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The cross section for true absorption of pions in nuclei was obtained from experiments at 85, 125, 165, 205, 245,
and 315 MeV for positive pions and at 125 and 165 MeV for negative pions. The results are compared with
theoretical calculations. The inclusive pion scattering angular distribution was also measured, and the results
indicate that quasifree scattering plays an important role for backward scattering. The total pion-nucleus cross
section is decomposed into its major channels: elastic scattering, inclusive inelastic scattering, true absorption, and
single charge exchange, as a function of pion energy and charge. For light nuclei, the true absorption cross section
has a strong energy dependence, reflecting the shape of the (3,3j resonance. The A dependence of the true absorption
cross section is much stronger than that of the inclusive inelastic scattering.

NUCLEAR REACTIONS Li, C, AI, Fe, Nb, Bi (7},~'); measured o(8, ), E,,
=85, 125, 165, 205, 245, and 315 MeV, E;=125, 165 MeV; deduced 0;„,&,„.,e

Q absorpti pub decomposition of Q tpt

I. INTRODUCTION

The pion nucleus total cross section was studied
systematically in recent years over the 3:3 reso-
nance region. ' At the same time, the elastic scat-
tering of pions from nuclei was studied, and meth-
ods to calculate this process were developed that
give satisfactory agreement with the data at these
energies. ' From these results, the pion-nucleus
reaction cross section is deduced. There is, how-
ever, very little information as to how the reaction
cross section is decomposed into its major chan-
nels: the inelastic scattering (to bound and un-
bound final states), single and double charge ex-
change, and pion absorption (where there are no
pions in the final state). This information is im-
portant not only for understanding the pion nucleus
reaction cross section but also for interpretation
of the elastic scattering. The problem of how to
deal with true absorption in the analysis of elastic
scattering has not yet been completely solved4; and
experimental information on the true absorption
cross section will be an important contribution to
the solution of this problem. Several theoretical
calculations exist' ' where the true absorption
cross section is calculated. There have also been
suggestions to decompose the imaginary part of
the pion-nucleus optical potential into absorptive
and scattering components' or to separate the pion
mean free path into such components. " The lack
of sufficient experimental data made it difficult to

test the theoretical results and to better under-
stand the behavior of the reactive content of the
pion-nucleus interaction.

Previous experimental data on pion absorption
in nuclei come predominantly from studies of
pionic atoms where the absorption probability is
obtained through measurements of the atomic
level width. Through parametrization of the opt-
ical potential, it is possible to use these widths
to predict the cross sections for pion absorption
in flight, and this procedure was, in fact, used
by Stricker et al. ' up to the (3, 3} resonance re-
gion. However, there are many differences be-
tween the absorption of pions at bombarding en-
ergies near the 3:3 resonance and that of pions
at rest, so that separate studies are necessary.
The absorption of pions in flight was studied sys-
tematically on the deuteron, "where this reaction
may be regarded as an "elementary" absorption
process. However, due to the low deuteron den-
sity and the availability of absorption channels
and mechanisms in nuclei which do not exist for
the deuteron, it is difficult to extrapolate the re-
sults from the deuteron to heavy nuclei. " Some
measurements were done on carbon. "'" Many
studies of particle and gamma spectra, emitted
following pion interaction with nuclei, showed that
pion absorption must play an important role in
this interaction, but these studies were not able
to produce quantitative measurements of the ab-
sorption cross sections. From the point of view
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of the pion-nucleus interaction, the process of
inclusive inelastic scattering and that of true ab-
sorption should not be treated separately. Since
these two reactions turn out to be of comparable
magnitude, and together exhaust over 80% of the
reaction cross section, they are expected to be
coupled to each other. It is, therefore, advan-
tageous to treat them simultaneously.

In order to obtain this necessary information
on these reaction, we carried out a systematic
study of pion inclusive scattering and absorption
reactions at bombarding energies from 85 to 315
MeV for positive pions and at 125 and 165 MeV for
negative pions. The measurements were done on
six target nuclei, ranging from 'Li to '~Bi. A
small part of the results was published earlier. " '

II. EXPERIMENTAL PROCEDURE
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The absorption cross sections were obtained by
combining the results of two experiments carried
out at the SIN accelerator. The incident pion en-
ergies were 85, 125, 165, 205, 245, and 315 MeV
for positive pions and 125 and 165 MeV for nega-
tive pions. Natural targets of Li, C, Al, Fe, Nb,
and Bi of thicknesses 0.59, 1.88, 2.28, 2.53, 4.36,
and 4.69 g/cm', respectively, were used.

