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The inclusive (m+—,a+—p) reactions on C, Fe, and Bi were studied at 245 MeV in a broad
kinematic range by means of coincidence measurement of the outgoing particles. The ~-p
angular correlations and proton-energy spectra show features consistent with those expect-
ed from quasifree scattering. It is observed that about 80% of the inclusive inelastic

scattering cross section at backward pion angles may be attributed to nucleon knockout

mechanisms. The results allow identification of the direct quasifree process, unperturbed

by higher order effects, which accounts for 30%, 20%, and 15% of the C, Fe, and Bi in-

clusive (m+, m+) differential cross sections, respectively. The ratio of positive to negative

pion cross sections for quasifree scattering, integrated over the proton energy and angle, are
in agreement with the ratio for free m-p scattering. Such is not the case for various proton

angles. The deviation of the positive to negative ratio at the peak of the proton angular

correlation from the free scattering ratio is most pronounced for more forward pion angles.

NUCLEAR REACTIONS (m
+—, m. +—p) coin. measurements on C, Fe, Bi,

E=245 MeV; deduced cubi,„ i„„tdecomposition of o;„,~ „,.

I. INTRODUCTION

A description of the pion-nucleus interaction
depends strongly on the understanding of its reac-
tion channels. This is important not only for the
analysis of pion-induced reactions, but also for the
interpretation of elastic scattering. The total reac-
tion cross section was recently decomposed into the
partial cross sections for the major reaction chan-
nels. ' It was found that the cross section for true
pion absorption (when there are no pions in the fi-
nal state) is about equal to that for inelastic scatter-
ing (to all final states, excluding charge exchange),
and that together they represent more than 80% of

the total reaction cross section.
Studies of inclusive pion inelastic scattering' in-

dicate that for scattering to the backward hemi-
sphere the major reaction mechanism appears to be
that of pion-nucleon quasifree scattering. This con-
clusion is based on the shape of the angular distri-
bution of inelastically scattered pions which, for
8 )90', is similar to that of free pion-nucleon
scattering. ' The energy spectrum of the pions scat-
tered to backward angles also has a shape which is
consistent with that expected from quasifree scatter-
ing. A similar situation is observed in electron
scattering. Since the pion mean free path is appre-
ciably smaller than the diameter of nuclei, there is a
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considerable probability for the scattered pion to
undergo additional scattering on its way out. Such
multiple scattering is virtually absent for electrons,
but is dominant for protons and makes the observa-
tion of proton quasifree scattering very difficult.
For pions, the combination of kinematic conditions
which allows quasifree scattering to backward an-

gles (unlike the situation with protons), and true ab-

sorption, which suppresses the multiple scattering,
makes it possible to observe quasifree scattering
cleanly.

Much effort has been devoted in recent years to
the search for pion-nucleus quasifree scattering.
Several nucleon knockout experiments, studying the
' C(~+-,irX)"C or ' O(m+, ~N)' 0 reactions, used
activation analysis or prompt y detection. In
these studies, the ratio of the observed cross section
for positive and negative pions was calculated and
compared to that expected from quasifree scatter-
ing. The failure of these experiments to reproduce
the quasifree ratios was interpreted in various ways,
and in particular, by suggesting that the outgoing
nucleons undergo charge exchange in the final state
interaction, ' thereby modifying the cross-section
ratio. By their nature, these experiments integrate
over all the allowed phase space and are, therefore,
not selectively sensitive to the quasifree process,
which represents only part of the knockout reaction.

Experiments with more kinematic restrictions
have been carried out with techniques such as: nu-
clear emulsions, ' cloud chamber, " and bubble
chamber. ' In other experiments the outgoing par-
ticles were measured in coincidence. ' ' %hile the
former experiments cover a large part of the avail-

able phase space, they suffer from poor statistics.
The coincidence measurements, on the other hand,
had better statistics, but were confined to a narrow

range of the available phase space. In a coincidence
study of the ' C(ir +,ir+p)"8 r—eac—tion, ' the popula-
tion of low-lying states in "8 was observed with a
ratio consistent with the quasifree expectations, in-

dicating that these transitions were in fact produced

by quasifree scattering. The question of the role

played by quasifree scattering in inclusive pion in-
elastic scattering and the contribution of pion mul-

tiple scattering remained open. Rough estimates of
the multiple scattering contribution have been

made, ' but there has been no direct measurement
of this effect.

