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The pole approximation3 •4 is employed to describe peripheral collisions of nucleons at 9 Bev. 
The results of the calculations are compared with the experimental data, 1•2 and the agreement 
is found to be satisfactory. The region of applicability of the pole approximation is estimated 
and the possibility of obtaining information on the properties of the 1r -meson propagation 
function and 1rN interaction cross section as a function of the square of the 1r -meson 
4-momentum ( k2 ) is discussed. 

INTRODUCTION 

~ abundance of experimental data on the 
nucleon-nucleon (hereafter, NN) interaction at an 
energy of 9 Bev is now available. 1•2 On the other 
hand, the recently suggested pole method of calcu
lating strong interactions has been further de
veloped. 3- 5 It is therefore of interest to cqmpare 
the theoretical data on the NN interaction at 9 Bev 
with the experimental data. 

It should be noted that certain experimental 
data1•2 (for example, the strongly anisotropic 
c.m.s. angular distribution of the nucleons, the 
c.m.s. asymmetry of charged particles, etc.) 
directly indicate the important role of peripheral 
interactions in this process. One can state in ad
vance that these data cannot be explained with the 
aid of the statistical theory6-8 of central nucleon
nucleon collisions. 

METHOD 

We shall not consider here all the aspects of the 
pole method, which has been described in detail in 
references 3 - 5; we shall discuss only the as
sumptions on which it is based. 

1. The propagation function of the intermediate 
meson in the general case should have the form 
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2 _ 1 \ p (x) 
D (k ) - k2 + fLz + .) k2 + x dx, 

(3p.)' 

where p (K) is an essentially positive function 
which is not yet known; k is the 4-momentum of 
the intermediate meson, k2 = k2 - k~, ti = c = 1; 
Jl is the 1r -meson mass. In the one-meson pole 
approximation, only the first (pole ) term in 
expression (1) is taken into account; it is seen 
from (1) that the influence of the second term is 
important only for k2 2': ( 3t..t )2• 

(1) 

FIG. 1. 

2. The cross section for the interaction between 
a 1r -meson and a nucleon depends on the energy w 
(in the c.m.s. of the nucleon and 1r meson) and 
also (if the 1r meson is virtual) on the quantity 
k2• In the general case, we can write 

0' (w, k2) = 0' (w, k*J. = - p.2) -1: (w, k2). (2) 

The first term represents here the cross section 
for the interaction between a real 1r meson ( k2 

= - Jl 2 ) of energy w and a nucleon. The role of 
the second term has not yet been investigated in 
detail.* It, too, is neglected in the pole method. 

3. Only the one-meson diagram is considered 
in the pole method (Fig. 1). Diagrams in which 
the nucleons exchange two, three, etc. mesons are 
not considered. The basic question that arises in 
the estimate of the permissibility of this simplifi
cation is not the extent of contribution to the cross 
section, but whether there is significant interfer
ence between the one -meson diagram and the multi
meson diagrams. In fact, if the interference is not 
significant, then the contributions of the various 
diagrams to the cross section are additive; the 

*Generally speaking, the sign of the second term cannot 
be determined beforehand. It is very likely to be negative 
H.e. a(k2) decreases with an increase in k2]. 
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calculation of the one-meson diagram is of value 
in itself, a.nd can be used to describe part of the 
experimental data. The question of interference 
is complicated and merits special investigation. 
We present here only a number of arguments indi
eating that this effect plays an unimportant role. 

In the case of the one-meson exchange, two 
groups of particles are produced from nodes 1 and 
2. These groups of particles have anisotropic dis
tributions (in the c.m.s.) and are emitted in dif
ferent directions. The greatest interference be
tween the one-meson matrix element and the two
meson (in general, multi-meson) matrix element 
occurs when the angular distributions are similar. 