The first experiment was done using a standard
transmission technique of the kind used for mea-
surements of total cross sections. The pion beam
hit the target after passing through two plastic
scintillators used to monitor the beam flux [ Fig.
1(a)]. The target was fitted into a 5&& 5 cm' hole
in the center of a large plastic scintillator. The
beam monitoring and data taking was done re-
quiring anticoincidence with this collimating scin-
tillator and coincidence with the two scintillators
on the beam axis. This system ensured that all
the monitored beam actually hit the target. Pro-
tons present in the beam were eliminated by de-
graders positioned inside the beam transport chan-
nel. Muon and electron contaminations in the beam
were measured by time of flight. Five plastic
scintillation counters of a disk shape were posi-
tioned on the beam axis behind the target position.
The counters covered the solid-angle range of
0.1-0.7 sr, and, by changing the distance from the
target, the measurements were taken at nine dif-
ferent solid angles for Li, C, Al, and Fe and thir-
teen for Nb and Bi. These detectors were used to
measure the number of charged pions removed
from the incident flux by the target. Three proc-
esses can remove charged pions from the incident
flux:

(a) pion absorption in the target;
(b) single charge exchange in the target;
(c) scattering of charged pions (elastic and in-

FIG. 1. Schematic diagram of experimental setups.
P& and T& are scintillation counters.

elastic, including dauble charge exchange) to an-
gles larger than Q, the solid angle subtended by
the disk counter.

Denoting the cross sections for these processes
by a,b„a~, and f„"(da /dQ)dQ, respectively, the
result of the transmission experiment is the sum
of these cross sections:

1 N(0) 4' do
o (Q) = —ln, = &r,b, a~++ „dQ. (1)

Here n, is the number of target nuclei, and N(t)
and N(0) are the number of counts in the detector
with and without a target in the beam, respect-
ively.

In the second experiment the differential scat-
tering cross section was measured. Beam moni-
toring, proton elimination, and contamination
measurement were done as in the transmission ex-
periment. The outgoing pions were measured by
three telescopes, each consisting of two cubes
5X 5& 5 cm of plastic scintillator, placed at a
distance of 55 cm from the center of the target
and separated by 10' [ Fig. 1(b)] . Positive pions
were discriminated against protons and heavier
particles using two, partially overlapping, meth-
ods:

(a) Fast pions that passed thraugh the first de-
tector of a telescope were identified by the combi-
nation of their energy losses in the detectors (AE,
-AE,). Particles that passed through both detec-
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tors were tagged by a scintillator positioned be-
hind the telescopes.

(b) Slow positive pions which stopped in a tele-
scope were identified and separated from protons
by detecting the signal produced by muon decay
that follows the pion decay.

The overlap group consisted of the pions that
stopped in the second detector. It is important to
note that the second method, which can be used
only for positive pions, was needed only for those
pions that stopped in the first detector (E„&22
MeV). These amounted to only a small fraction,
typically 6', of the whole spectrum. Negative
pions that stopped in the first detector were not
identified. This was corrected for by assuming
that approximately the same fraction of negative
and positive pions were stopped in the first detec-
tor. The results are not sensitive to this assump-
tion because the correction is small. The tele-
scopes were, therefore, sensitive to the whole
range of pion energies present in this experiment.
Background measurements were taken with the
target removed. The collimating detector men-
tioned above reduced the background considerably
by rejecting muons originating from pion decay
along the beam path. As a result, the counting
rates with target out were typically 5-10% of the
rates with target. From the number of outgoing
pions detected at each angle, the differential scat-
tering cross section was obtained over the angular
range of 13'-150' in steps of 5'-10' with angular
resolution of 5.2 . The absolute 0' angle was
checked both by measuring left-right symmetry
of the scattered pion cross section and by finding
the position of maximum rate when the telescopes
were placed in the beam. Both methods gave the
same results. The dead time in the measurements
was typically 1%. The muon and electron contam-
ination was in the range of 1-V%, depending on
pion energy and charge, but reached 22$ at 125
MeV m . The detection inefficiency of the teles-
copes, due to pions undergoing reactions in the
front scintillator, was measured to be typically
8%. pious undergoing reactions in the back scin-
tillator of the telescope are still detected and iden-
tified as pions. Corrections of the order of 1-5Q
were also applied to account for loss of pions in
the target due to secondary reactions and stopping
of very low energy pions in the target. These cor-
rections are bombarding energy, target, and angle
dependent. More experimental details are given
in Ref. 20.

III. RESULTS

Angular distributions of the scattered pions (in-
tegrated over their energies) are shown in Fig. 2
for positive pions at a bombarding energy of 165
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MeV. The general features of the angular distrib-
utions are quite similar at all the bombarding en-
ergies. The errors in each point of the distribu-
tion vary between 2$ and 8%, including statistical
and angle-dependent systematic errors. The stat-
istical errors are less than 3Q. The systematic
errors come from the uncertainties in some of the
corrections discussed in the previous section, and
are angle dependent because of variations in the
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FIG. 2. Differential scattering cross section of 165
MeV 7I' on nuclei. The dashed lines at forward angles
are the result of elastic scattering calculations. The
solid lines at backward angles is the free (m'+p)+ (~'+y2)
cross section normalized to the data.
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scattered pion energy spectrum with angle. In
addition, there is an angle-independent uncertainty
in the absolute normalization, resulting from
beam-counting and solid angle determination,
which is estimated to be 7%%. In order to verify
the absolute normalization of the experiment,
measurements were taken with a CH~ target, at
all the bombarding energies. After subtracting
from the results of these measurements the con-
tribution due to carbon (which is measured sep-
arately), we obtain the cross sections for ~'-P
scattering, and they are found to agree within 10%%u~

