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An intranuclear cascade model is proposed for studying pion and nucleon induced
reactions in the region of single pion production. The model explicitly considers the
production and subsequent interactions of (3,3) isobars. The predictions of the model
are compared with experimental data from proton induced reactions such as pion pro-
duction yields, pion and proton energy and angular distributions, and spallation yields.
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The model gives a fair to excellent representation of all these data.

I. INTRODUCTION

In a previous paper' (hereafter referred to as I),
an intranuclear cascade model was proposed for
studying low-energy pion induced nuclear reac-
tions. In contrast to previous intranuclear cas-
cade models,?-° this model assumed that in elastic
pion-nucleon collisions, within the nucleus (3, 3)
isobars were formed. Once formed, these isobars
could then decay or they could interact with other
nucleons. Two types of isobar-nucleon interac-
tions were discussed: isobar capture and isobar-
nucleon “exchange” scattering (see I for further
details). A comprehensive comparison of the pre-
dictions of the model with experiment was not made
because of the scarcity of experimental informa-
tion on low-energy pion-nucleus interactions.
However, those comparisons that were made in-
dicated that the predictions of the model were in
reasonable agreement with experiment,

This model has recently been extended such
that it now includes the production and subsequent
interactions of inelastically produced isobars as
well; that is, isobars produced in inelastic nu-
cleon-nucleon and pion-nucleon interactions. At
present, this model only considers single isobar
or pion production in inelastic collisions. Hence,
it is only applicable for bombarding energies less
than approximately 1 GeV.

In the next section some of the details of the mod-
el will be given. In subsequent sections the pre-
dictions of the model will be compared with vari-
ous experimental data from proton induced reac-
tions such as pion production yields, pion and
secondary nucleon spectra, and radiochemical
yields. The model gives a fair to excellent repre-
sentation of all these data.

II. DETAILS OF MODEL

The present model assumes that inelastic iso-
bars undergo the same interactions within a cas-
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cade as those produced in elastic pion-nucleon in-
teractions. That is, they can capture, “exchange”
scatter, or decay. A detailed description of each
of these interaction mechanisms, as well as other
relevant information concerning the model are
given in I. Therefore, in the following, only the
elementary cross sections and isobar production
mechanisms that were used will be discussed.

A. Elementary interaction cross sections

The total cross sections for nucleon-nucleon col-
lisions®'” above 400 MeV that were used are shown
in Fig. 1. Below 400 MeV the total cross sections
given in Ref. 8 were used.

The cross sections for single pion or isobar
production in p-p collisions were taken to be the
sum of the cross sections for the reactions p+ p
~2p+m°and p+p-n+p+7" that are illustrated in
Fig. 2.3*° For p-n collisions the single pion or
isobar cross sections were taken to be o(p+n
~p+n+1°)+20(p+n—-2p+77). These latter partial
cross sections are illustrated in Fig. 2.°7'* The
cross sections for p+n—-2p+7~ above 1.5 GeV
were obtained by a linear fit between the experi-
mental points near 1 GeV and the single experi-
mental point of Shapira et al. at 7 GeV/c.'? The
cross sections for p+n—1°+p+n above 1 GeV
were obtained with the aid of the relation o(p+n
~m4pen)=30(p+p=n+p+a)+o(p+n—~2p+17)
—a(p+p—~2p+7°) which follows from isotopic spin
considerations.

The elastic nucleon-nucleon cross section was
taken to be the difference between the total cross
section and the cross section for producing one
pion. Hence, the elastic cross sections are only
valid below about 1 GeV. The angular distribu-
tions that were used in elastic nucleon-nucleon
collisions were those given in Ref. 15.

Below 320 MeV, pion-nucleon interactions were
again assumed to form 7 =3 isobars. Above 320
MeV, elastic isobar formation in pion-nucleon in-
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FIG. 1. Total proton-proton and proton-neutron cross
sections. The points are the experimental data contained
in the compilation of Barashenkov and Maltsev (Ref. 6).