In this case, however, interference will occur 
only if all the quantum numbers characterizing 
each group of particles [the intrinsic angular mo
mentum (spin) J, its projection on any axis my, 
the parity I, the isotopic spin T, etc.] coincide. 
In the case of exchange of one meson, T = %. %; 
my = %. (Here my is the projection of the spin 
on the momentum of the primary nucleon in the 
system in which the momentum of the entire group 
of particles is zero.) If it is assumed that the 
quantities T, Tz, and my in multi-meson exchange 
are distributed at random, then one can estimate 
the probability that they all coincide with the 
corresponding quantities for one-meson exchange. 
For the two-meson exchange, the requirement that 
only the quantities T, Tz, and my coincide leads 
to the probability W ~ 0.1. The requirement that 
all other quantities coincide (total angular 
momentum J and parity I) can only reduce this 
estimate. 

Using the three assumptions enumerated above, 
we can write an expression for the inelastic 
NN -interaction cross section: 

o (Eo)= __ 2_\ dz dy V z2- m2f12 Vy2- m2f12 
NN (2n)3p~E~ J 

+- {f12! x2- 1-12 + x2 I+ 4poPJ 
X {~ O•;.(z) O•;, (y) + ~ O•;, (z) O•;, (y) +- ~ o.1, (z) O•;, (y)forpp 

~ o.1, (z) O•;, (y) +- ~ O•;, (z) o.1, (y) +- ~ O•;, (z) O•;, (y) for pn 

Here 

cr3; 2(z) is the cross section for the interaction be
tween a rr meson and nucleon at an energy WL 
= z;ln in the isospin state % etc.; K2 

= 2 (EoE1- PoPt>- gY.1- m2 (the quantity K2 re
flects the virtualness of the rr meson and is of the 
order of magnitude k2/2 ); E0, p0, and m are the 
c.m.s. energy, momentum, and mass of the primary 
nucleon; E1 and p1 are the energy and momentum 

of the entire group of particles emitted from node 
1; 9R 1 = ,j E1 - P1 is the energy of this group of 
particles in its rest system; E2, P 2 and 9R 2 are 
the corresponding quantities for node 2. 

Hereafter, for convenience, we shall call these 
groups of particles isobars and carry out the cal
culations in two steps: a) the calculation of the 
production of the two isobars (with masses 9R1 
and 9R 2) and b) their decay into secondary parti
cles. This procedure is used primarily to facili
tate the calculations, but it is also justified physi
cally, since the time for the production of the iso
bars, as a rule, is much smaller than the time for 
their decay. In fact, the production of an excited 
state is a one-quantum process, and its time in the 
rest system of the isobar is estimated from the un
certainty relation T 1.6.E ~ li (.6.E is the excitation 
energy). The decay of the excited state is a multi
quantum classical process and the time for it is 
T2.6.E » li. More precisely, T2.6.E ~ nli, where n 
is the value of the action in the decay and has the 
order of magnitude of the number of secondary 
particles. The case n = 1 (decay into one rr 
meson) occurs primarily at WL ~ 200 Mev (the 
so-called Tamm isobar 13 ). However, here, too 
T2 » T1, but for other reasons due to the resonance 
character of the rrN interaction in this energy 
region. 

According to the sense of this method, one 
should insert in (3) the experimental cross section 
for the rrN interaction instead of cr ( w). Hence, to 
calculate NN interactions of different types at 9 
Bev, it is necessary to.have the following data on 
the rrN interaction in the energy region WL 
=::: 2.5 Bev: 

a) The elastic and inelastic cross sections for 
the rrN interaction and also the c.m.s. angular and 
momentum distributions of the secondary nucleons. 
These data were taken from experimental 
investigations. 9-12* 

b) The multiplicity and prong distribution in 
:inelastic rrN interactions for the individual 
isospin states of the rrN system. These data 
eannot be taken directly from the experiments. 
Since the experimental data are, as a rule, 
averaged over the isospin, we calculated these 
characteristics on the basis of the statistical 
theory. S-8 It should be kept in mind here that in 
this energy region the statistical theory formulas 
for suitably chosen parameters are empirical 
formulas describing the experiment. Actually, all 
the calculations with formula (3) have to be per
formed numerically. 