The purpose of the present experiment was to
study the (n.+-,m.~p) reaction on several nuclei in a
way that allows the -separation of the quasifree
scattering from higher order processes, and to pro-

vide the necessary information for the determina-
tion of the role. of these processes in inclusive inelas-
tic scattering. A part of the results presented in this
work was published earlier. '

II. EXPERIMENTAL PROCEDURE

PROTON DETECTOR ARRAY (BARS)

p/n DISCRIMlNATOR
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FIG. 1. The experimental setup (see text).

The experiment was done with the aM3 channel
of the SIN accelerator at a bombarding energy of
245 MeV. For positive and negative incident pions,
the outgoing protons and pions were detected in
coincidence, and the energy spectra of the
knocked-out protons were measured. Natural tar-
gets of C, Fe, and Bi of thicknesses 2, 2.5, and 4.5
g/cm, respectively, were used. The experimental
setup is shown in Fig. 1. The pion beam hit the tar-
get after passing through two plastic scintillators,
Pl and P2. The target was fitted into a 5X5-cm
hole in the center of a large plastic scintillator, P4.
An anticoincidence with this collimating scintillator
and a coincidence with the two scintillators I'1 and
P2 were required for beam monitoring and data ac-
quisition. Protons present in the beam were elim-
inated by degraders positioned inside the beam
transport channel. Muon and electron contamina-
tions in the beam were measured by time of flight.

The scattered pions were detected by three tele-
scopes, each consisting of two 5)&5)&5-cm cubes
of plastic scintillator with 5-mm thick scintillators
in front and back of the cubes (the back detector is
not shown in the figure). The front surface of the
telescopes was 50 cm from the target and their
centers separated from each other by 10'.

Fast pions that passed through the front cube of
a telescope were identified by the combination of
their energy losses (AE1,6E2) in the two cubes.
Particles that passed through both cubes were
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tagged by the scintillator positioned behind the tele-
scopes. Slow pions that stopped in one of the front
cubes were identified by the combination of their
energy losses (b,EO,b,E1} in the front thin detector
and in the cube. The energy-loss measurements,
therefore, identified pions over the whole energy re-
gion. The pion-energy spectrum was not measured.
The protons, in coincidence with pions in the tele-
scopes, were detected with an array of twenty
5)&100&10 cm plastic scintillator bars, arranged
in two layers, and covering an area of 1 m . The
front surface of the first layer was 111 cm from the
target (Fig 1).. The proton-detector array could be
moved so that the angular range of —140' to 30' re-
lative to the beam direction could be covered con-
tinuously, and cover simultaneously the vertical an-

gular range from —21' to 21'. A 1-mm thick scin-
tillator was placed in front of the array to discrim-
inate against neutrons. Pulse-height and time-of-
flight information was recorded for each scintilla-
tor, with the time difference between pulses in the
phototubes mounted at the ends of each scintillator
giving the vertical position of the detected particle.
The information was sufficient to identify protons
and to measure their energy with moderate resolu-
tion.

Fast protons that passed through one of the front
bars were identified by combining their energy
losses in the front and back bars. Particles which
stopped in one of the front bars were identified by
their position in the energy versus time-of-flight
spectrum. Particles heavier than protons (mainly
deuterons) were also identified in this spectrum, as
illustrated in Fig. 2, for the case of rr on C.

Pions and protons from scattering on the hydro-
gen in a CH2 target were detected in coincidence at
several angles to provide proton-energy calibration.
The overall energy resolution measured with the
CH2 target (including kinematic broadening, energy

FIG. 2. A spectrum of energy vs time-of-flight for
on C.

losses, and electronics} was 18 MeV in the measured
proton energy range of 100—140 MeV. The resolu-
tion is expected to get worse with the decrease in
proton energy. The proton angular resolution was
5'. The low energy cutoff for proton detection was
30 MeV.

