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7Y radiation from targets of "Li, *Be, '2C, *C, and '°0O bombarded by w~ and 7" at energies between
60 and 300 MeV was uniquely associated with states formed by removing a single nucleon by the (7,7 N)
reaction. All yields were found to reflect the well-known 3-3 resonance near 180 MeV in the pion-nucleon
system. Ratios of yields for 7~ and 7" beams were measured for "Li, *Be, and '’C. These ratios were very
similar to one another and to previous results on '?C, N, and '®O for neutron removal. Several reaction
‘mechanisms based on quasifree processes are tested by comparison to the data, and all are rejected.

[NUCLEAR REACTIONS Li, °Be, '2c, !3c, 0. (r*,7N), detect y decay of
residual nucleus, measure o (E;).

1. INTRODUCTION

Among the most valuable results from direct
reaction analyses with conventional nuclear beams
are the single-nucleon parentages of the target
nucleus as determined by stripping and pickup re-
actions. The pion, withits rather different inter-
action and quantum numbers, could in principle
induce reactions revealing new aspects of such
single-nucleon parentages. Any such analysis
must depend upon a clear understanding of the re-
action mechanism by which the nucleon is picked
up in a reaction such as (7, 7N). Existing theories
for the nucleon removal mechanism range from
those based on the impulse approximation for the
interaction of a single nucleon with the pion to
internuclear cascades among many nuclear inter-
actions with subsequent evaporation of one nucleon,
The former approach treats the target nucleon as
essentially free, with some modification to account
for absorption of the reaction products. This mod-
el is analogous to a direct pickup reaction. The
latter model is essentially that of a compound
nucleus, although the addition of the pion rest
mass to the nuclear system provides such excita-
tion that thermal equilibrium would not be antic-
ipated.

A successful direct reaction theory of pion-in-
duced pickup must account for several aspects of
the data. The yields to well-known final states
must be in proportion to the known spectroscopic
factors. The dependence on the pion energy must
reflect that seen for the basic pion-nucleon inter-
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action, and finally, the ratio of yields from nega-
tive and positive pion beams must reflect the,
yields known from scattering on a free proton tar-
get.

Previous tests of these ideas on light nuclei have
been performed by counting the yields of radio-
active final nuclei'™® or by detecting in-beam y-
ray spectra from complex final nuclei.* Both of
these approaches have summed the yields to an
unknown number of final states, making it im- .
possible to obtain the spectroscopic factors for
individual levels. The yields clearly exhibit the
pion-nucleon 3-3 resonance near T, (lab) =180
MeV, but the ratios of yields by 7~ and 7" have
been far from that predicted by the impulse ap-
proximation.

In the present work, target nuclei have been
chosen to permit the study of neutron or proton
removal to individual final states of several iso-
spin values. Neutron removal from "Li populates
the 3.56 MeV 0*, T =1 state of °Li, the only bound,
y-ray emitting, excited state below A="7. Proton
removal from °Be can similarly be studied by the
yield of the 0.98 MeV y ray from the 1%, T=1
state of 8Li. A prominent 4.4 MeV y ray seen in
7* bombardment of 2C will be shown to be mainly
due to the population of the £-, T'=} states
at 4.319 and 4.444 MeV in !!C and !'B, respective-
ly. Neutron removal from **C provides y rays only
from the 2*, T =0 state at 4.44 MeV and from the
1*, T =1 state at 15.11 MeV in *C. A previous®
measurement of the yield of **N from pion bom-
bardment of N also determines the-cross section
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to a unique state, since *N has no excited states
that decay to the ground state. A strong yield to
the 3~ hole states in A =15 is noted from bom-
bardment of 0.

The incident pion energy was varied for these
targets from 60 to 300 MeV (lab), and the energy
" dependence was found to agree with the known 3-3
resonance. Both 7* and 7~ beams were used with
identical geometry to study the ratios of final state
yields free of systematic uncertainty. y-ray data
were taken at two angles to detect any dramatic
alignment of the final nuclear state.