The open squares are the experimental data of Bugg et al.

(Ref. 7).

teractions was assumed to no longer occur. That
is, above this energy neither pion-nucleon elastic
nor charge exchange scattering was assumed to
proceed through an isobar intermediate. This
energy was chosen as the cutoff for elastic iso-
bar formation since at higher energies pion pro-
cution in pion-nucleon interactions begins to oc-
cur. In addition, at higher energies one can no
longer assume that the T =} contribution to pion-
nucleon interactions is negligible.

The total and elastic 7" -p and the total, elastic,
and charge exchange 7~ -p cross sections were
taken from the compilation of Giacomelli et al.'®
The cross section for single pion production in
7" -p collisions was taken to be the difference be-
tween the total and elastic cross sections. Simi-
larly, for n~-p collisions the single pion produc-
tion cross section was taken to be the difference
between the total and the sum of the elastic and
charge exchange cross sections. The total cross
section and the cross section for producing one
pion in 7%-n and 7°-p collisions were taken to be
the arithmetic means of the corresponding cross
sections for 7" -p and 7~-p collisions. The elastic
7°-n and 7°-p cross sections were evaluated in the
same manner used previously.' The angular dis-
tributions for 7 -p and for 7~ -p elastic scattering,
as well as for 77-p charge exchange scattering,
were obtained as before from parabolic fits to the
experimental data contained in the compilation of
Giacomelli ef al.'®

B. Inelastic isobar production

Three models for isobar production in inelastic
nucleon-nucleon collisions were investigated: the
Sternheimer-Lindenbaum (SL) model,"” the periph-
eral or one-pion-exchange (OPE) model in the
pole approximation,'® and the OPE model approx-
imately modified to include the phenomonological
pion-nucleon form factor of Suslenko and Kochkin.
Assuming isobar formation to proceed only through
the T =3 state and assuming incoherence between
the contributions to a given final state, the partial
cross sections for isobar production are given by:

a(p+p—~ AT +n)=30%

N
op+p~A +p) =507,
o(p+n—A" +n)=3057 |
o(p+n—A+p)=308" |

where A is a (3, 3) isobar, and ¢4, and ¢/} are

the cross sections for producing one pion in p-p

and p-n collisions, respectively. The cross sec-

tions for A formation in n-% collisions are related

to those for p-p collisions by charge independence.
In the Sternheimer-Lindenbaum model'” the iso-

bar mass distribution is given by

P(V,U)=A0,(V)F(V,U) ,

where V is the mass of the isobar, U is the total
center of mass (c.m.) energy of the initial nucleon-
nucleon system, 0,,(V) is the 77-p cross section
evaluated at a total pion-nucleon c.m. energy V,
F is a two body phase factor for the produced nu-
cleon and isobar, and A is a normalization factor.
The isobar angular distribution in the c.m. of the
original nucleon-nucleon system was assumed to
be ;cos?6 +; where 6 is the angle of production.

The isobar mass and angular distribution for
the OPE model in the pole approximation'® is giv-
en by

[2

(t2+u.2)2 ’
where B is a normalization factor, p is the pion
mass, p, is the internal momentum of the isobar
(i.e., the momentum of either the decay pion or
nucleon in the c¢.m. of the isobar, once the isobar
decays), and £ is the invariant square of the four-
momentum of the exchanged pion (see Ref. 18 for
further details).

The isobar mass and angular distribution for
the modified OPE model was obtained simply by
multiplying the pole approximation distribution by"®

P(V, U, cosb) = Bo,(V)p,V?