For each of the investigated targets, pions were
detected in the angular range of 70 —140 in steps
of 10', with an angular resolution of 5.2'. For each
pion angle, protons were detected over an angular
range of approximately 100', centered around the
angle for free pion-proton scattering.

For each position of the proton-detector array,
the target angle was fixed so that the proton path in
the target was minimized. Corrections were applied
to account for the loss of pions and protons in the
target due to secondary reactions as well as to the
stopping of low energy pions and protons in the tar-
get and air. This latter correction is appreciable for
the low energy end of the proton spectra, but hardly
affects the angular correlations. The detection effi-
ciency of the 1-mm thick detector (pin detection in
Fig. 1}was 98%. The combined muon and electron
contamination was less than 0.5% for m+ and 2%
for m. . All these corrections (bombarding energy,
target, and angle dependence) were included in the
absolute normalization. The absolute cross section
was checked by measuring the free m.-p cross section
for several pion angles, and was found to agree,
within the experimental uncertainty, with previous-
ly measured values. '

III. RESULTS AND DISCUSSION

A three-dimensional display of the pion-proton
angular correlation, integrated over the particle en-

ergies, is shown in Fig. 3. The pions were detected
at a fixed angle 8 =140', while the protons were
detected in the angular region of —125'& 8& & 5' for
m+ and —105'&Hz&0' for m in the reaction
plane, and at —21 &y& &21 in the perpendicular
plane. A strong peak is observed at an angle
corresponding to the kinematic conditions for free
m.-p scattering. In Fig. 4, we show a slice of this
correlation along the reaction plane, with a width

hyz ——+6', for C, Fe, and Bi. The errors shown
contain statistical and angle dependent systematic
uncertainties. There is an additional overall nor-
malization uncertainty of +8%. The scale of the

cross section for C is that for m.+ scattering
multiplied by the ~ p/m+p ratio of cross sections
for free m-p scattering. '
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FIG. 3. A three dimensional display of pion-proton
angular correlation.
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These curves and those obtained for all the other
pion-scattering angles show strong peaks centered
near the angles corresponding to the kinematic con-
dition for free pion-nucleon scattering, superim-
posed on a low "background. " Proton-energy spec-
tra, in coincidence with m+ and ~ measured at the
peak of the angular correlation curves, are shown in

Fig. 5(a). Again we observe a peak centered near
the energy corresponding to free m-p scattering.
The width of the peak, adjusted for experimental
energy resolution, is (37+3) MeV for m.+ scattering
and (50+10) MeV for )r scattering (FWHM). En-
ergy spectra at angles away from the angular corre-
lation peak are shown in Fig. 5(b) and are somewhat
shifted in peak position and somewhat broader„but
always fall off to very low values well above the ex-
perimental cutoff energy. We can therefore con-
clude that the shape of the angular correlation is
not appreciably affected by this cutoff.

The pion-proton angular correlations were fitted
by a least square method to a sum of two Gaussians
with peak positions, amplitudes, and widths treated
as free parameters. The solid curves in Fig. 4 show
the results of the fit. We obtain for all cases one

narrow and one broad Gaussian. The width of the
narrow Gaussian varies only slightly from one tar-
get nucleus to another (see Table I); the broad Gaus-
sian is 2—3 times wider. The peak of the narrow
Gaussian lies near the angle corresponding to free
m-p scattering. For positive pions, the standard de-
viation of the narrow Gaussian is approximately
equal to 0.45)&tan ' [pz/p~(9 )j, where pz is the
Fermi momentum of a proton in the target nucleus
and pz(8 ) is the momentum of a proton scattered
in free m.-p collision when the pion is detected at 8 .

I I I ) I l I I I

20

l0

0 —20 -40 -60 -80 —lpP

Gp (deg)

FIG. 4. Slices of the angular correlation along the re-
action plane with width hy~=+6 for C, Fe, and Bi for
m.+ (squares) and m. (crosses). Each solid curve is the
result of a two-Gaussian fit to the data. The arrow
marks the angle for free ~-p scattering. The dashed
curves are the broad Gaussians.