II. EXPERIMENT

The pion beams were obtained from the EPICS ®
channel of the Clinton P. Anderson Meson Physics
Facility of the Los Alamos Scientific Laboratory.
A crossed-field velocity selector in the channel
eliminated nearly all protons from the 7* beam.
The beam spot is intended as the source for a mag-
netic spectrometer and was large, about 10 cm
wide by 20 cm in the vertical dispersion direction,
The flux of minimum ionizing particles through the
targetiwas monitored by a plastic scintillator up-
stream from the target which vetoed protons. For
the small 3C target, two such scintillators de-
manded that the trajectories of the incident par-
ticles pass through the target. This direct count-
ing of the pion flux, at instantaneous rates of up
to 107 7*/sec, was checked for some runs by a
calibrated ion chamber at the beam stop. For the
9Be and '°C targets, an anticoincidence was de-
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FIG. 1. The yield of the 4.37 MeV vy transition from a
natural carbon target bombarded by 100 MeV 7* is
divided by the integrated beam current and plotted
against the target thickness. The scale is in arbitrary
units. The solid line is a least squares fit, and demon-
strates that the yield is linear, not quadratic, in the
target thickness. This implies that the vy transition is
not due to a sequential process. Targets near 3 g/cm?
were used for the data analyzed.

manded from a plastic scintillator downstream
from the target. This requires that the exit pion
be at some angle other than zero, and reduced
chance coincidences in the spectra. The solid angle
of this detector was 0.0285 sr. The composition

of the beam at the channel energies used has been
measured.® Typically, at 150 MeV, the beam con-
tains 75% pions, 19% muons, and 4% electrons.

The targets were solid sheets of metallic "Li
(isotopically enriched to 99.99%), a sheet of me-
tallic °Be, graphite sheets of natural carbon, and
a pressed sheet of amorphous *C. The '3C target
was enriched to (85+ 1)%, including the natural
carbon in the binding agent. A thin polystyrene
case held natural water for the %0 target. Target
thicknesses were typically 2 g/cm?. These thick-
nesses were varied for "Li and natural C between
0.68 and 4.1 g/cm? in order to detect sequential
processes.” The yield was seen to be linear with
target thickness over this range, as noted in Fig.
1. This indication of the unimportance of sequen-
tial yields for this experiment was verified by ex-
plicit calculations with assumed nucleon spectra®
for the first stage, folded with the known cross
section for nucleon-induced reactions.® This se-
quential mechanism provides a yield equivalent
to a cross section of less than 1 mb.

y=-ray spectra were simultaneously obtained with
12.7 cm by 12.7 cm Nal(T1) detectors placed at
90° and 125° with respect to the beam. Fast signals
from these detectors were used to measure the
time difference between the y-ray event and the
incident pion through the first in-beam scintillator.
This time difference information was recorded by
an on-line computer together with the energy sig-
nal from the detectors. A typical time spectrum,
with resolution better than 3 nsec full width at
half maximum is shown as Fig. 2. Events in co-
incidence with the time spectrum off the truly
coincident peak were used to measure the acci-
dental target-related spectrum. The detectors
were surrounded by 0.64 cm plastic scintillators
set to veto particle events from the beam halo or
from the target. These veto counters subtended
0.068 sr each as seen from the target, and of
course eliminated some real events in which a
scattered pion or exciting nucleon encountered the
shields. Heavy shielding of lead and boron-loaded
paraffin also surrounded the y-ray detectors ex-
cept for the entrance aperture. The entire ap-
paratus was situated in the room air.

