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Cross sections for the '2C(x*,7*'p)''B reaction have been measured and compared with the results
of distorted-wave impulse-approximation calculations that employ the factorization approximation for
quasifree scattering. Near the giant dipole resonance of '2C the calculations underestimate the cross
sections for (x 7,7 ~'p). The angular distributions for (z*,z%'p) and (x ",z ~'p) are different and indi-
cate that in this region there is interference between direct decay and semidirect decay.

PACS numbers: 25.80.Fm, 24.30.Cz, 27.20.+n

The response of the continuum of nuclear states above
nucleon breakup threshold to inelastic scattering has
been the subject of intensive research.! Transitions to
the giant resonances (GR’s) can proceed in competition
with the quasielastic scattering process. Thus, a detailed
understanding of the reaction mechanism is needed in or-
der to unravel the structure of the continuum. For ex-
ample, the extent to which isospin is a good quantum
number for the giant resonances is of great importance
in the study of nuclear structure.> We believe that coin-
cidence measurements between inelastically scattered
probes and emitted secondary particles provide a power-
ful tool for these investigations. The isospin selectivity of
7% and x~ scattering makes pion probes particularly
useful in a study of the continuum.

Coincidence experiments involving pions as a probe
can be divided into two groups: experiments in the region
where quasielastic scattering dominates [E, (target)
= 40 MeV and backward angles] *~’ and experiments in
the region of the giant resonances [E,(target) <40
MeV and forward angles].&9 Indeed, Chant, Rees, and
Roos'® have shown that quasifree single-nucleon
knockout calculations, carried out with the code
THREEDEE'! are in good agreement with the measured
2C(x*,n%'p)""'B(g.s.) cross sections of Ziock et al.* at
large momentum transfer and high E.('*C). These cal-
culations use a factorized form of the distorted-wave im-
pulse approximation (DWIA), and include optical-model
distortions of the incoming pion, outgoing pion, and
final-state proton. The processes that contribute to the
lower E,(target) of the continuum, however, are more
complicated. It has been suggested®'? that, in this GR

region, direct decay (due to quasifree-knockout scatter-
ing) and semidirect decay (due to resonant inelastic
scattering to states of good isospin) compete with each
other in a coherent way.

The current study is aimed at the excitation region
near the giant dipole resonance (GDR) of '*C. In this
Letter, we compare cross sections for the 2C(z *,z*'p)
reaction with DWIA calculations performed with the
code THREEDEE in order to evaluate the importance of
quasifree-knockout scattering in the excitation-energy
region near the GDR. We also present values for the ra-
tio R=o(x*,n%'p)/o(x~,x "'p), which may provide
information on the isospin structure of the continuum.

The experiment was performed on the Energetic Pion
Channel and Spectrometer (EPICS)'? at Los Alamos
National Laboratory. Scattered pions were detected in
the focal plane of the high-resolution EPICS spectrome-
ter. Protons were detected in coincidence with the scat-
tered pions using five plastic-BGO (bismuth-germanate)
“phoswich” detectors mounted in the vacuum scattering
chamber. Measurements were made at an incident pion
energy of 180 MeV. The target was a carbon foil of nat-
ural isotopic composition and of areal density 91 mg/cm?
mounted at 60° with respect to the beam direction. The
energy loss in the detector entrance foil and in the target
limited the minimum detectable proton energy to about
4 MeV (at the center of the target). The pion scattering
angle 6, was chosen to be 20°, near the maximum in
the angular distribution for the GDR in '’C.'* Protons
were detected at laboratory scattering angles 6,
= —120°, —90°, —60°, 60°, and 90° with respect to
the incident beam. A relative measure of the pion beam
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intensity was provided by a toroidal pickoff upstream of
the pion production target which measured the primary
proton beam current. Typical average pion fluxes were
=~2.8%10"/sec for % and 1.5%107/sec for =#~. The
data were normalized by comparing yields measured for
7¥ and 7~ scattering from hydrogen (using a CHj tar-
get of areal density 73 mg/cm?) to cross sections calcu-
lated using the #-N phase shifts of Rowe, Salomon, and
Landau.'> The energy resolution in the (r,z') and
(z,7'p) reactions is about 200 keV and 4 MeV, respec-
tively.

Missing-mass spectra for #* and 7~ scattering are
shown in Fig. 1. Singles spectra for 7 (red) and =~
(blue) are presented in the upper portion. The =% and
n~ cross sections are nearly equal everywhere as expect-
ed for a self-conjugate nucleus because of charge sym-
metry except for a known isospin-mixed doublet near 19
MeV.'®

Figure 1(b) shows the pion missing-mass spectrum,
gated by the requirement of detecting a coincident pro-
ton at an energy which implies that the excitation energy
of the residual nucleus, ''B, is less than 10 MeV, and
summed over all proton detectors. In contrast to the sin-
gles spectra, the (rz,7'p) coincidence yields are larger for
z* than 7~ throughout the spectrum. The missing-
mass spectrum gated by detecting a proton leading to ex-
cited states of ''B higher than 10 MeV is plotted in Fig.
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FIG. 1. Missing-mass spectra: blue for 7~ and red for z*.