We would like to emphasize that the equation de-
scribes quantitatively the narrow-Gaussian widths
but only qualitatively the connection with the Fermi
motion. pz is the Fermi momentum at the center of
the nucleus while it should be evaluated at the point
of interaction, near the surface of the nucleus.
Moreover, kinematic restriction to a plane should
reduce the width by a v'2/3 factor. The broad
Gaussian (shown by dashed curves in Fig. 4) has a
standard deviation of about 40 for all the measured
angular correlations. As can be observed in Fig. 4,
the angular correlation for ~ scattering is broader
than than for m+ scattering. These results indicate
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FIG. 5. Proton-energy spectra measured on C (a) at
the peak of the angular correlation and (b) off this peak.
The arrow marks the energy for free m-p scattering.

While the fits discussed above were made for the
data in the reaction plane, we note that the data
outside the reaction plane have a very similar shape.
In Fig. 6 we show a cut through the data in the
plane perpendicular to the reaction plane together
with the data and the fit done for the reaction
plane. The result indicates that the spatial distribu-
tion of the quasifree peak is symmetric in all di-
mensions about its center.

The role of the (n+,n+. p) .reaction in the inclusive
(n.+,sr+) reaction can be seen in several ways. We
first discuss the contribution from the narrow
Gaussian, which we regard as representing the one
step quasifree scattering, unperturbed by nucleon fi-
nal state interactions or by any other higher order

incoherent effect. Integration of the double dif-
ferential cross section over this Gaussian gives the
quasifree differential cross section, dcrldQ qr (8 )

which is the contribution of this process to the in-
clusive differential cross section' for (m.+,m. +). In
performing the integration we used the fact that the
quasifree peak was observed to have the same shape
in and out of the reaction plane. The results of this
integration are shown in Table I. These values are
also plotted in Fig. 7, where the lines are the cross
sections for free m-p scattering scaled to the data by
a factor of 0.9, 1.36, and 1.89 for C, Fe, and Bi,
respectively. These numbers increase with A more
slowly than the values of X,f~,

' which represent a
similar scaling done to the inclusive inelastic
scattering. This behavior can be understood as re-
sulting from losses due to nucleon final state in-

teraction, which increase with atomic weight A.

that we may. associate the narrow Gaussian of the
angular correlation with quasifree pion-proton
scattering, while the broad Gaussian represents the
effects of pion multiple scattering and nucleon final
state interactions. The relative contribution from
pion multiple scattering is expected to be similar for
m+ and m . For m there exists the strong addi-
tional channel (Ir,Ir n) which will become observ-
able if the n undergoes charge exchange; compared
with this the (rr+,rr+n) reaction followed by charge
exchange will be negligible. In Tables I and II we
present the parameters of the narrow Gaussian.
These are the amplitude, the peak angle, and the
standard deviation. Also shown is the angle for free
m-p scattering. The error in the amplitude is that of
the absolute normalization (8%), the errors in the
peak position and standard deviation are about + 1'.
The errors from the fitting procedure are small
compared to these values.

20 20
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of ep).
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P

FIG. 6. A +6' slice of the C (m+,m+p) angular corre-
lation in the plane perpendicular to the reaction plane
together with a similar slice in the reaction plane. The
solid curve is the result of a two-Gaussian fit to the data
in the reaction plane.
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TABLE I. Parameters of the narrow (quasifree) Gaussian, the angle for free m-p scattering,
the integral of the double differential cross section over the quasifree Gaussian (do./d Q + qf),
the integral of the double differential (n+,n.+p} cross section over all space [cr(m+,m+p)], and
the cross section for (~+,m.+), for 245 MeV m.+.