A valid y-ray event was thus defined by one (or
two) events signaling a pion incident upon the tar-
get, (in some cases) the lack of an unscattered
pion, the proper time difference between pion and
v ray, and the lack of an event in the detector veto
shield. Background spectra were obtained in runs
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FIG. 2. A spectrum of the time difference between an
event in a plastic scintillator upstream from the target
and the y-ray event in the Nal detector. The resolution
is better than 3 nsec. A gate on the prompt peak se-
lected the prompt events.
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without a target and also be selecting spectra in
which the time-of-flight was not correct. Since ..
much of the background was due to the enormous
neutron flux from the primary accelerator beam,
the latter method was valuable in determining the
background.

The Nal(T1) detectors were equipped with an «
particle source for gain stabilization, providing
a light peak near that for the 0.98 MeV ®Li line.
This o peak could not be fully resolved, but was
readily separated from the y line by appropriate
subtraction of events out of true time coincidence.

The detector resolution on a sharp y-ray line
was 7% at 0.66 MeV but for the reaction measure-
ments this was broadened considerably by Doppler
effects. A calibrated source of %Co was used to
measure the absolute detector efficiency, which
was extrapolated with the aid of standard graphs'
as far as the 6.1 MeV line from the O target.
This 5°Co source also provided the energy cali-
bration. The efficiency was checked by a Monte

Carlo method,'! which also provided the efficiency

calibration for the 15.1 MeV line seen from the

3C target. The uncertainty in these efficiency
measurements, and hence in the overall magnitude
of the cross sections, was estimated to be +20%.
Since the same efficiency curve was used for all
the present data, the uncertainty in the comparison
of the results on the several targets is much
smaller.

III. RESULTS FOR "Li

The data for neutron removal from “Li to the
3.56 MeV 0* state of °Li have already been pub-

lished,*” and will only be shown here for compari-
son to the results for other nuclei. The cross
sections for #* and for n~ are shown in Fig. 3, as
are the ratios of these cross sections. The same
results are obtained from the detectors at 90° and
125°. This is to be expected for the isotropic ra-
diation from the 0* final state. The curves shown
for the cross section points are the free 7*-neu-
tron and 7~ -neutron cross sections,!® scaled by
0.10 and 0.05, respectively, for comparison to
the data. The prominent peak in the energy de-
pendence is evidently due to the 7-N 3-3 reso-
nance. If this resonance dominated the reaction
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FIG. 3. The cross sections for neutron removal from
"Li to the 3.56 MeV 0* state of ®Li are plotted for both
7' and 7~ . The open data points are from the 90° de-
tector, the solid points from the 125° detector. The
curves are the free m-nucleon total cross sections,
scaled to compare to the magnitude of the “Li data.
The ratios of the 7~ to #* yields are also plotfed com-
pared with the ratio of the free 7m-nucleon data.
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the ratio of 77~ to n*-induced neutron removal
would be 3 near 180 MeV in a strict quasifree mod-
el. The observed ratio of 7~ to 7* total cross sec-
tion on free neutrons is compared with the data,
which exhibit a ratio near 1.9, not 3.

IV. RESULTS FOR °Be

The only proton removal measurement to a dis-
crete final state reported to date from a light nu-
cleus is from the present yield to the 0.981 MeV
8Li line from bombardment of °Be. This 1*, T=1
state is the only y-ray emitting level of ®Li, and
there are no other y rays near this energy from
nuclei with A <9. Hence the y-ray signature is
unique. A sample spectrum, after subtraction of
accidental coincidences, is shown as Fig. 4. The
cross sections are shown as Fig. 5, as are the
ratios of 7'~ to 77 -induced proton removal. The
curves are again the results of free pion-nucleon |
measurements, scaled by 0.25 for the 7~ and
0.067 for the 7*. Although data were taken at
fewer pion energies than for "Li, the 3-3 resonance
is noted clearly. For the 7~ data at 120 MeV,
there is an evident discrepancy in the yields ob-
served at the two angles, plotted as open and
closed circles. This could be evidence for the
alignment of the 17y emitting state, which could
provide a y-ray angular distribution of order -
P,(cos6) as well as a larger isotropic term. The
detector at 125° (the closed points) was at the zero
of F,(cos¥).