9“2 12
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The factor G* is one of the modifications to the
pole approximation that must be made to correct
for the virtuality of the exchange pion. The other
modifications associated with the scattering of the
virtual pion from a nucleon were not made.'®'°

In Fig. 3 the experimental?® p, n, and 7" energy
distributions for the p+p— 7" +p +n reaction at
970 MeV are compared with the predictions of all
three models. In all calculations it was assumed
that the isobar underwent p-wave decay after pro-
duction. All of the models represent the experi-
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mental 7" distribution quite well. However, the
calculated nucleon distributions differ from each
other as well as from experiment. The modified
OPE model represents the experimental data the
best. However, the Sternheimer-Lindenbaum
model also gives an adequate representation of
the data. The pole approximation is clearly in-
ferior to the other two models in reproducing the
experimental nucleon distributions.

In Fig. 4 calculated and experimental®! 7° en-
ergy distributions from inelastic p-p interactions
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FIG. 2. Single pion production cross sections in nucleon-nucleon collisions. The partial cross sections o(pp— 70 +2p)
and o(pp—1* +n+p) were taken from Refs. 3 and 9. The cross sections for pn—2p+7n~ were taken from Refs. 10, 11,
and 12. The cross sections for pn—m+p +n were taken from Refs. 10, 13, and 14.
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FIG. 3. Calculated and experimental (Ref. 20) pion
and nucleon spectra for the reaction pp—~T1T+n+p at
970 MeV. In all calculations it was assumed that the
inelastic isobar underwent p-wave decay. SL refers
to the Sternheimer-Lindenbaum model.
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FIG. 4. Calculated and experimental (Ref. 21) 77
energy distributions from inelastic p-p interactions at
730 MeV.
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FIG. 5. Calculated and experimental (Ref. 21) 7~
angular distributions from inelastic p-p interactions at
730 MeV.

at 730 MeV are presented. The effects of p-wave
versus s-wave decay of the isobar after produc-
tion are illustrated by the two Sternheimer-Lind-
enbaum distributions. The p-wave decay distri-
bution is clearly in better agreement with experi-
ment. The modified OPE distribution which is
shown in this figure and the pole approximation
distribution which is not shown were both obtained
assuming p-wave isobar decay. Both distributions
are almost indistinguishable from the Sternheimer-
Lindenbaum distribution which assumes the same
isobar decay angular distribution.

In Fig. 5 the experimental 7" angular distribu-
tion®!' for inelastic p-p interactions at 730 MeV
are compared with two Sternheimer-Lindenbaum
distributions: one for p-wave and the other for
s-wave isobar decay. The distribution based on
p-wave decay is clearly in better agreement with
experiment. Both the modified OPE and pole ap-
proximation distributions (not shown) which as-
sumed p-wave decay are almost indistinguishable
from the corresponding Sternheimer-Lindenbaum
distribution. Hence, all three models yield com-
parable 7" energy and angular distributions pro-
vided the same isobar decay angular distributions
are used. Further, the experimental data are
best represented by p-wave decay. Since the
Sternheimer-Lindenbaum model with p-wave iso-
bar decay gives a reasonable description of the
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TABLE I. Calculated and experimental (data of
Cochran et al., Ref. 21) " and n~ production cross
sections for the interaction of 730-MeV protons with
All cross sections are in mb.

various nuclei,

MODEL FOR INTRANUCLEAR... 2391

TABLE II. Calculated and experimental (data of
Dunaitsev et al., Ref, 22) ° production cross sections
for the interaction of 660-MeV protons with various
nuclei. All cross sections are in mb.

Nucleus Exp. ISONEX-NO ISONEX
a(r*)
Pb 104.2 +5.8 98.6+3.4 88.0+3.3
Cu 77.3 4.3 76.8+2.7 70.9%2,3
Al 53.1 2.9 62.3+1.8
C 35.0 1.8 43.8+1.3
o(r™)
Ph 53.7 4.9 49.5+2.4 48.0+ 2.4
Cu 25.2 £2.0 27.1+1.6 27.7+1.4
Al 13.2 +0.9 17.4+0.9
C 6.6 +0.4 9.2x0.6
o(m™)/o(r7)
Pb 1.95+0.2 2.0£0.1 1.8+0.1
Cu 3.1 £0.3 2.8+0.2 2.6+0.2
Al 4.0 0.3 3.6x0.2
C 5.3 0.4 1.8+0.3

experimental data and uses less computer time
than the other two models, it was used in the in-
tranuclear cascade model for inelastic isobar
production in nucleon-nucleon collisions.