with previous measurements" of this process.
The measured angular distribution was then in-

tegrated over the solid angle complementary to
f) [II is the solid angle subtended by the disk coun-
ters in the transmission experiment; see Eq. (1)].
Although in this process the differential cross
section had to be extrapolated to the region 150'-
180, the result of the integration is insensitive
to this extrapolation because the cross section at
backward angles is slowly varying and is multi-
plied by sin8 in the integration. The results of
the integrations are subtracted from the corres-
ponding values of o„(f)}[Eq. (1)]. Idea. lly, this dif-
ference should be Q independent and equal to a,b,
+ o,„. In practice, the results of transmission
measurements include not only pions scattered
into the disk counters, but also protons and other
charged particles which result from various re-
actions. This contribution vanishes in the limit
Q = 0. Therefore, in order to obtain 0», + 0,„, the
value of

t 4')l'

o*(n) = o,(n) -Jl „"dn

is taken as a function of Q and extrapolated to 0
= 0.

Two such typical extrapolations are shown in
Fig. 3. It is characteristic of the measurements
with negative pions that the results of the subtrac-
tion are almost 0 independent, since the number
of emitted protons is small. %'ith positive pions
there is a larger slope, but it is not very steep.
The errors in the values of o*(Q) come from the
contributions of the two measurements —which
are partly correlated —and uncertainty in match-
ing the angles. Linear and quadratic fits to the
results were used in order to perform the extra-
polation to Q = 0 that yield the value of o,b, + cr,„.
Since the quality of the two fits was comparable
and there was no a priori reason to prefer one of
them, the final value of a,b, + o,„was taken as the
average of the results of the two extrapolations.
The difference was taken as the contribution of
the extrapolation to the error in the final result.
In addition to that, the errors, correlated and un-
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FIG. 3. The difference between the results of trans-
mission and angular distribution experiments 0*(Q)
= o«(Q) —Jo4'(do;, /dQ) dQ as a function of Q for Fe at
125 MeV. Linear (solid) and quadratic (dashed) fits to
the data are used for extrapolation to 0 = 0.

correlated, from the two experiments are taken
in order to obtain the combined error in the result.
Typically, the errors from the extrapolation were
5-10% and the final errors 10-15%. The contrib-
ution from the (II, 2II) reaction at bombarding en-
ergies above 200 MeV was estimated from H(II, 2II)
data multiplied by N, II (see Sec. IV A}. The re-
sult was of the order of 1% of the scattering cross
section, and hence neglected. The results of cr»,
+ o~ are listed in Table I.

IV. DISCUSSION

A. Inclusive inelastic scattering

The differential cross section for pion scat-
tering, as displayed in Fig. 2, can be character-
ized by two main processes: At the forward ang-
les, the cross section is dominated by elastic
scattering. The dashed line represents the cal-
culated elastic scattering cross sections (see Ap-
pendix). Because of the finite angular resolution,
the structure of the angular distribution is smear-
ed out. At backward angles the cross section is
almost totally inelastic and the shape of the ang-
ular distribution there follows the shape of the



TRUE ABSORPTION AND SCATTERING OF PIONS ON NUCLEI

free pion-nucleon scattering. This similarity sug-
gests that the scattering to backward angles can
be described as a quasifree process. This hypo-
thesis is supported by the shape of the energy
spectrum measured for pions scattered to back-
ward angles. ' The solid line in the figure is the
sum of the cross sections for m'p and w p (the
latter being equal to w's) scattering, "normalized
to the data for 8 &90'. The pion-nucleon cross
sections are taken at the same laboratory energy
(see Ref. 23). The normalization factor N, ~& is a
measure of the effective number of nucleons which
participate in the process. Since in this energy
region the m'p cross section is much larger than
the m'n cross section, N, «will be related to the
protons in the target nucleus, for m' scattering.
For m- scattering, the same argument will relate
N, « to the neutrons. This affinity of N, « to Z for
s' and to (A-Z) for s scattering is demonstrated
in Fig. 4. The values of N,«are plotted against
the proton number (Z) of the target for s' scat-
tering and against the neutron number (A-Z) for
w scattering. It is evident that both follow the
same dependence.

The energy dependence of N, «, shown in Fig. 5,
has almost the same shape for all targets. These
results can be interpreted as reflecting the behav-
ior of the mean free path of the pion in the nucleus
for the scattering process. As has been shown by
Hufner and Thies, ' this mean free path is deter-
mined mainly by the true absorption reaction.