The ratio of yields shows a discrepancy from the
impulse approximation prediction even greater
than was seen for "Li. All the results from the
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FIG. 4. A spectrum from 7* bombardment of Be at

120 MeV. The decay of the 17 state at 0.986 MeV in
81.i provides the peak seen. A background subtraction
has been used from the off-time coincidence spectrum,

as in Fig. 2.
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FIG. 5. The cross sections and ratios of cross
sections for pion-induced proton removal to the 0.986

MeV state of 8Li are shown, as in Fig. 3. The free
m-nucleon data are scaled for better comparison to the

data.

several targets will be compared more fully in
Sec. VIIIL

V. RESULTS FOR '*C

The spectrum shown in Fig. 6 was observed with
225 MeV 7* bombardment of natural carbon. Only
one prominent photopeak is noted other than the
2.22 MeV y ray from the n +p reaction. The best
calibration of the energy at the lowest beam energy
provides 4.37+0.05 MeV, based on the 4.44 MeV
line from a PuBe neutron source. This calibration
at 7, =64 MeV is expected to have the least Dopp-



ler broadening. The cross section for this transi-
tion is plotted in Fig. 7, again compared with the
free n*-proton data, scaled by 0.17 to provide the
solid curve. A previous experiment!* at 7,+="73
MeV measured an absolute yield of a v line near
4.4 MeV to be 14.5+3.0 mb at 90°, in exact agree-
ment with the present results. A 4.44 MeV line
was seen strongly in an experiment with a Ge(Li)
detector, but is not easily assigned due to the use
of a very thick carbon target.!®

One first expectation is that this y transition is
due to the inelastic scattering to the very collec-
tive 2+ state of 2C at 4.44 MeV. Fortunately, the
inelastic negative pion scattering to this state has
been explicitly measured by Binon et al.'® at a
number of beam energies. No difference between
7" and 7~ data is expected for this purely isoscalar
transition. Also, no appreciable v decay from
higher states to the 2* state enhances the y-ray
yield over the inelastic scattering yield.'”

It has beenfound that collective distorted-wave
Born approximation (DWBA) predictions using
optical model parameters that provide good fits
to the elastic pion data also provide good fits to
the inelastic data with a deformation parameter
|g] =0.56,'® very near that known from other scat-
tering measurements. The total inelastic cross
section to this 2* state may thus be calculated re-
liably in the DWBA with the code DWPL,® The
data of Binon® go to large enough angles that it
is known that no surprising, very large cross sec-
tion is seen at back angles. More recent data con-
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FIG. 6. A spectrum obtained from 180 MeV 7% bom-
bardment of a natural carbon target. The 2.23 MeV line
is primarily from neutron capture on hydrogen. The
best calibration provides 4.37+0.04 MeV for the pro-
minent peak.
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FIG. 7. The yield of 4.37 MeV v radiation from 7*
bombardment of carbon is plotted as in Fig. 3. The
isoscalar average of free pion-nucleon scattering pro-
vides the solid curve, scaled to compare with the pres-
ent data. The broken curve is the prediction for in-
elastic scattering to the collective 2* state of 12C at
4.44 MeV, as discussed in the text.

firm the quality of the DWBA predictions at 150
MeV out to angles of 140°.2° At 50 MeV, the stan-
dard DWBA prediction, as followed here, under-
estimates the data by about a factor of 2.2 The
DWPI predictions are plotted as the broken curve
in Fig. 7. At 50 MeV, the more recent data of
Ref. 21 would raise the prediction by about a factor
of 2. '

On the resonance, no more than one-fifth of the
4.37 MeV y-ray yield is due to the inelastic scat-
tering and the y-ray data and DWBA calculation
show an energy dependence of rather different
shape. This DWBA prediction for the energy de-
pendence of a direct reaction is much as found or
predicted for other pion scattering or charge-ex-
change data.?? The flat curve is due to the in-
creased nuclear absorption of the pion near the
3-3 resonance suppressing, in part, the increasing
strength of the interaction on that resonance.