The Sternheimer-Lindenbaum model was also
used for inelastic isobar production in pion-nu-
cleon collisions. The isobar angular distribution
in the c.m. of the original pion-nucleon system
was again taken to be 3 cos?6 + 1. The inelastic
isobar was forced to undergo p-wave decay.

Two additional quantities, p and a, are needed
by the isobar model'” to completely specify the
distribution of final state products. p and a are
defined by

0,,,(17)
p=2—031‘/22(1—n) , a=Vp/5 cos¢ ,

where 0,,,(17) and 0,,,(17) are the single pion pro-
duction cross sections in the T=% and T=3% states,
respectively. ¢ is the phase angle between the
matrix elements for pion production in the T=%
and 3 states.

p and a were evaluated from the following rela-
tions:

o(m~+p=1"+p+1°) _(10+ 17p - 25a)

o(n=+p=n"+1"+n) (25+ 26p +35a) ’
o(m-+p=21°+n) (10 +2p - 10q)

o(m+p=n" +7"+n) (25+26p + 35a)

The values of p and a which were obtained using
the experimental cross sections compiled by
Barashenkov ef al.® between 500 and 800 MeV

a(m)

Target Exp. ISONEX-NO Bertini 2
Pb 143 +8.0 89.5+6.6 20012
Cu 73.4+4.2 58.4+3.2 10912
Al 45.9+2.6 41.2+2.9 60 4
C 27.3x1.5 30.2+1.5 35

2 The calculated values of Bertini Ref. 3).

were 0.0791 and - 0.124, respectively. These
values were then used for all energies.

II. COMPARISON TO EXPERIMENT

A. Pion production

The emission of pions is one characteristic of
high-energy nuclear reactions that provides a
severe test of the pion production and pion absorp-
tion mechanisms assumed in the present model.

In Table I calculated and experimental® cross sec-
tions for the production of both positive and nega-
tive pions from the interaction of 730-MeV protons
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FIG. 6. Calculated and experimental (Ref. 21) n*
angular distributions from the interaction of 730-MeV
protons with C, Al, Cu, and Pb.
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with various targets are presented. Two sets of
calculated results are given for Cu and Pb. In one
(ISONEX) isobar-nucleon “exchange” scattering
was included while in the other (ISONEX-NO) this
interaction was neglected. For the two heavier
elements (Cu and Pb) the ISONEX-NO cross sec-
tions for both positive and negative pions agree
quite well with experiment. For Al and C the
ISONEX-NO results are somewhat high. “Ex-
change” scattering has little or no effect on nega-
tive pion emission while it slightly suppresses the
emission of positive pions. The experimental
m*/ 7~ ratios are also well represented by the
ISONEX-NO model while the ISONEX ratios are
somewhat too low. If the inelastic isobars were
formed and then escaped without further interac-
tion, the ratios would be a great deal larger (e.g.,
in the case of C the ratio would be %% instead of
the calculated and experimental value of ~). The
increased 7~ emission has been attributed to the
pion-nucleon charge exchange reaction m°+n - 7"
+P.2l

In Table II calculated and experimental?? 7° pro-
duction cross sections for the interaction of 660-
MeV protons with various targets are given. The
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FIG. 7. Same as Fig. 6 but for 7~ production.

calculated values for the two lightest targets (C
and Al) agree fairly well with experiment. How-
ever, for the heavier targets (Cu and Pb) the mod-
el underestimates the number of emitted 7°. Ber-
tini® has also compared the results of his calcula-
tion with this set of experimental data. In each
case his predicted cross sections, which are also
given in Table II, are higher than experiment.
Figure 6 presents calculated and experimental®!
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FIG. 8. Calculated and experimental (Ref. 21) n*
energy spectra from the interaction of 730-MeV protons
with Cu and Pb. The spectra are given at 15°, 30°, 45°,
60°, and 90°.
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7" angular distributions from the interaction of
730-MeV protons with various targets. The
ISONEX-NO results for Cu and Pb show good
agreement with experiment except perhaps at
15° where the calculated results are somewhat
too high. However, the introduction of exchange
scattering removes this slight discrepancy. On
the other hand, the calculated distributions for C
and Al are uniformly too high. This is partially
due to the fact that the calculated 7" yields for
these two targets were larger than experiment
(see Table I).