The angle-integrated inelastic scattering cross
section can be obtained from the results of the
present work in two ways, both of which rely on
calculations of the elastic scattering process. One
way is to subtract the elastic scattering differen-
tial cross section from the inclusive scattering
(elastic and inelastic) differential cross section
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FIG. 5. Values of N&f for positive pions for all
studied targets as a function of bombarding energy. The
lines are drawn to guide the eye.

measured in this work and integrate the difference
The other way is to subtract the angle -integrated
elastic scattering and the sum of absorption and
charge exchange cross sections, measured in
this work, from the total cross section (neglecting
the small double charge exchange cross section}:

2, A-Z +inel +tot Oei ~+ebs + &cx~ (2)
FIG. 4. N&f obtained from x' scattering plotted

against the proton number Z (circles) and from x scat-
tering plotted against the neutron number A-Z (tri-
angles). The straight lines are obtained by least-
squares fits to power laws. Also shown are Nef f values
deduced from the (m', ~ ) results of Ref. 24.

While for light nuclei, both procedures can be
used and, indeed, yield similar results, for heav-
ier nuclei the first procedure has to be abandoned
because of its sensitivity to the steep slope of the
elastic scattering cross section at forward angles.
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TABLE I. Values of &@~, total pion nucleus cross sections (Ref. 1) and cross sections for true absorption, inelastic
scattering, elastic scattering (calculated —see Appendix) and charge exchange (estimated —see Sec. IVB) reactions.

(MeV)

85
7r'

Nucl.

Li
C
Al
Fe
Nb

Bi

N eff

2.53
3.67
4.88
6.79
8.29

10.81

v~+ a~
(mb)

75 + 13
144+ 15
307+ 29
500+ 55
905 + 100

1800 + 650

(mb)

31+ 15
35+ 12
55+ 27
79+ 40

100 + 50
141 + 70

~ass
(mb)

44+ 20
109 + 20
252 + 40
421 + 70
805 +143

1659 + 655

b
~to~
(mb)

260 + 4
465+ 12

1010 + 30
1900 + 80
2570+ 300
4200 + 600

0'g

(mb)

ill + 11
178 + 18
372 + 37
616 + 61
817 + 160

1220 + 240

spinel

(mb)

74 + 18
143+ 26
331 + 56
784 + 115
848 +350

1180 +920

125
m+

Li
C
Al
Fe
Nb
Bi

1.49
1.9?
2.58
3.52
4.21
5.73

157+ 16
204+ 23
398 + 40
610 + 61

1030 +130
1400 + 220

43+ 21
38+ 12
58 + 29
83+ 41

105 + 52
165+ 82

114 + 26
166 + 26
340+ 50
527 + 74
925 + 140

1235 + 230

425 + 8
638 + 10

1140 + 40
1915+ 80
2580+ 150
4080+ 400

137+ 14
221 + 22
400+ 40
661 + 70
898 + 180

1420 + 280

131+ 23
213+ 33
342 + 70
644 +123
652 + 270

1257 + 535

125

165

Li
C
Al
Fe
Nb

Bi

Li
C
Al
Fe
Nb

Bi

Li
C
Al
Fe
Nb

Bi

1.85
1.86
2.48
3.56
4.51.
7.11

1.07
1.39
1.81
2.53
3.08
4.32

1.41
1.27
1.69
2.43
3.13
5.26

154+ 18
253 + 24
464 + 39
728 + 61

1035+ 93
1450 + 300

170 + 20
240 + 28
410 + 44
680 + 71

1010 + 146
1750 + 270

160 + 34
249 + 26
449 + 47
741 + 73
864 + 80

1220 + 250

37+ 15
46 + 20
50+ 25
80 + 40

100 + 50
138 + 70

46+ 23
46+ 23
72+ 36

103 + 50
130 + 65
196 + 100

39 + 16
45+ 20
50+ 25
70+ 35

120 + 60
170+ 85

11?+ 22
207 + 30
414 + 46
648 + 70
935+ 100

1312 + 310

124 + 30
194 + 36
338 + 57
577+ 87
SSO + 160

1585 + 280

121 + 37
204+ 33
399+ 70
671 + 80
744 +100

1050+265

500 + 9
673+ 14

1134+ 40
1948 + 80
2735 + 200
5088 +400

495 + 8
670+ 8

1130+ 40
1840 + 80
2500+ 150
3950+ 300

556+ 9
684 + 9

1122 + 40
1868 + 80
2725 + 170
4904+ 300

161 + 16
244 + 24
465 + 47
822+ 82

1190+ 240
2140+ 430

134 + 14
223 + 22
411 + 41
686+ 70
938 + 180

1504 + 300

159+ 16
242+ 24
466 + 47
823+ 82

1186 + 240
2107+ 420

185+ 26
1?6 + 37
205+ 73
398 ~130
510 + 330

1498 + 660

191 + 26
207 + 33
321 + 72
474 + 130
552 + 280
696 + 500

237+ 40
193+ 37
207 + 78
304 + 136
675 + 300

1577 + 570

205
F'

245
7r'