*We note that the elastic JTN interaction in the energy region 
1 Bev < WL < 2.5 Bev is basically of a diffraction character. 
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FIG. 2. Transverse momen
tum distribution of the nu
cleons (curves 1 and 2 are 
the theoretical curves for va
riants I and II, respectively; 
the histogram represents the 
experimental data1 • 2). 

First, we calculated by formula (3) the total 
cross section ONN· which proved to be 18mb. 
Here we imposed no additional restrictions on the 
value of the "virtualness" k2• The basic contri
bution to the cross section came from cases with 
a virtualness not exceeding ( 7J.L )2. 

According to the experimental data, the cross 
section for the processes observed in references 1 
and 2 was 21mb. It thus follows that the pole 
approximation (if it is valid in the region k2 

:S ( 7J.L )2, can be used to describe a basic part of 
the experimental data. We therefore compared 
the results of the calculations with all the experi
mental material without an additional selection. 

However, it was not clear beforehand whether 
the above assumptions were valid for large values 
of the quantity k2 ,.... ( 7J.L )2• It was clear, however, 
that the smaller the value of k2, the more justified 
were the assumptions. We therefore carried out 
the calculations with an additional restriction on 
the magnitude of the virtualness: k2 ::::: (3J.L )2.* 
[In this case, the term (JJ- 2 + 1< 2 + 4p0P 1)-1 in 
formula (3) is replaced by an expression of the 
form (o 2 + JJ- 2 )-1, where o2 = kfuax = (3J.L )2.] In 
this variant, the cross section aNN turned out to 
be 4 mb. It thus follows that this variant can de
scribe only a small part of the experimental data 
(,.... 20% ); the results of the calculations in this 
case are valid only with a special selection of the 
experimental cases in which the value of the trans
ferred momentum is small (these selection cri
teria are discussed below). 

By carrying out the calculations for both vari
ants and comparing them with the experiments, we 
hoped to obtain information on the applicability of 
the pole method in the region of k2 between ( 3J.L )2 

and {7J.L )2• 

RESULTS OF THE CALCULATIONS AND 
COMPARISON WITH EXPERIMENTAL DATA 

1. The transverse momentum distribution of the 
nucleons (pl) is shown in Fig. 2 for the two 
methods of calculation: variant I with no restric
tion on k2 (curve 1) and variant II with k2 

*This variant already has been partially considered by Dremin 
and Chernavskii. 4 
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FIG. 3. Energy distribution of the recoil nucleons in the labora
tory system: a - variant I, b - variant II; curves - theoretical 
results, histograms - experimental data (the kinetic energy of 
the recoil nucleons is laid off along the abscissa axis in frac
tions of the nucleon mass) . 

::::: ( 3J.L )2 (curve 2). The experimental histogram 
is also shown in the figure. The curves and the 
histogram are normalized here (and below) to the 
same area. It is seen from the curves that in 
variant II practically all the nucleons have Pl 
:::::2.5 J.L; the experimental distribution is signifi
cantly broader. Hence, to compare the experimen
tal data with other characteristics obtained from 
the calculations by variant II, we selected from 
the former only those cases which satisfied the 
condition pf ::::: 2.5 (where pf is the transverse 
momentum of the recoil proton). 

Comparison of the experimental histogram with 
the curves obtained from variant I indicates satis
factory agreement. A difference (double the ex
perimental error) occurs only in the interval Pl 
-=0-1J.L. 

It should be noted that, in the theoretical calcu
lation, the basic contribution in this region comes 
from cases in which two "ordinary" isobars with 
~ = 1.3 m and isospin % are produced, i.e., the 
isobars involved in the resonance scattering of 
200-Mev 1r mesons. 13 On the other hand, there 
are grounds for assuming (see below) that a 
large number of these cases were missed in the 
experiments. This discrepancy can thus be at
tributed to "technical" rather than physical 
factors. 