Calculated and experimental®' 7~ angular distri-
butions are compared in Fig. 7. The calculated
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FIG. 9. Same as Fig. 8 but for n".

distributions for Cu and Pb again agree fairly
well with experiment while the calculated distri-
butions for C and Al are again uniformly too high.

Calculated and experimental® 7 energy spectra
from Cu and Pb at various angles are presented in
Fig. 8. Both the shapes and magnitudes of the ex-
perimental spectra are fairly well represented by
the calculation. The introduction of exchange scat-
tering leads to a slight shift in the calculated spec-
tra toward lower energies.

Calculated and experimental®' 7~ spectra for Cu
and Pb are compared in Fig. 9. In this case the
introduction of exchange scattering leads to slight-
ly better agreement with experiment. However,
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FIG. 10. Energy spectra of inelastic protons from the
interaction of 660-MeV protons with C. The spectra are
given at 12.2°, 18°, 24° and 30°. The experimental
points are taken from Ref. 23.
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neither calculation represents the experimental
data at 15° very well.

B. Energy spectra of emitted protons

Another characteristic of high-energy nuclear
reactions that provides a direct test of the cas-
cade model is the emission of high-energy nu-
cleons. In Figs. 10 and 11 calculated and experi-
mental®® proton energy spectra at various angles
from the interaction of 660-MeV protons with C
and Cu are compared. The positions and magni-
tudes of the experimental quasifree scattering
peaks as well as the distributions of low-energy
protons arising from multiple scattering and pion
production events are well represented by the cal-
culation. Bertini® has also compared the predic-
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FIG. 11. Same as Fig. 10 but for Cu.

tions of his model with these experimental results
and finds a similar degree of agreement.

Further comparisons between calculated and
experimental®® proton spectra are presented in
Figs. 12 and 13. These examples are for 1-GeV
protons on C and Ca. The experimental data for
C are fairly well represented by the calculation
except at 17.2° where the calculated spectrum is
somewhat higher than experiment and peaks to-
ward higher energies. The calculated spectra
for Ca are higher than experiment for all three
angles. This is due in part to the fact that the
elastic cross sections used are somewhat too
large at this energy. That is, the elastic cross
section is taken to be the difference between the
total cross section and the cross section for pro-
ducing one pion. However, at this energy there
is some double pion production which is largest
for p-n collisions. If double pion production had
been included, the p-n elastic cross section would
be reduced by ~20%.>°* However, this is still not
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FIG. 12. Energy spectra of inelastic protons from the
interaction of 1-GeV protons with C. The spectra are
given at 9.1°, 17.2°, and 20°. The experimental points
are taken from Ref. 24.
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enough to account for the observed discrepancies.
Bertini® has also compared his results to this

set of data. His spectra for both C and Ca are in

somewhat better agreement with experiment than

those predicted by the present model. However,

his spectra for Ca are also larger than experiment.

C. Spallation yields

Calculated spallation yields depend not only on
the particular intranuclear cascade model used
but also on the manner in which the evaporation
calculations are performed. Hence, they do not
provide as direct a test of the intranuclear cas-
cade model as those properties that were consid-
ered previously (i.e., pion yields and secondary
particle spectra). In the present instance the
evaporation calculations were done with a code
described by Dostrovsky et al.?®

In Table Il calculated and experimental results
for the spallation of Al by 0.6- and 1-GeV protons
are presented. The calculated results agree fairly
well with experiment, except perhaps for the yields
of the last three nuclei (i.e., '"N, '*N, and ''C).
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FIG. 13. Same as Fig. 12 but for Ca at 9.2°, 13.5°,
and 17.2°.

