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Positive-Pion Production by 160-MeV Protons on 90Zr and 2 Pb
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Angular distributions for the reactions ~ Zr(p, x+)~ Zr(g. s.) and Pb(p, z+) ~pb(0.0,
0.78, and 1.41 MeV) at 160 MeV have been measured from 25 to 155 deg using a quadru-
pole-dipole-dipole-multipole magnetic spectrograph. The Zr angular distribution has a
shallow minimum at about 80 deg; the Pb angular distributions have minima at more
forward angles and rise markedly in the backward hemisphere. The (p, x+) cross sec-
tions observed in this mass region depend weakly on target mass and angular momentum
tr ans fer.

Earlier work on pion production in proton-nu-
cleus collisions has generated considerable in-
terest in the mechanism of (p, &) reactions near
threshold and in the use of these reactions to
study nuclear structure in new kinematical re-
gions. In the pioneering experiments near thresh-
old reported by Dahlgren et al. ' and LeBornec
and co-worker s, charged-pion production on
targets ranging from 'Be to 'Ca was studied.
We report here on the first measurements of
charged-pion production near threshold in pro-
ton collisions with heavy nuclei. This work com-
plements recent near-threshold measurements'
of the (p, &') reaction on targets ranging from
"8 to "'Pb.

The present measurements were made at the
Indiana University Cyclotron Facility (IUCF)
with the quadrupole-dipole-dipole-multipole mag-
netic spectrograph shown in Fig. 1. This spectro-
graph is used primarily for heavy-charged-parti-
cle spectroscopy at IUCF and is much larger
than necessary for pion experiments. It has a
maximum solid angle of 3.4 msr, a momentum
range in the focal plane of 3%, and a dispersion
of (15 cm)/(fo of momentum range). The focal
plane is 45 cm long with a 44' orientation with
respect to the central ray. The flight path from
the target to the last detector is 6.8 m, corre-
sponding to 84/z pion decay for 15-MeV pions.
The number of decay muons reaching the detec-
tors and mistakenly identified as pions was es-
timated from geometrical constraints to be less
than a few percent of the 15-MeV pion yield and
has been neglected.

The detector array consists of a helical multi-
wire proportional chamber at the position of the
spectrograph's horizontal focal plane, followed by
0.32-cm- (or 0.64-cm-) and 1.27-cm-thick scintil-
lators separated by a distance of 30 cm and a
third 1.27-cm-thick scintillator. The three scin-
tillators were located at the spectrograph's iso-
chronous angle. For low-energy pions which

stopped in the second scintillator, the third scin-
tillator was used to veto background due to high-

energy protons; for more energetic pions it
provided a third ~ signal. Measurements were
made of the pion's positions in the helix and in

the second scintillator (by timing from both ends),
the time of flight from the target to the first scin-
tillators, the time of flight between the first two
scintillators, and the energy losses in all three
scintillator s. Pions were identified on-line by
multiparameter computer analysis of these seven
measured quantities. Event-mode data were
also recorded on magnetic tape so that the data
could be reanalyzed off-line with refined condi-
tions placed on the various parameters. The

FlG. 1. Experimental arrangement showing the tar-
get chamber, quadrupole-dipole-dipole-multipole mag-
netic spectrograph, and focal-plane detector array.
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singles counting rate in the second scintillator
with 100 nA of beam current on the target was
of the order of 10'/sec. Pion event rates ranged
from thirty counts per minute for 'OB (which was
used for setup) to a few counts per minute for' Zr and ' Pb targets. A background level of
-1 nb/sr was achieved.

Examples of the data are shown in Fig. 2. The
events displayed in these two-dimensional energy
planes were required by the computer to fall
along a straight line in the plane of helix position
versus scintillator position, corresponding to
particles transmitted by the spectrograph, and
also to satisfy the two time-of-flight conditions
for pions. The Pb spectrum, which was taken
at a pion laboratory angle of 25 deg with a 129.5-
mg/cm' target, shows thirty pion events and was
obtained in a 3.5-h run with an average beam cur-
rent of 50 nA. The Zr spectrum contains forty
pion events which were accumulated in a 104-min
run at 8, (lab) = 110 deg with a 77.5-mg/cm' tar-
get and an average beam current of 93 nA. The
thickness of the first scintillator was 0.32 cm for
the Pb run and 0.64 cm for the Zr run.