Li
C
Al
Fe
Nb

Bi

Li
C
Al
Fe
Nb

Bi

1.46
1.85
2.53
3.50
4.79
6.76

1.97
2.78
4.13
5.92
7.91

11.68

113+ 20
202+ 29
385 + 48
690 + ?6
815 + 76

1210 + 97

92 + 16
142 + 22
282+ 34
506 + 50
610 + 61

1130+ 90

54+ 27
45+ 23
58 + 30
83 + 40

130+ 65
260 + 130

50+ 25
47 + 23
64+ 32
95+ 50

170 + 85
276 + 140

59 + 33
157 + 37
327 + 57
607 + 86
685 +100
950 + 160

42 + 30
95+ 32

218 + 47
411 + 70
440+ 105
854 + 166

462+ 4
626+ 6

1065 + 35
1750+ 70
2400 + 120
3840+ 300

394+ 3
552+ 7
960 + 35

1610 + 70
2250 + 120
3810 + 200

119 + 12
214+ 21
411 + 41
700+ 70
967 + 200

1570 + 310

93+ 9
186 + 20
382 + 38
674 + 70
950 + 200

1580 + 320

230 + 24
210 + 51
269+ 72
360 + 125
618 + 250

1060 + 440

209+ 19
224 + 30
296 + 62
430 + 110
690 + 240

1100+390

315
x+

Li
C
Al
Fe
Nb
Bi

4.04
4.34
6.98

10.67
14.73
23.5

40+ 33
109 + 16
192 + 25
418 + 36
544+ 44
922+ 77

45+ 22
73 + 36
98+ 50

154+ 80
304+ 150

64+ 27
119 + 44
320 + 62
390 + 90
618 +170

288 + 4
445+ 7
810+ 35

1400 + 70
2000 + 120
3500 + 200

60+ 6
136 + 14
311+ 32
593+ 60
877 + 180

1550 + 310

188 + 34
200 + 22
307 + 54
389+ 100
579 + 220

1028 + 380

'Estimated —see Sec. IV B.
From Ref. 1.
Calculated —see Appendix.
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We therefore prefer to use the second procedure,
which needs only angle-integrated cross sections
and is, therefore, also less sensitive to details of
the elastic scattering calculations. The procedures
used for these calculations are described in the
Appendix and, as is shown, the agreement with
available elastic scattering data is quite good. The
results of these calculations are given in Ta,ble I.
For total cross sections, we used the results of
Carroll et a/. ' with some interpolation to fit the
nuclei and bombarding energies studied in this
work. The values used are listed in Table I.
Then, through the relationship (2), the inclusive
inelastic scattering cross section is obtained and
listed in Table I. Since the value of o;„„is obtained
by subtraction of o„and &r„,+ o,„ from o„, [Eq. (2) j,
the errors in these values propagate into the un-
certainty in o~z . In light and medium-heavy nuc-
lei e~ is known quite precisely. With typical er-
rors of 10-15@ in the two other values, the error
in a' s becomes typically 20-20%. The situation
becomes worse in the heavy nuclei where all the
errors become considerably larger.

If the inclusive inelastic scattering cross section
is predominantly due to quasifree scattering, one
would expect to have o;„,~ = N, ffo(vN). In Fig. 6,
we plot the ratio B(A, E) = q„jgffo(vN) for posi-
tive pions; the values for negative pions are very
similar. We note that at the higher energies this
ratio is fairly constant, independent of energy and

A, with a value of 0.6-0.8. This indicates that at
forward angles the cross section for inelastic scat-
tering becomes considerably smaller than that for
free pion-nucleon scattering normalized to the
data at backward angles. These ratios, therefore,
reflect the effect of Pauli blocking. ' Even inelas-
tic scattering to specific final nuclear states,
which is sometimes forward peaked, does not com-
pensate this blocking effect. At lower energies, we
note that for heavy targets this ratio becomes very
large. This may have either of the following ex-
planations: Because of the great difficulties in
making the Coulomb corrections for extracting o~,
there are large errors in these values for the
heavy targets. Although these are taken into ac-
count in Fig. 6, some systematic errors in o„,
could cause this effect. Alternatively, if this ef-
fect or part of it is genuine, then, perhaps, the
inelastic scattering to low lying states, giant reso-
nances, etc., for heavy elements and at lower en-
ergies, more than compensates for the effect of
the Pauli blocking. This question will have to be
settled by experiments in which the inclusive in-
elastic scattering is directly measured at forward
angles.

The energy dependence of the inclusive inelastic
scattering cross section shows a rise with energy

(for light nuclei) below the resonance, but above
the resonance the cross section remains practic-
ally constant. The shape of the resonance is not
reflected much in this process. The A dependence
of this cross section is weaker than for any other
reaction (see Figs. 9 and 10).