Since the evidence is that the observed y ray is
largely not due to the inelastic scattering, nor
from the small *C content of the target (see Sec.
VI), the transition must be in *'B or 'C.'" No
such high energy transition is possible for nuclei
with A <10. The levels of these A =11 mirror
nuclei are such that with the Doppler broadened
peak it would be difficult to distinguish the final
nucleus. A y ray as measured at 4.37+0.05 MeV
may be obtained from either the decay of the 3"
4,445 MeV state of ''B or the 3~ 4.319 MeV
state of !*C. The only higher bound states that de-
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cay to these are at 6.743 MeV in !'B and 6.48 MeV
in MC, and with the known!” branching ratios for
these decays, any feeding to the 4.4 MeV states
would be accompanied by a 3.30 MeV transition.
The limit on this transition is about one-seventh
of the intensity of the 4.37 MeV vy ray, indicating
that not more than 15% of the 4.4 MeV decay of
the 3 statesisdue to such feeding. Therefore,
primarily a single final excited state is populated
by single-nucleon removal. Of course, any popu-
lation of the ground state is undetected.

These results may be compared directly with the
production of ''C, as detected by the residual
radioactivity.? The peak strength near 180 MeV
to the £~ states is 36 mb for n* (see Fig.7),
after the small correction is made for inelastic
scattering. This is compared with 70 mb for =~
and 45 mb for 7* for populating all bound states
of 1'C.?2 Using charge symmetry, the present
work and the data of Ref. 2 lead to the inference
that 28% of the neutron removal from 2C goes to
the 5~ state of !C, 62% to the 3~ ground state,
and about 10% to other bound states where limits
on the y-ray intensities may be placed from the
spectra such as Fig. 6. The only states that are
not so checked for are the 3~ states in mass 11
near 2 MeV, since their decay radiation would not
be resolved from the intense 2.2 MeV background
line. With the weighting of neutrons and protons
as determined from isospin invariance and using
the C experiment, the weighted average y-ray
energy should be 4.40 MeV, in good agreement
with the measured value of 4.37+0.04 MeV.

This strong population of £~ final states is
not at all as observed in a purely direct reaction
measurement such as 2C(p,d)*'C,?* where only the
3~ ground state is strongly excited. A larger
yield to the 3~ state of *!C is seen in the ¥C(°He,
@)''C experiment,?? and is interpreted as due to
two-step excitation through the collective states.
The 4~ state of ’C at 6.48 MeV is seen strongly
due to the same mechanism, but the lack of the
y~-ray signature for that state in the present ex~
periment indicates that this state is not strongly
populated by the pion reactions.

A prominent direct interaction of the pion with a
complex nucleus is the quasideuteron absorption,
2C(n*, 2p)°B. The yield of prompt y rays from the
known?®® states of °B indicates a cross section for
the 4* state at 6.03 MeV not greater than 4 mb.
The yields to the first excited states of °C and
°Be, which are too near to resolve, are not
greater than 10 mb. These numbers are consistent
with the cross sections reported by radioactivity
experiments! that sum over all final bound states
and with experiments directly observing the two
protons.?® A y transition from the 3.59 MeV state
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of °B is noted, and will be reported elsewhere.??
It is further known that (v, p) reactions have very
small cross sections®® and would not affect the
present conclusions.

VI. RESULTS FOR 3C

Neutron removal from **C will provide two y
rays from *C, withoutcomplication of feeding from
other levels. The spectrum in Fig. 8 shows the
4.44 MeV line from the 2%, T =0 state and the
15.11 MeV peak from the 1*, T =1 state, The 15%
2C content of the target provides 16% of the 4.4
MeV peak, using the cross sections of the previous
section. The cross sections for the two transitions
in #C are shown in Figs. 9 and 10, as are the
ratios of 7~ to #* yields. Proton removal to *B
cannot provide y rays of energy greater than 3.3
MeV. No y radiation is expected from °Be as popu-
lated by « particle removal from 3C., Two-nucleon
removal to the £~ states in A =11 could provide
y radiation contamination of the 4.4 MeV peak,
but as indicated in the previous section, this two-
nucleon cross section is not greater than a few
mb.