(a) "2C(x*,x*')2C* singles spectra at ,=20° and T, =180
MeV. (b) “C(x™,z*'p)"'B coincidence spectra, gated by
E.("'B) <10 MeV. Red (blue) solid curve is a DWIA calcu-
lation of 7% (x7) 1p-shell knockout. (¢) "2C(x*,x*'p)"'B
reaction, gated by E.(''B) = 10 MeV. Red (blue) solid curve
is a DWIA calculation of 7+ (x ™) 1s-shell knockout.

1(c). In this case, which includes multiparticle breakup
states, the (z*,7%'p) and (x ~,7 ~'p) cross sections are
about the same at all energies. The 4-MeV threshold for
proton detection in our phoswich detectors seems to have
a minimal effect on the results of our coincidence data,
since we are considering the decay of '2C* states above
E.=20 MeV.

The inequality of the (z ",z ~'p) and (z*,z%'p) cross
sections for E,(''B) <10 MeV can be qualitatively un-
derstood by simple arguments. If the reaction process is
quasifree knockout, we expect a ratio R close to 9 as for
7% and 7~ scattering from free protons. Nearly as
large a ratio is obtained from the factorized DWIA cal-
culations performed with the code THREEDEE. The
curves plotted in Fig. 1(b) correspond to scattering from
a proton bound in the 1p shell. A spectroscopic factor
C’S'=3.98, the summed 1p-shell spectroscopic factor
predicted by Cohen and Kurath,'” and a separation ener-
gy S, =15.8 MeV were assumed. The calculations in
Fig. 1(c) are for scattering from a 1s-shell proton with
C2§=2.0, the value of the shell-model limit, and S,
=34.3 MeV. Both sets of calculations show =% scat-
tering to be larger than n~ by nearly the free n-p ratio
(for example, we calculate R~7.36 for 1p knockout
near the GDR). However, the experimental ratio is only
1.59 on the average (Table I).

Both the shape and magnitude of the (z*,z%'p) spec-
trum gated by E.(''B) <10 MeV are well described by
the DWIA. However, the (x ~,x ~'p) data for the same
gate are much larger than the predicted values [Fig.
1(b)]. This discrepancy would be larger if we had used
the 1p-shell spectroscopic factor of 2.9 and 1s-shell spec-
troscopic factor of 1.8 reported in Ref. 10. For the data
from E,.(''B) > 10 MeV gate, the agreement between
experiment and the DWIA prediction is poor for both
n* and 7~ scattering [Fig. 1(c)].

The angular distributions of the emitted protons are
plotted in Fig. 2 as a function of the outgoing proton an-
gle in the center-of-mass system of the recoil '’C. The
cross section for events leading to the ground state or the
low-excitation states of ''B, ie., E,(''B) <10 MeV,
summed over E('2C) from 20 to 30 MeV, is shown in

TABLE I. The ratios R=c(x*,n%p)/o(x~,x " p) at each
proton detector and the ratio of summed cross section. The
o(x*,7%'p) data were obtained by summing cross sections
from 20 to 30 MeV in E,('>)C) with the E.(''B) <10 MeV
gate, at T,=180 MeV and 6,,, =20°.

Opem. R (DWIA) R (Experiment)
—60.3° 8.59 1.99 £0.41
—28.5° 7.89 3.09 £0.62

3.9° 6.75 2.50+0.61

127.3° 5.29 0.4740.12

155.5° 6.02 0.33£0.11

R of summed o 7.36 1.59%x0.16
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FIG. 2. Angular distribution in the center-of-mass system of
the recoil '2C*. (a) The missing-mass spectra were summed
over E,('2C)=20 to 30 MeV and E,(''B) <10 MeV. Red
(blue) solid curve is a DWIA calculation of #% (z7) 1p-shell
knockout. (b) The missing-mass spectra were summed over
E.("?)C) =41 to 70 MeV and E.(''B) =10 MeV. Red (blue)
solid curve is a DWIA calculation of 7% (x~) Is-shell knock-
out calculations.

Fig. 2(a). In Fig. 2(b) data for the higher-excitation
states of ''B, E,(''B)= 10 MeV, were summed over
E('*C) from 41 to 70 MeV. The curves are the DWIA
calculations described earlier. The (z*,z%'p) data with
the E,(''B) <10 MeV gate are reasonably well de-
scribed by the DWIA. However, the (x ",z " 'p) data
exhibit no clear peak in the recoil direction in contradic-
tion to the DWIA. In Table I we present the ratio R of
the data leading to E,(''B) <10 MeV and the DWIA
predictions for 1p-shell knockout summed from 20 to 30
MeV of E,(!2C). The experimental value of R varies
from a maximum of R =3.09 * 0.62 near the quasifree-
knockout direction to a minimum of R=0.33%0.11 in
the opposite direction. However, the calculations give R
=8 and 6 at these two angles, respectively.