B. Estimate of the single charge exchange cross section

TABLE II. Summary of available experimental data on
inclusive single charge exchange cross sections together
with the corresponding values calculated as described in
Sec. IVB.

Target
Cross section (mb)

measured calculated Ref.

C
A1
Cu
Pb

f60
'Be

+Ni
12(

70
70
70
70

100
100
100
130

27.5+ 8.7
39.5 + 12.4
44.3+ 14
58.7 + 19
66 +10
45 +7

104 + 15
36 + 5

34
44
64
96
56
38
92
50

27
27
27
27
25
25
25
26

As was stated in Sec. III, the quantity measured
in this work is the sum of cross sections for true
absorption and single charge exchange reactions
O,b, + v,„. It turns out that in most cases the value
of o,„ is a relatively small part (-15@)of this mea-
sured quantity and, therefore, even a crude esti-
mate of this cross section will allow us to extract
the cross sections for true absorption with rea-
sonable precision. In this section, we describe
the procedure used to estimate v, „, and we em-
phasize that this is done only for the extraction of
e,„, and not for any quantitative conclusions regard-
ing the single charge exchange process. The need
to make estimates of o„ is a result of the scarcity
of experimental data on this reaction. A summary
of the available data on this cross section is given
in Table II.

The inclusive single charge exchange cross sec-
tion was recently measured by Bowles et al."'"
Their results show that the shape of the angular
distribution for the inclusive (v', v') reaction on
"0 and "Ni at 100 MeV is very similar to that of
the inclusive inelastic scattering. By normalizing
their data to the free pion nucleon charge exchange
cross section, an N, «value is deduced. In Fig. 4
we plot the values of N, ff deduced from these mea-
surements" (together with those obtained in the
present work). They are plotted against (A-Z)
since the (v', m') reaction acts on the neutrons in
the target. It is evident from this figure that the
inclusive charge exchange reaction follows a pat-
tern similar to that of the inclusive inelastic scat-
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tering. The values of N, ff obtained from the charge
exchange reaction are in very good agreement with
those deduced from the inelastic scattering. This
similarity leads us to base the estimate of o,„on
the inclusive inelastic scattering data. In order to
do that, we note, first, that while the ¹ffobtained
from inelastic scattering of positive pions is a
measure of the effective number of protons partici-
pating in the process, for the (v', s') reaction the
effective number of neutrons is required. In order
to get this number, we use the fact that the proton
and neutron values of N, ff have the same Z and
(A-Z) dependence, respectively (Fig. 4). We,
therefore, can get the neutron N, «value for the
(w', v'} reaction from the proton N, «and its power
law dependence (see Sec. IV D). We also assume
that the charge exchange reaction suffers from
the same "blocking" as the inelastic scattering.
The estimated value of v,„can, therefore, be
written

«„(A,E)...
&w-z ~~

=B(A, E) N, «(A, E) I «(w P-v «), (3)

where«(v p-w'n) is taken from Ref. 28, B(A, E)
is the blocking parameter taken from Fig. 6, and

q(E) is the power law for N, «discussed in Sec. IV
D. We must, however, make an exception from
this procedure for the heavy elements at low en-
ergies. For these cases, Fig. 6 shows very large
values of B which, as discussed in Sec.IVA, might
even be wrong and carry very large errors. In
any case, we can see that the value of B that should
be used in Eg. (3) for such cases is much smaller:
The measured value of 0,„ for Ni at 100 MeV is
104 mb. If we take B (from Fig. 6) as 2.2, the
value of o,„estimated by EII. (3}is 224 mb. A
value of B of the order of unity will yield good
agreement with the data. Since at the higher en-
ergies B is A independent, we take B for the low
energies (85 and 125 MeV) from the light nuclei
to be 0.8. In Table II, we list charge exchange
cross sections, calculated for the cases where
measurements exist, and the agreement is fairly
good. Finally, we note that since for "C there
are some measured values of 0&, at 70, 100, and
130 MeV (Table II), we can use these values with
some interpolation for 85 and 125 MeV.

Since this procedure is rather crude, we assign
a large error, 50/~, to the estimated values of
o,„. The errors assigned to 0,„ for "C at 85 and
125 MeV are smaller, 30%, since for these cases
experimental values already exist.

C. The true absorption cross section

The values of cr,„, estimated according to the
procedure described in the previous section, are

8

~ LI
xQ
A AI

~ Fe
o Nb

&BI

I25

I
I I

l65

E (MsV)

205 245

I
I I

3I5

FIG. 6. Values of B(A, E)=a&„&/N&f ~ 0 (~N) for all
targets and bombarding energies.

subtracted from the quantities measured in the
present work, v,b, + 0,„, and the absorption cross
section is obtained. Since in most cases 0« is
small compared with the measured quantity, even
with the assignment of a large error (50@) to the
estimated value of o,„, the final error in o,b, is
kept in the range of 15-20%%d . For th e ligh t nuclei
0,„ is relatively larger, especially at energies far
from the resonance. Measurements of 0,„, in
particular for light nuclei, with precision of 20-
30/0, will enable the reduction of the errors in
«,b, . In some cases (see Sec. IV 8), these meas-
urements were done and, indeed, helped to reduce
the errors. The resulting values of O,b, are listed
in Table I and plotted in Fig. 7. The general trend
is similar to that of the total cross section. '