The BC data also indicate that inelastic scatter-
ing is not responsible for the y rays noted. The
3.684 MeV state of '3C was populated at about one-
third the strength of the 2C 4.44 MeV 2* state in
an ¢ particle scattering experiment.?® The pion-
induced y-ray spectrum at Fig. 8 indicates that
not more than 2 mb is allowed for the 3.68 MeV
decay, while 15 mb would be expected if the 4.4
MeV y peak seen from the 2C target were due to
inelastic scattering. This is further evidence in
support of the arguments of Sec. V.

The cross sections to the 2* state are nearly a
factor of 6 larger than those to the 1* state, but
both show the characteristic resonance. The ra-
tios of 77~ to 7*-induced yields are somewhat
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FIG. 8. A spectrum from 7 bombardment of an en-
riched !3C target. Prominent lines from the decay of
the 4.44 and 15.1 MeV states in 2C are noted.
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FIG. 9. The yields of 4.4 MeV v radiation from pion
bombardment of 13C are plotted as in Fig. 3. The bot-
tom section shows the ratio of these cross sections.
Again; the solid curves are scaled from the free pion-
nucleon data.

“higher than was the case for "Li and °Be, but are
very similar for the two final states of C.

VII. RESULTS FOR '°0

Two prominent photopeaks are seen in the spec-
trum from 7* bombardment of a water target as
shown in Fig. 11. High resolution Ge(Li) spectra
from 7* bombardment of *O show® that three lines
are found near 6.2 MeV. The transitions, and
their approximate relative strengths; are from
the 6.131 MeV 3~ state of '°0 (25%), populated by
isoscalar inelastic scattering, from the 6.177
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FIG. 10. The cross sections and ratios of cross sec-
tions for 15.1 MeV vy radiation from pion bombardment
of 13C are shown, as in Fig. 3. These yields are about
a factor of 6 smaller than were found for the 4.4 MeV
state.

MeV £~ state of %0 (27%) and from the 6.323
MeV £~ state of !°N (48%). As discussed in Ref.
4, no significant feeding of the A =15 lines is ob-
tained from higher states. Several states in *O
have significant branches to the 6.131 MeV 3~
state, and the strong transition observed is not
unexpected. The strong 4.4 MeV line is due to «
particle removal from %O to the lowest 2* state
of 2C, and is not discussed here.?”

The cross sections for the population of the 6.2
MeV transition are shown in Fig. 12. The absolute
magnitude near 180 MeV agrees with the work of
Ref. 4 to within +25%. The target for the present
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FIG. 11. A spectrum from bombardment of a water
target by 225 MeV n* . The contribution from the empty
box has been subtracted. The 4.4 MeV line is from four-
nucleon removal from %0, and the 6.1 MeV line is from.
single-nucleon removal to the 3~ states in A =15.

experiment is thinner by a factor of 8 than that
used in Ref. 4, and inelastic scattering to the
160 3~ state by nucleons produced in the target is
expected to be less important.

VIII. DISCUSSION OF QUASIFREE REACTION MECHANISMS

The first comparison will be that of the (m, 7N)
cross sections to spectroscopic factors found from
direct nuclear reactions. The (n, 7N) yields are
those near 180 MeV, taking the #~ result for neu-
tron removal and the 7* result for proton removal,
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FIG. 12. The 90° yield for single-nucleon removal by
m* from 'O is plotted against the pion lab energy. The
solid curve is the isoscalar sum of pion-nucleon cross
sections, scaled by dividing by 14 to compare with the
data. The prominent 3-3 resonance has appeared in all
the one-nucleon-removal cross sections.

