cr; n)(o', n) +C(q)(v, +o,.) n

+E(q)(c~ q)(o& q)++(q)(~» 0)(~& 0), (1)

where q =%.—1d, Q =% +%', and n =% && %'.
The subscripts i and j refer to incident and tar-

get nucleons, respectively, and% and%' are inci-
dent and outgoing momenta. Each of the complex
amplitudesA(q), etc. , is isospin dependent: A(q)
=A, (q) +A, (q)7, ~, .

Unf ortunately, the spin-dependent amplitudes
are poorly known above 500 MeV; hence the IA
cannot be applied directly. An indirect approach
for the 15.11-MeV state is suggested by the fact
that the spin and isospin transfer are appropriate
for one-pion exchange (OPE). Now it is well
known that the forward-angle behavior of the
P(n, P)n charge-exchange (CE) reaction (backward-
angle n-p scattering) can be largely accounted for
by OPE, although there is still debate over the
correct description of the peak at q =0." A close

FIG. 2. Cross sections and analyzing powers for the
(a) 15.11-MeV and (b) 12.71-MeV states of C. The
curves are distorted-wave calculations described in
the text.

connection between the CE reaction and the reac-
tion "'C(P,p')"C(15.11 MeV) at small q therefore
seems plausible. In terms of the invariant ampli-
tudes of Eq. (1), the cross section for the CE re-
action may be written

d~/dn„=4I IA, I'+
I B,I'

~21 c,l'+Is, l'+ l~, l'l. (2)

A similar form for the IA cross section for the
(p, p') excitation of the 15.11-MeV state is ob-
tained if a zero-range approximation in coordi-
nate space is made":

= r IB,I'+ I &, I'+ I &,I'+ I &,I'3i'(q),

where I(q) is a distorted-wave integral which in-
cludes the nuclear transition density. Equations
(2) and (3) differ only in their dependence onA,
and C, . The spin-independent amplitude A, (q = 0)
can be reasonably estimated from the known dif-
ferences between p+P and n+P total cross sec-
tions; it contributes less than 15% of the CE
cross section at O'. The spin-orbit term C, does
not contribute at all at 0', the present A, data,
are consistent with other evidence" that C, (q) is
small at larger q as well (see discussion of the
A, data below). Thus the known CE cross sec-
tions as a function of q can be used in (3) to re-
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place the unknown N-N amplitude factor with the
result do/dQ(q) „»= 4[do/dO (q)«]I(q)'.

Calculations of I(q) were performed with a ver-
sion of the code" DWBA-70 modified for use with
medium-energy protons. " The Cohen-Kurath"
wave functions with harmonic-oscillator radial
forms (n =0.513 fm ') were used to describe the
transition density of the 15.11-MeV state. Elec-
tron-scattering data indicate that these are ap-
propriate for the lwo-q region explored here. "
A Yukawa potential of range 0.1 fm was used to
simulate the zero-range interaction. The pre-
dicted cross section is shown by the dashed line
in Fig. 2(a). Given the approximate nature of the
calculation, it is apparent that the P(n, P)n data
account extremely well for the cross section of
the 15.11-MeV state.

The nearly constant q =0 cross section of the
CE reaction over a, wide energy range" suggests
that the hT =1 interaction varies little with ener-
gy. In qualitative agreement with this prediction
cross sections for the 15.11-MeV state at E~ =122
MeV (Hef. 8) are similar to those measured here.
The strength of the AS =1, hT =1 interaction at
800 MeV measured in terms of the q =0 t matrix
is 120 MeV fm' (in the N-N c.m. system). This
is very close to the central QPE value of 124
MeV fm'. However, a calculation with a OPE po-
tential reproduces the present data only when the
tensor interaction is reduced by -40%.

Unfortunately, there are no comparable guide-
lines for understanding the cross section of the
12.71-MeV state. Simple meson exchange or N-N
reactions do not yield the appropriate mixture of
amplitudes for this transition. Interactions ap-
propriate for -140-MeV (Bef. 18) and 1.04-GeV
(Bef. 2) protons have been tried but do not yield
reasonable results for the 12.71-MeV data at 800
MeV. Thus we have adopted a purely phenomeno-
logical approach; the N-N interaction has been
adjusted to fit the data for the 12.71-MeV state.
The analyzing-power data are a very important
constraint in determining the parameters of an
effective interaction. In the plane-wave IA for a
pure al. =0, AS =1 transition A, do/d& is given by

A, do/dQ =2 He(B*C).