Theoretical calculations of the absorption cross
section were carried out by several authors. In
Fig. 8, the measured cross sections for pion ab-
sorption in "C are compared to calculations. To
calculate the cross section, one starts from some
absorption strength and then develops a method of
following the pion in the nucleus to obtain the ab-
sorption probability. The various groups used
different approaches which will be mentioned
briefly. Ginocchio and Johnson' (dashed line} used
pion production data for the absorption strength,
followed by cascade calculations. Lenz' (solid
line) obtained an absorption width from s —'He
scattering and applied it to optical model calcu-
lations. Hiifner and Thies' (dashed-dot line) used
a similar width and developed a transport calcu-
lation method to follow the pion in the nucleus.
Agassi and Koltun also reported' transport calcu-
lations which follow the a isobar in the nucleus.
Stricker et al.' (dotted line) derive their absorp-
tion parameters from pionic atom data. In gen-
eral, the calculations reproduce the magnitude of
the cross section reasonably well, but the agree-
ment between the calculated and measured energy
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FIG. 7. The true absorption cross sections of 7(' for
all the studied target nuclei, as a function of bombarding
energy. The lines are drawn to guide the eye and
typical error bars are shown.

dependence of the cross section is poor. The ex-
perimental results show a much stronger energy
dependence than theoretically expected. The shape
of the resonance is reflected in the absorption
cross section nmch more than in any other reac-
tion. Above the resonance, while the inclusive
inelastic scattering remains constant, the absorp-
tion cross section drops rapidly (see Fig. 11).
The A dependence of the absorption cross section
is steeper than that of the inclusive inelastic scat-
tering (see Fig. 9). As a result, the absorption
process takes an increasing fraction of the reac-
tion cross section as we go to heavier nuclei, and
in the center of the resonance region it is the dom-
inant reaction in heavy nuclei. This generally
steep A dependence was correctly predicted by
Ginocchio".

It is interesting to note that when the absorption
cross section is extrapolated to A = 2, the result
is 4-5 times greater than the absorption cross
section on the deuteron. " This reflects the low
nuclear density of the deuteron and the availability
of absorption channels and mechanisms other than
the (ss', 2p) or (w, 2I) for heavier nuclei.

Comparison of the cross sections for positive
and negative pion absorption shows that, at the two
bombarding energies where it was measured (125

E~(MeV)

FIG. 8, True absorption cross section of positive
pions on carbon compared to calculations: dashed
line —Ref. 5; solid line —Ref. 6; dashed-dot line —Ref.
7; and dotted line —Ref. 9.
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FIG. 9. Decomposition of the total ~'-nucleus cross
section at 165 MeV. The lines are least squares fits to
power laws.

and 165 MeV), they are generally similar. We

may expect two compensating effects in this com-
parison: Coulomb attraction can increase the ab-
sorption of negative pions, while for the heavy
neutron rich nuclei the probability of positive
pion absorption will be enhanced. At 125 MeV, we
observe that in the heavy nuclei the cross sections
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for positive and negative pion absorption are about
equal, i.e., the effects compensate for each other,
while for medium heavy nuclei w absorption is
larger. At 165 MeV, the effect of Coulomb attrac-
tion is relatively smaller and 7I' absorption in the
heavy neutron rich nuclei is stronger than for m .

D. Decomposition of the cross section

(mb)

77 - C CROSS SECTIONS

TOT.

By combining the results of the present work
with measurements of total cross sections and
with calculations and measurements of elastic
scattering cross sections, it is possible to de-
compose the total pion-nucleus cross section into
its major channels. This decomposition can help
in better understanding the reactive content of the
pion nucleus interaction. An illustration of this
decomposition is given in Fig. 9, where the elas-
tic scattering, inclusive inelastic scattering, and
true absorption cross sections are plotted against
the nuclear mass number for a fixed bombarding
energy. Also shown are the estimated cross sec-
tions for the single charge exchange reaction.
The cross sections are seen to lie on straight lines
in the log-log plot, which represents an A depen-
dence through power laws. It appears to be useful,
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FIG. 11. Decomposition of the total x'-carbon cross

section. The lines are drawn to guide the eye.
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FIG. 10. Exponents of least squares fits to power
laws for the cross sections as a function of A and of
N&& as a function of Z for positive pions. The lines
are drawn to guide the eye.