Cross sections extracted from data such as
those shown in Fig. 2 are plotted in Fig. 3. The
average beam current during these angular-dis-

tribution measurements was 140 nA. Beam cur-
rents as high as 400 nA were used; however,
usually the maximum current was limited to 300
nA either by the cyclotron performance or by
the maximum tolerable singles counting rates in
the detectors. Typically, approximately 100 min
were required to obtain fifty pion events at each
angle. The error bars indicate relative errors,
which are due mainly to counting statistics. The
absolute cross sections are believed to be ac-
curate to about 20%%uo.

One purpose of these experiments was to ex-
tend to heavy nuclei the experimental knowledge
of the A dependence of the pion production proc-
ess near threshold. At higher energies the total
cross sections for positive-pion production are
known to increase with increasing target mass.
For example, Cochran et aI.' using 730-MeV
protons have shown that beyond "C, oz(p, lI+)
—= f (d'0'/dQ dE)dQ dE is proportional to Z'~'. This
result is expected if absorption effects are im-
portant and the reaction occurs mainly on a sur-
face ring. ' In recent inclusive experiments at
IUCF at 143 and 151 MeV bombarding energies,
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FIG. 2. Examples of pulse-height spectra obtained in

the plastic scintillators with cuts on the cyclotron-rf-
&El time of flight, b,El-QE2 time of flight, and helix-
~2 position correlation.

O. I 50 60 90 120 !50 I80
ew(cm)

FIG. 8. Angular distribution of pions from the reac-
tions ~ Zr(p, 7t+)~ Zr(g. s.) and 0 Pb(p, z+) ~pb(g. s.,
0.78, 1.42 MeV) at 160-MeV bombarding energy. The

9Pb(g.s.) data are displaced downward one decade for
display purposes.
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TABLE I. Total integrated (p, ~+) cross sections de-
rived from the differential cross sections of Fig. 8 and

similar unpublished data (see Bef. 6) for ~0B and 0Ca

targets.

Reaction
T&(lab) T„(c.m.)
(Me V) (Me V)

+total
(p,b)

10B(P ++) i iB
4'ca(p, ~")4'ca.

gOS ~

90Zr(p ~+)9$Zr
208pb(p ~+)208'
208Pb(p &+)209pb

166
154
160
160
160

20.0
17.4
24.4
22.2
20.8

2.50 + 0.04
0.68 + 0.08
0.24 + 0.02
0.21 + 0.02
0.82 +0.02

Bacher eI; al.' have found that the yield of neutral
pions is approximately proportional to A. '" and
Ao'43, respectively. The total (P,&') cross sec-
tions to discrete nuclear states obtained from
Fig. 3 are listed in Table I, together with those
obtained at IUCF for some lighter targets. ' The
pronounced decrease in observed total cross sec-
tion with increasing target mass is not primarily
due to Coulomb effects for these pion energies,
which are in each case well above the classical
Coulomb barrier.

The (P, &) reaction is a high-momentum-trans-
fer reaction. Consequently, it is reasonable to
suppose that it will favor high angular momentum
transfer. This conjecture is consistent with frag-
mentary data of LeBornec and co-workers on
sd-shell nuclei' and distorted-wave Born approxi-
mation calculations in the pionic stripping model.
Uncertainties in the effective operator for pion
production, the pion-nucleus optical potential,
and nuclear structure effects make this conjec-
ture far from certain. The "Pb(P,& ) reaction
to low-lying states of "Pb, whose single-particle
purities are well established from low-momen-
tum-transfer single-nucleon stripping reactions,
was selected as a favorable case for studying the
sensitivity of the (P,&+) reaction to angular mo-
mentum transfer. The differential cross sections
for exciting the ground (g,g,), 0.78-MeV (i»~,),
and 1.42-MeV (j»y, ) states of 'O'Pb are shown in
Fig. 3. The total cross section to the 1.42-MeV
state is about 5(Bio larger than that to the ground
state. The 1.42- and 1.566-MeV states would
not have been resolved in the present experi-
ments, and so part of the yield to this region of
excitation in 2 'Pb may have been due to excita-
tion of the 1.566-MeV (d,g,) state. In the strip-
ping model, transitions to the ground, 0.78-,
1.42-, and 1.56-MeV states involve l„=4, 6, 7,
and 2, respectively. Comparing to a classical

angular momentum transfer at the nuclear sur-
face of Ik~-k, IR-19, we see that this reaction
is severely mismatched. The experimental data
suggest an angular-momentum-transfer depen-
dence of the cross section which is not stronger
than linear.