About 61%, as discussed in Secs. V and VIII, of
the A =11 and A =15 unresolved y-ray yields are
ascribed to the proton removal by positive pions.
Since the final nucleus has only one bound state,
the radioactive decay of **N from 7~ bombardment
of N may also be included.® In the comparison
of Table I it is seen that no single scaling factor
converts the cross sections from (w, 7N) to the
known spectroscopic factors.

The simple impulse approximation treats each
pion-nucleon collision as essentially that for free
pion-nucleon scattering. In this limit, the ratio
of 77~ to 7*-induced neutron removal is simply
3 on the 3-3 resonance and in general may be pre-
dicted from the free pion scattering.?®* This ratio
is compared with the observed ratios for the four
final states investigated by both 7* and 7~ in Figs.
3, 5, 9, and 10. Neither the magnitude nor energy
dependence are as predicted in this model.

If nuclear absorption effects are simply included
by allowing the exiting nucleon to charge exchange,
the simple ratio of 3 on the resonance is con-
siderably modified.’°'3' A probability P =0.25 for
this predicts ratios equal to 2.0 for °Li, 1.16 for
8Li, and 1.56 for both ?C (T =0) and 3C (T =1).
Only the valence p,;,, nucleons are included in this
calculation. These predictions compare reasonably
well with the observed values of 1.7+0.2, 0.85
+0.10, 1.7+£0.2, and 2.0+ 0.2, respectively. The
analog charge exchange probability for the three
T =1 final states should be large, and perhaps the

TABLE I. The pion-induced nucleon removal cross
sections near 180 MeV pion energy are compared with
the spectroscopic factors from light-ion-induced reac-
tions. For neutron removal, the 7~ yield is listed, while’
the 7" yield is listed for proton removal.

(7, TN) Spectroscopic

Final state Yield (mb) factor
SLi(0*, T=1) 12 1.02
SLi(1*, 7=1) 15 0.63°
Ued, r=3) 12 0.0005°
L2c(2*, 7=0) 42 1.2¢
2cqar, r=1) 8.3 1.09
BNGET, T=3) i5¢ 0.7¢
Bo@F, 7=4) 16¢ 2.6h
BNE, T=3) 17¢ 3.71

f Reference 37.
EReference 4.

hReference 38.
iReference 39.

2Reference 33.
bReference 34.
®Reference 35.
dReference 36.
®Reference 3.



same. For the C (T =0) state, however, no ana-
log charge exchange is possible, and the probabil-
ity P should be much smaller. The ratios seen
in Figs. 9 and 10 are found to be identical, and
hence the present result for the two transitions
seen in 7~ and 7* bombardment of **C precludesthe
validity of the simplest modification to the impulse
approximation. Other evidence against this simple
model has been reported.®?

If the 7-nucleon system in the nucleus forms an
explicit- A state (J=2, T=3%), this excited
nucleon could also charge exchange before exiting

or decaying back to a nucleon plus a pion. The re-"

action channels and their relative weights with the
assumed T =% state are listed in Table II. The
ratio of 77 to 7* yields is then calculated as in
Ref. 30, providing the expressions in Table II for
each state. Only the nucleons in the p,,, shell
are counted to provide the values for N’ and Z’.
Note that for °Li the ratio is predicted to be 3

for any value of P. For P =0.25, the results for
8Li and '¥C are 1.40 and 2.15, compared with the .
observed values 0.85+0.10 and 1.7+ 0.2, This
model for the explicit formation of the excited
nucleon state must be discarded due to the clash
with the observed ratio of 1.7+0.2 for the 3.56
MeV transition in ®Li. As noted in Table II, the

" expressions obtained for final states in °Li and
2C are not appreciably different from those ob-
tained in the nucleon charge exchange model, and
these data constitute no test of the model. Table
III compares the nucleon and A charge exchange’