The calculations discussed so far include only the
quasifree-knockout process. Another process that can
contribute to this (x ¥,z *'p) reaction in the GR region
is a semidirect one where the pion excites a state of '*C
in the GR region that subsequently decays through emis-
sion of a proton. If the state in '>C has good isospin and
if the difference between the neutron and proton penetra-
bilities is neglected, R must be equal to 1 at all emitted
proton angles. In this case the decay of the state is
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governed by branching ratios and these are independent
of the manner in which the state was created. Further-
more, the angular distribution should be symmetric
about 90°. The data for 20 < E,('*C) <30 MeV with
the E.(!'B) <10 MeV gate could be qualitatively ex-
plained by a mixture of these two processes: direct (due
to quasifree knockout) and semidirect (due to inelastic
scattering to states of good isospin). The angular distri-
butions of the decay proton indicate that the (z*,z*'p)
is dominated by the direct decay whereas, at least, the
(r~,77'p) must have a strong contribution from the
semidirect process. This process must, of course, also
contribute to (z*,7*'p), although the good agreement
between absolute experimental cross sections and
THREEDEE predictions suggests a predominance of the
quasifree process. We propose that the observed strong
angle dependence of R is probably due to an interference
between the amplitudes for these two processes.

In order to describe a situation which lies between the
limits of quasifree knockout and the excitation and decay
of states of good isospin, one may use a form of the door-
way model.'® In this model, the interaction of the pion
probe with the nucleus leads to proton particle-hole and
neutron particle-hole states in the continuum with ampli-
tudes approximately in the ratio of the free pion-nucleon
couplings. These continuum states couple either to the
GR states with width I'g, or they decay directly into a
potential scattering state with width I', (the quasifree
process). The decay of the GR states would lead to
equal amplitudes for proton and neutron emission, i.e.,
R =1, but the interference with the quasifree process
causes 7' /n~ asymmetries. The enhancement of the
proton decay observed in the current (z ~,z " 'p) data
above the DWIA calculations indicates that I'x and I'p
must be comparable in size for the continuum near the
GR region of '*C. This interference would be less im-
portant for (x*,7%'p) because the direct amplitude is 3
times larger than for (z ~,z ~'p). Therefore, the decay
of the continuum in the region of the GR is largely
governed by how it was excited. The absolute cross sec-
tions predicted by THREEDEE depend on the choice of
spectroscopic factors, but not on the ratio R. Thus, we
base our conclusion on the failure of simple DWIA cal-
culations to reproduce R. We have made no attempt to
include higher-order effects in the z-nucleus scattering
such as those which have been predicted to arise from
the A-hole model.’

These observations in the region of the GDR in '*C
can be contrasted with the result obtained at higher exci-
tations energies in '*C [Figs. 1(c) and 2(b)]. In this
high-excitation region, 40 < E, ('*C) < 70 MeV, we find
that more than half of the cross section seen in the coin-
cidence spectrum corresponds to the data leading to
E.(''B)=10 MeV. For these events we observe a
broad bump in Fig. 1(c) centered near 55 MeV of exci-
tation in '*C. The angular distribution of protons associ-
ated with this bump also appears to peak near the recoil
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direction but the ratio R [Fig. 2(b)] is near unity at all
angles. The DWIA calculations for 1s-shell knockout do
not resemble these data at all. The near equality of the
(z*,7%'p) and (x ",z "'p) cross sections suggests that
protons and neutrons are involved equally in the reac-
tion. However, we do not believe that, for E, ( 2C) =40
MeV, states of good isospin would play a major role ex-
cept for possible double resonances. 19 1t is also possible
that direct two-, three-, and four-nucleon removal are
important here. Lourie et al.?* also observed consider-
able strength in this region of E,('2C) in the '’C(e,e'p)
reaction. They interpreted this strength as due to mul-
tinucleon reaction mechanisms. The failure of the one-
nucleon-knockout calculations with THREEDEE to repro-
duce the magnitude and the near equality of the #* and
.~ data suggests the importance of one of these process-
es for (n,7'p).

In summary, we have measured cross sections for the
RC(z* , * 'p) reactions, and have compared the results
with the factorized DWIA calculations. Neither the
DWIA calculations, which assume a quasifree-knockout
process, nor the assumption that the reaction is dominat-
ed by states of good isospin in '*C (the GDR) can ex-
plain the data. This leads to the speculation that inelas-
tic scattering to the giant dipole region in '*C contains
two components, one of which is direct (quasifree), the
other being semidirect (resonance). The ratio R shows
an angular dependence that indicates coherent interfer-
ence between these amplitudes.
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FIG. 1. Missing-mass spectra: blue for 7~ and red for =™,
(a) C(z*,x*')">C* singles spectra at 8,=20° and T,=180
MeV. (b) "C(x*,x*'p)""B coincidence spectra, gated by
E.(''B) <10 MeV. Red (blue) solid curve is a DWIA calcu-
lation of z* (x7) 1p-shell knockout. (c) “C(z*,z*'p)"'B
reaction, gated by E.(''B) =10 MeV. Red (blue) solid curve
is a DWIA calculation of 7% (7 7) Is-shell knockout.
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FIG. 2. Angular distribution in the center-of-mass system of
the recoil '*C*. (a) The missing-mass spectra were summed
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out calculations.