The small total cross sections reported here
for the heavy targets as well as the backward
peaking for the case of lead may be due to angu-
lar momentum matching and absorption effects.
In these experiments both the pion and the pro-
ton reduced wavelengths are smaller than the
radius of a heavy nucleus, so that a semiclassi-
cal model may have some validity. In a semi-
classical picture, angular momentum conserva-
tion would require an ixnpact parameter much
smaller than the radius of a heavy nucleus. For
nuclear radii larger than the mean free path of
both the proton and the pion, production on a
localized region of the backward hemisphere
could be favored and production at forward angles
reduced by pion absorption. If this picture is
valid, the transition from forward peaking for
lighter targets to backward peaking for lead may
provide useful information on the strength of low-

energy pion-absorption effects in nuclear matter.
Detailed calculations which take into account
both nuclear structure and distortions will be re-
quired in order to obtain a fuller understanding
of the present data.
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The pionic wave functions obtained by fitting phenomenological optical potentials to

elastic-scattering data are found to be dependent on the assumed off-shell extrapolation

of the ~N amplitude. Using data from low-lying excited states or employing finite range'

potentials does not eliminate the ambiguities.

Considerable effort has been devoted to under-
standing the pion-nucleus interaction well enough
to employ pions effectively as nuclear probes. '
One aspect which has had substantial attention is
the effect of the off-shell behavior of the nA scat-
tering amplitude on derived pion-nucleus optical
potentials. For example, it has been noted that
the Kisslinger and Laplacian forms of the optical
model, which are derived using n1V p-wave am-
plitudes which are equal on shell, give quite dif-
ferent differential elastic' and total' cross sec-
tions, as well as pionic-atom4 level shifts and
widths. Here we show that analogous ambiguities
occur also with Phenomenologi, ca/ potentials fitted
to the low-energy elastic-scattering data. These
ambigiuties are not eliminated by considering in-
elastic data, or by using finite-range interactions.

!

Although the problems are similar for other en-
ergies and nuclei, we focus on 50-MeV n+C scat-
tering. In the experimental paper of Dytman et
al. ,

' Kisslinger-model parameters were adjusted
to fit the elastic data. These parameters were
then used as inputs to a distorted-wave impulse-
approximation (DWIA) code, yielding fair agree-
ment with the data for the 2+ and 3 states. These
results suggest that the elastic and inelastic data
may together define a potential fairly well, but
this is not so, as we see below. Furthermore,
Dytman et al. found good elastic fits only if a
small unitarity violation was permitted. This
problem can also be avoided.

To explore the dependence on the off-shell nN

amplitude, we write the spin-isospin averaged
amplitude as

(k'! t!k)=aoIto +a,k k' =aors '+ a,(1 —h)k k'+ 2a, A(k'+ h" —q').

Here q=k'-k and k, is the incident momentum. With k' =k" =k,', to lowest order in in the nuclear
density p the optical potential is (k'! V„!k)=Atp(q), or

V~(r) ~ b,h, 'p(r)+ b, [(1—h) p pp+ X(k,'+ —,V')p]. (2)

When h. =0 (1), this is the Kisslinger (Laplacian)
model. Thus we have a family of potentials with

varied, albeit unrealistic, off-shell extrapolations.
Using b's obtained from the experimental free-

mQ phase shifts, we find that the pionic wave func-
tions and hence the calculated elastic' and inelas-
tic' differential and total cross sections depend
strongly on the off-shell parameter, h (Fig. 1).
Surprisingly, the off-shell sensitivity is greater
here than at higher energies, although the mA'

forces are relatively weak at 50 MeV. What is

! happening, as we see below, is that the Kissling-
er term proportional to 1 —A. gives large and to-
tally unreliable contributions from high-momen-
tum components of the wave function. Closer to
the (3, 3) resonance, the greater nuclear opacity
reduces the model dependence.

Even though the predictions for a given set of
b's depend on the off-shell behavior, one might
suppose that optical models fitted to the elastic
data would be approximately equivalent. To study
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