Pion
angle Amplitude

Target (Hm ) (mb/sr )

do. /d Q~f
(mb/sr)

Parameters of the quasifree Gaussian
Free

Stand. Peak proton
dev. angle angle

der/d Q
(n.,mp)

( b/sr)

du/d Q
(~+ ~+)'
(mb/sr)

70'
90'

100'
110'
120'
130
140

6.0
9.5

12.35
15.7
18.4
20.9
22. 1

13.9 41' 45.2'
13.4' 30.4' 35.0
12.5' 25.8' 30.4'
12.3' 22.1' 26.1'
11.0' 19.2' 21.9
10.9 16.0' 18.0'
10.7' 12.6' 14.2'

2.2+0.4
3.3+0.6
3.7+0.7
4.6+0.8

4.3+0.8
4.8+0.9
4.9+0.9

6.4+0.8

6.1+0.7
7.7+0.9
7.8+0.9
8.7+1.0
9.1+1.1
9.5+1.1

13.4+1.1

11.7+0.9
13.4+1.1

14.4+1.1

14.5+1.2
17.5+1.4
17.7+1.4

Fe 70
90'

100'
110'
120
130'
140'

6.6
9.9

13.5
17.9
21.2
24.7
28.4

17.5 39.5'
15.4' 30.5'
13.6' 25.6'
13.3' 22.0'
13.2 18.0
12.3' 15.2'
12.4' 12.5'

45.2'
35.0'
30.4'

26.1'
21.9
18.0'
14.2'

3.9+0.7
4.5+0.8
4.8+0.9
6.1+1.1
7.0+13
7.1+1.3
8.3+1.5

10.8+1.3
12.8+1.5
14.3+1.7
13.9+1.7
15.0+1.8
17.0+2.0
17.6+2. 1

23.5+1.9
24.4+2.0
25.1+2.0
29.9+2.4
30.4+2.4
35.2+2.8
40.4+3.2

Bi 70'
90'

100'
110'
120'
130'

7.2
10.5
15.4
21.2
22.0
27.0

20.2
18.2'

16.2'
15.2'
14.6
13.3'

33.2' 45.2
26.7' 35.0
23.0' 30.4
18.5' 26.1

16.3' 21.9
13.4' 18.0

5.6+1.0
6.6+1.2
7.7+1.4
9.4+1.7
9.0+1.6
9.1+1.6

12.5+1.5
15.9+1.9
19.1+2.3
22.8+2.7
37.2+4.5
25.6+3.1

45.1+3.6
49.9+4.0
52.6+4.2
56.0+4.5
54.8+4.4
71.8+5.7

'Measured data of Ref. 1

The ratio of the doldQ qr (8 ) values for m.+ and
is shown in Fig. 8(a) together with the ratio for

free m-+-p scattering. As can be seen, the agreement
is good. We must note, however, that while the ra-
tio of the integral over the proton angles is in agree-

ment with the ratio for free m-p scattering, such is
not the case for certain proton angles, as can be seen
from Fig. 4. The deviation of the ratio at the peak
of the angular correlation ranges from 90% at
8 =90' to 15% at 8 =140', as can be seen in Fig.

TABLE II. Same as Table I, but for a .

Parameters of the quasifree Gaussian

Pion Free
angle Amplitude Stand. Peak proton go /gQ~ f

Target (8m ) (mb/sr ) dev. angle angle (mb/sr)

do. /d Q
(m.,mp)

(mb/sr)

do. /d Q
(~,m )'
(mb/sr)

70'
90'

100'
110'
120'
130'
140'

0.66
0.92
1.37
1.95
2.47
3.01
2.99

20.0'
16.0
14.0'
13.7'
14.1'
13.7
12.2'

43.2'
31.5
26.9'
22.6'
19.8
16.0'
13.6'

45.2'

35.0'
30.4'
26.1'
21.9'
18.0'
14.2'

0.50+0. 1

0.45+0.08
0.51+0.1

0.71+0.13
0.95+0.17
1.08+0.2
0.8+0.15

1.38+0.16
1.78+0.2
1.96+0.23
2.48+0.3
3.31+0.4
3.33+0.4
3.27+0.4

13.4+1.1

11.7+0.9
13.4+1.1

14.4+1.1

14.5+1.2
17.5+1.4
17.7+1.4

'Assumed equal to der/d Q(m+, m.+ ).
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FIG. 7. The angular distribution of the quasifree
{m+,m+p) cross section for C, Fe, and Bi. The lines are
the cross sections for free m-p scattering scaled to the
data.
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8. An interpretation of this deviation in terms of
destructive interference effects was proposed by
Lenz and Moniz. ' As can be seen from Table I,
the quasifree process accounts for approximately
30%, 20%, and 15%, for C, Fe, and Bi, respective-

ly, of the inclusive inelastic scattering cross section.
An alternative way to determine the role of the