For higher 4L transfer and for mixed-4L, transi-
tions the expression is somewhat more complex,
but the dependence of A, do/dQ on Be(B*C) re-
mains. ' In the distorted-wave IA w'e have found
that the qualitative features of the plane-wave ex-
pression remain; large values of A, are pro-
duced only when He(B*C) is large. Spin-orbit

0.4

0.2—

I I

E„= l8.5 MeV

-0.2

-04—
II

II "
. ,

II "

-0.6—

0.6

0.4—

I I I

Ex l9+ e

0.2—

-0.2—

-0.4
0

I I

8
8 (deg)

l2

FIG. 3. Analyzing powers for states in C whose
tentative assignments are 2, T =0 (18.3 MeV) and 2,
1'=1 (19.4 MeV). The solid curve is a distorted-wave
calculation described in the text.
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coupling in the optical potential has a very small
effect. This may be seen in the OPE calculation
of A, for the 15.11-MeV state, where C, =0 was
assumed [solid line in Fig. 2(a)].

The results of the phenomenological calculation
for the 12.71-MeV state with the Cohen-Kurath
wave functions are shown in Fig. 2(b). The effec-
tive N-N interaction was constructed in the follow-
ing manner. A real spin-orbit potential consis-
tent with present knowledge of C, and an imagi-
nary spin-spin potential are required to produce
a large negative A, . A tensor potential is needed
to account for the shape of do/dA and A, . The
ranges chosen (0.4 fm) are consistent with the
range of forces which contribute to the excitation
of the 12.71-MeV state at lower energies.

The plane-wave expression for A, coupled with
the distinctly different measured values for the
two 1' states suggests that A, for small q' may be
used as a signature of the isospin transfer in oth-
er unnatural-parity transitions. The A, data
shown in Fig. 3 then tend to confirm the assign-
ments of the 18.3-MeV (T =0) and 1S.4-MeV (T
=1) states. ' A DWBA calculation with the inter-
action determined from the data for the 12.71-
MeV state yields reasonable agreement with A,
and dv/dQ for the 18.3-MeV state. The configura-



VOLUME 44, +UMBER 18 PHYSICAL REVIEW LETTERS 5 MAY 1986

tion (p», 'd», ),- =' was assumed, but similar re-
sults are obtained with other configurations. Cal-
culations for the 19.4-MeV state, however, have
not been successful thus far in reproducing the
cross section when a spin of 2 is assumed (re-
call that any calculation in which C, =0 gives A,
-0, in agreement with the data).

In summary, we have shown that low-q spin-
dependent cross sections at 800 MeV are compar-
able with such cross sections at 122 MeV. It is
thus feasible to extend the measurements to large
q to look for differences between proton and elec-
tron scattering in the region where critical opal-
escence may be observed. "'" The low-q behav-
ior of the 15.11-MeV 1', T =1 state is explained
remarkably well over a wide energy region by an
IA description based on the cross section for the
reaction p(n, p)n. Values of A, which are close
to zero for the 15.11-MeV state and negative for
the 12.71-MeV state are determined primarily by
Re(&&r*C&r). This suggests that A, for unnatu-
ral-parity states is characteristic of the isospin
transfer and supports tentative assignments for
states observed at 18.3 and 19.4 MeV.

The authors are grateful to W. H. Gibbs for
many helpful conversations and to C. Wilkin for
suggesting the connection between the CE and
(p,p') reactions. The work was supported in part
by the U. S. Department of Energy, the National
Science Foundation, and the Robert Welch Foun-

dation.

'I. P. Auer et al. , Phys. Rev. Lett. 41, 354 (1978),
and references therein.

A. Chaumeaux, V. Layly, and R. Schaeffer, Ann.
Phys. (N. Y.) 116, 247 (1978).

G. S. Adams et al. , Phys. Rev. Lett. 43, 421 (1979).
G. S. Blanpied et al. , Phys. Rev. Lett. 39, 1477

(1977).
J. Flanz et al. , Bull. Am. Phys. Soc. 23, 583 (1978).
W. J. Braithwaite and C. F. Moore, LASL Report No.

LA-UR-79-3475-2 (to be published) .
Fay Ajzenberg-Selove and T. Lauritsen, Nucl. Phys.

A114, 1 (1968).
J. R. Comfort et al. , Phys. Rev. C (to be published).
J. R. Comfort et al. , Bull. Am. Phys. Soc. 24, 829

(1979).
A. K. Kerman, H. McManus, and R. M. Thaler, Ann.

Phys. (N. Y.) 8, 551 (1959),
B. E. Bonner et al. , Phys. Rev. Lett. 41, 1200 (1978).
M. Kawai, T. Terasawa, and K. Izumo, Nucl. Phys.

59, 289 {1964).
L. Ray, Phys. Rev. C 19, 1855 {1979).
R. Schaeffer and J. Raynal, unpublished.
Modification by M. Franey and W. G. Love.
S. Cohen and D. Kurath, Nucl. Phys. A101, 1 (1967).

"J.Dubach and W. C. Haxton, Phys. Rev. Lett. 41,
1453 (1978).

W. G. Love, A. Scott, F. T. Baker, W. P. Jones, and
J. D. Wiggins, Phys. Lett. 73B, 277 (1978).

M. Ericson and J. Delorme, Phys. Lett. 76B, 182
(1978).

H. Toki and W. Weise, Phys. Rev. Lett. 42, 10934
(1979).

1192