TABLE II. For pion-induced nucleon removal through
formation and decay of an explicit excited nucleon in the
. T=% state, that excited nucleon may charge exchange to
change the ratio of 7"~ to 7*-induced yields from that
éxpected in the quasifree model. The ratio is found by
the reaction channels listed, with the weights determined
by the isospin Clebsch-Gordan coefficients. For three
targets, the complete ratios are listed.

fHe + A™(1)
"Li+ 7*—SLi+ A*(3)—°Be + AO(%)

"Li+ 7" —SHe + A™(9)—*Li+ A*(1)

"Li+ 77— SLi+ AT(9)—CHe + A'(1)
Wi+ m™—SHe + A"(3)—fLi+ A"(1)

IN'(1-P)+3Z'P

=Ca = = 61.i
R=o0./0, 3N'(1-—P-§P)+9Z’P 3 for ®Li
B _9Z'(1—-P)+3N'P _ 6-3P e «
R=0/0= i pyvonp ~arip oF U
’ ’ :
R=0./0, < IN'(1-P)+3Z'P _45-33P for 12C

3N'(1__3lp)+9z'p T 15+PpP
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TABLE III. The two charge exchange ratios for !1C
production by 7~ and 7" are given. -The reaction chan-
nels for the charge exchange of the excited nucleon are
given as Table II.

Lot pr—~ B A™(9)—~HC+ A% (1)
Royrr—Ucra*@)—~11B+ A" (1)
Loy rm =B AY3)—1Cc+A™(1)
2oy rm—Uor AT(9) —~ 1B+ A1)

9Z'(1-P)+3N'P _9-6P

11
SN(_P)+9ZP 3160 °F C

R=o0./0,=

by nucleon charge exchange (Ref. 30),

_9-8p

i1
“376p for “c

R

models for a 2C traget.

Another direct reaction model would assume the
pickup of a nucleon by the incident pion to form an
explicit A particle which then decays outside the
nucleus to provide the exiting nucleon and pion.
Any such mechanism must predict yields to final
state in proportion to the single-nucleon parentage
as measured by pickup spectroscopic factors. Even
if the quantum numbers of the picked up nucleon
change in the interaction, the final state is still
the simple one-hole state, and this is the state
detected by its v radiation. No such simple re-
lation is seen from Table I.

When genuine quasifree kinematics between the
pion and proton in the final state are demanded the
ratio of 7* to 7~ proton production yields on targets
of 27A1 and 2°®Pb are about 7.2 and 6.5, respective-
ly,* quite near the value of 9 expected in the sim-
plest impulse approximation. This result implies
that charge exchange modifications for truly quasi-
free reactions are not large,* and suggests that
the present results are not due to a simple mech-
anism ‘such as quasifree scattering. It is also
noted that the large cross sections for pion-induced
single nucleon removal are nearly 10% of the pion
reaction cross section on these targets at the 3-3
resonance.?” This suggests some collective or
coherent reaction mechanism involving the entire
nucleus,  not just one nucleon.

Indeed, y spectra from pion bombardment of
6264Ni show large yields for nucleon removal, with
a spectrum much as predicted by a model similar
to that of a compound nucleus. The ratio of the
yields for 7~- and 7*-induced reactions is essen-
tially unity.*®

i IX. CONCLUSION

A systematic study of pion-induced removal to
discrete final states in light nuclei has shown
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several general trends. First, the pion-nucleon
resonance near 180 MeV is reflected in all the
yields. This energy dependence is more striking
than is noted for inelastic scattering or pion charge
exchange cross sections. Second, the ratio of
7= to m*-induced neutron removal (or of 7*- to
m~-induced proton removal) is about half that pre-
dicted by a quasifree scattering mechanism, and
displays an energy dependence unlike these pre-
dictions. Third, the cross sections are as large
as 10% of the total reaction cross sections—this
to one particular final nuclear level.

These data are sufficient to thoroughly eliminate
the models for pion-induced nucleon removal by
the quasifree interaction of the pion with individual
bound nucleons.
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