(m.,~p) process is to include all the data under the
broad Gaussian which presumably also originate
from a quasifree (m, np) process, and are perturbed

by second order effects. This evaluation is done by
integrating the two Gaussians over all space to get
o.(m, mp). The results are reported in Table I. We
note that the ratio (do/dQ)qrl(do/dQ) ~ is 'quite
constant, for a given target, supporting the assump-
tion that both originate from the same process. The
integration procedure is based on the assumption
that we may extrapolate the Gaussian fit beyond the
region where data are available. In justifying this
extrapolation we first note that while the measure-
ments in the reaction plane extended over more
than 100, they cover only 42' in the perpendicular
plane. However, over this region the angular distri-
butions in both planes have the same shape. While
this similarity may not be a priori obvious for

~
8~ ~

and
~ y~ ~

(21', there is no reason to expect the two
shapes to be different as we go farther away from
the peak. In fact, we may expect that higher order
effects, like multiple scattering, will be even more
isotropic. In order to get a measure of the precision

of the procedure, we integrated the data over the
measured part of the space and calculated the in-

tegration over the same part by using the fitted

FIG. 8. {a) Ratios of the quasifree differential cross
section do/dQ~f for m.+ and m on C as a function of
the pion angle. The line is the free m+p to m-p cross
section ratio. {b) The ratio of the quasifree double dif-
ferential cross section d o./dQ dQ~=A at the peak of
the m-p angular correlations for m+ and ~ .

Gaussians. The results differ by less than 5%. In
addition, integration over the measured space ac-
counts for more than 70% of the integration over
all space. Assuming a larger error for the extrapo-
lated part will, therefore, not affect the results ap-
preciably. In quoting errors for this integral we as-
sumed that the uncertainty in the extrapolated re-
gion is twice that in the measured region.

When comparing the resulting differential (n.,mp)

cross sections to the inclusive (m,n') cross sections,
we find that (m,np) accounts for about 55%, 50%,
and 40% for C, Fe, and Bi, respectively. The miss-

ing part of the cross sections can be attributed to
the following processes.

A. Deuteron emission

Deuteron emission was observed by identifying
the deuterons in the time of flight versus energy
spectra (see Fig. 2). Each pion-deuteron angular
correlation shows a peak similar to that observed in
the pion-proton correlation. This result may be
consistent with a direct deuteron knockout as well
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as with a coherent pickup mechanism. The deu-
teron yield is about 4% of the total (n. +, ir+p) yield
discussed above, and therefore represents only about
2% of the (sr+,n+). cross section. In the ir mea-
surement the deuteron yield is 12% of the
(rr, rr p) yield. The cross sections for deuteron
emission may be larger, since the deuteron's energy
is lower and the energy loss in the target and air is
larger than that for protons, so that part of the
yield may be below the detection threshold. Other
heavy clusters, such as u particles, might also be
ejected but could not be detected. The deuteron
yield is approximately the same for m+ and ~
measurements on carbon.

B. Neutron emission

IV. CGNCLUSIGN

This work presents the results of a systematic
study of the (rr, irp) reaction at 245 MeV over a
broad kinematic range. The results allow identifica-
tion of the direct quasifree process, unperturbed by
higher order effects. The effects of quasifree
scattering are most pronounced in light nuclei and
at backward pion scattering angles, and decrease for
more forward pion angles and heavier nuclei. It is
observed that about 80% of the inelastic scattering
cross section may be attributed to nucleon knockout
mechanisms. This study of the angular and mass
dependence of the quasifree scattering contribution
leads to a better understanding of the (m,srp) reac-
tion mechanism.
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For carbon, we may assume that the (ir+, ir+n)
contribution, from both a direct process and a
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