then, to parametrize the cross sections through
power laws of the type

q„=p (gg~m&s& .
The values of the exponents q (E}obtained by a

least-square fit to the data are shown in Fig. 10.
It can be noted that between the two major reaction
channels —the inclusive inelastic scattering and the
true absorption —the latter always takes a much
steeper A dependence with an exponent of about
twice that of the former. This may be interpreted
as reflecting geometrical effects due to the dif-
ferent regions in the nuclear volume and surface
where the reactions take place. Alternatively, this
effect may be related to the interpretation of the
inelastic scattering as an interaction with single
nucleons compared to the absorption process which
is involved with nucleon pairs. It is expected that
these power-law parametrizations wiQ be useful
both as a guideline for understanding the reaction
mechanisms and as a practical way for perform-
ing interpolations. Also shown in Fig. D are the
exponents for N« P(E}Z'+~. This sh-—ould be use-
fu) since at backward angles we have

= iq „x [o (s+p }+ o(s+s}] .
(dQ
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In Fig. 11 we show the decomposition of the to-
tal cross section into the major channels for "C
as a function of the bombarding energy. It may be
seen here that the energy dependence of the absorp-
tion cross section is stronger than for the other
reactions and reflects the shape of the resonance,
while the inelastic scattering remains practically
constant.

Theoretical calculations of the partial cross sec-
tions and ways to decompose the reactive content
of the pion nucleus interaction were described by
several authors. These include separating the
imaginary part of the optical potential into absorp-
tive and scattering components, ' or dealing with
scattering and absorptive mean-free paths. '"
It is hoped that through the comparison of these
calculations with the experimental results pre-
sented here, our understanding of the reactive con-
tent will be improved. Since both the scattering
and absorption cross sections are large, partic-
ularly at the resonance, coupling between the two
is expected to exist. As was pointed out by Hufner
and Thies, ' the scattering mean-free path is
strongly affected by the magnitude of the absorp-
tion cross section. Experimentally, this coupling
was demonstrated recently"'" by the study of
pion scattering and absorption on "0 and "0.
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APPENDIX: ELASTIC SCATTERING CALCULATIONS

To estimate the total angle-integrated elastic
cross sections, calculations based on the first-
order Kisslinger potential were performed using
the code PIRK . The parameters of the potential
were obtained from an isospin average of the free
mN amplitudes. " The charge density parameters
were taken from a compilation of electron-scat-
tering results, "and the nuclear density parame-
ters were set equal to them. Although this model
is very crude and does not use parameters from
fitted cross sections, it has the advantage of de-
fining a procedure that can be used to study the
systematic dependence of the elastic cross section
on a full range of incident pion energies and tar-
gets.

The reliability of these calculations was tested
by comparing them to elastic scattering data. The
general features of the differential cross sections
were well reproduced for E, near the resonance.
The elastic cross sections were also integrated
over the range of measured data, and the compari-
son of experiment with theory, presented in Table
III, was generally found to be good. For E, &90
MeV, the results presented in Table III are from
calculations based on a second-order optical po-
tential, with the parameters interpolated from
those obtained from pionic atom data by Stricker,
McMmms, and Carr. ' That potential was shown
to be well suited for low-energy elastic scatter-

TABLE HI. Angle-integrated elastic scattering data and calculations. Om;„ is the most
forward angle for which the elastic scattering was measured. The experimental data is inte-
grated from 8m'„ to 180' and the same integration is performed for the calculation. Also
shown is a@, the complete angle integrated cross section.

Target

12C
12(
2C

f2C

C
i2C
28Si
4'Ca
4'Ca
4'Ca

208pb

208pb
208pb
208 pb

&~ (MeV)

87.5, m

120, n'

162, n'+

162, m

230, x
260, n'

162, n'+

116, n'+

116, 7l

162, m

162, m'+

116, x+

116, m

162, x+

162, m'

Omin

25
10
10
13
10
10
14
14
14
14
14
14
14
14
16

fe (exP)

113
224
205
175
152
152
240
338
381
226
279
646
648
354
212

1 (cate)

109
216
189
161
149
129
223
319
353
255
287
729
655
439
203

210
243
223
242
216
195
418
513
621
547
692

1425
2190
1507
2 126

Ref.

33
34
35
35
34
34
36
37
37
37
36
38
38
36
36
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ing. ' The code used was a modified version of
PIRK

The nuclear part of the elastic scattering was
obtained by removing the Coulomb and Coulomb-
nuclear interference terms from the differential
cross sections. The total elastic cross section

is also presented in Table III to show the '*missing"
part of the integrated nuclear elastic cross sec-
tion at forward angles. Furthermore, at very
forward angles, the Coulomb and Coulomb-nuclear

interference contributions to the elastic cross sec-
tions become dominant, and one must rely entirely
on the calculation for the nuclear part. Using this
prescription, we assume that the error of the nuc-
lear elastic cross section at forward angles is not
much bigger than at backward angles. By compar-
ing the results of the calculations with experimen-
tal data (Table III}, we can estimate the precision
of the calculations. The adopted uncertainties in
the calculations are 10% for the mass range Li-Fe
and 20% for Nb and Bi. For the latter, in partic-
ular, the Coulomb terms are very large even at
backward angles.
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