TABLE III. Spallation cross sections for protons on
*"Alat 0.6 and 1 GeV. All cross sections arc in mb,

Nuclide Exp. Calc. Exp. Cale.
2Ng 2 10.840.7 11.6 +1.5 10.540.7 15.2 1.8
2Nab 19.2+2.3 18.5 +1.9 16.7+2.0 17.6 1.9
2Na +%'Ne© 20.0+3.0 19.5 2.0 18.6 £2.0
2Nec© 11.0£2.0 5.1 21.0 4.1 £0.9
WNe+20F2 20.0+£3.0 18.2 1.9 16.7 +1.8
lipa 7.9+0.5 5.4 1.0 8.0x0.5 5.7 =1.1
o e 6.6+2.0 3.6 0.9 ~6 3.5 0.8
1N e 0.14+0.17 0.70 0.1020.14
BNe ~1.3 3.7 £0.9 1.4%0.1 4.3 20.9

tige ~3 1.3 £ 0.5 4.340.2 1.4 10.5

2 The adopted beam monitor cross sections of Cumming
Ref. 27).

b The experimental data of Friedlander et al. Ref. 28)
adjusted to the 2'Na cross sections of Cumming Ref. 27).

¢ From the compilation of Silberberg and Tsao (Ref.
29). “Approximate” signs indicate interpolated values.

Further comparisons are presented in Table
IV for the spallation of Cu by 590-MeV protons.*®
These results are representative of other com-
parisons that have been made with the model at
this energy. The largest discrepancies occur for
experimental cross sections which are ~1 mb or
less. Typically, one can expect that ~80% or
more of the calculated cross sections will differ
from the experimental cross sections by a factor
of 2 or less provided the experimental cross sec-
tions are greater than ~1 mb.

TABLE IV, Calculated and experimental (Ref. 30)
spallation yields for the interaction of 590-MeV protons
with Cu. All cross sections are in mb.

Nuclide Experimental Calculated
Hey 15.3 2 7.0 15.6 2.1
56N 0.1220.03 0.37+0.32
SN 1.11+0.09 2.0 0.8
%Co 1.75+0.25 2.3 +0.8
%Co 10.4 =1.2 14.3 42.0
S1co 29.3 =2.3 24.7 £2.7
8Co 29.4 =24 15.5 22,1
80Co 12.8 2.9 9.8 1.7
2Fe 0.2620.02 0.80=0.350
®Fe 1.86=0.62 2.3 =0.8
52Mn 9.2 =1.4 19.4 223
#\Mn 21.7 20.5 17.9 £2.3
BCy 0.37=0.13 1.0 0.5
Sep 26.9 =0.8 24,4 +2.6
18y 10.3 =1.6 15.0 =2.1
650 4,94+0.14 7.2 1.4
3¢ 2.17+0.47 3.6 1.0
%3¢ 0.49+ 0.04 1.7 £0.7
2K 1.53+0.06 3.5 21.0
8K 0.57+0.17 1.1 10.6
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IV. SUMMARY AND CONCLUSIONS

An intranuclear cascade model has been devel-
oped which considers the production and subse-
quent interactions of (3, 3) isobars produced in
low-energy elastic pion-nucleon interactions and
inelastic nucleon-nucleon and pion-nucleon inter-
actions. From comparisons with experimental
data that were made, it appears that the model
gives a fair to excellent description of pion pro-
duction in complex nuclei. The model also gives
a reasonable description of the emission of high-
energy nucleons in high-energy reactions, as well

as the yields of radiochemical products produced
in such reactions. Hence, the model should prove
useful in designing and analyzing experiments done
at Clinton P. Anderson Meson Physics Facility
(LAMPF) and elsewhere.
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