2. The energy distribution of the recoil nucleons 
is shown in Fig. 3a. Two facts are striking. First, 
the recoil nucleon spectrum drops sharply begin
ning with Ekin"" 150 Mev. This is characteristic 
for the picture of peripheral collisions and does 
not occur for "central" collisions. Second, the 
spectrum is not monotonic; a second weak maxi
mum appears at Ekin =120. This maximum is due 
to the contribution of cases in which one of the 
isobars has a mass ro? = 1.3 m. Unfortunately, the 
experimental accuracy at the present time is in
sufficient for the separation of this maximum. It 
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TABLE I. C.m.s. angular 
distribution of nucleons. 

Calculations for pp 
collisions. 

1 

Cosine 
interval 

-0,95 
0.95-0.9 
0.9 -0,85 
0.85-0.8 
0.8 -0.75 
0,75-0:7 
0,7 -0,6 
0,6 -0.5 
0,5 -0.0 

Percentage of cases 

variant I variant II 

7fJ 89.0 
9 3;3 
4.2 3.2 
3.9 2,5 
2.3 
L4 
2.3 
2.2 2.0 
4.7 

is possible that it can be observed more easily at 
a higher nucleon energy. 

Comparison of this curve with the experimental 
data indicates good agreement, except for the 
interval Ekin ::::; 30 Mev. However, in the experi
ment, cases in which the recoil nucleons bad ener
gies Ekin ::::; 30 Mev were simply discarded. On the 
other hand, according to the theoretical curve, 
about 10% of the cases are of this energy. It 
should be noted that the contribution to this region 
comes mainly from cases in which two isobars are 
produced with equal masses 1m 1 = 1m 2 = 1.3 m. 

An estimate (based on the statistical accuracy 
of the experiment} indicates that the ''missing'' 
of such cases is quite real. In this connection, it 
should be noted that the contribution of these 
cases to the transverse momentum curve may 
also have been "missed," as was already pointed 
out above. 

The energy distribution of the recoil nucleons 
calculated by variant ll is shown in Fig. 3b. Also 
shown there are the experimental data selected in 
accordance with the criterion pf ::::; 2.5 f.J.· The 
agreement is good. 

3. The c.m.s. angular distribution of the nu
cleons is shown in Table I. It is quite anisotropic 

so 

20 

tO 

both in variants I and II. The experimental data 
are not in contradiction with the calculations. 

4. The 1r -meson angular distribution is shown 
in Fig. 4 along with the experimental histogram. 
It is seen that the 1r -meson angular distribution 
is anisotropic, although it is essentially wider 
than the nucleon angular distribution. The small 
difference in the low-angle region is apparently 
due to the same "technical" factors mentioned 
above. The difference in the large-angle region 
(the theoretical curve goes above the experimen
tal points) may have a physical basis. On the 
whole, we consider the agreement to be satis
factory. 

TABLE ll. Multiplicity and prong distribution 

Percentage of stars 

Variant I Variant II* 

Character of the star 

calc. l'"''""""1 ex pt. 
calc. 

ex pt. 
I theory 

Two-prong 35 32.8 
Four-prong 58.9 58:5 

pp interactions 

46±5.4 
44. 7±5.3 

35 
63.4 

I 35±1 
35±1 

4 
8 

Six-prong 6,0 s:6 8.1±2.2 1.6 6±3 
Eight-prong 
Mean multiplicity 

One-prong 
Three-prong 
Five-prong 
Seven-prong 
Mean multiplicity 
Charged partie le 
asymmetry 

I 0,1 
3.46 

18.4 
65:2 
15.7 
0. 7 
2.96 
0.47 

o:1 0.62±0,62 -
3:53 3.2 3.4 

pn interactions (variant I) 

14.5 
59:4 
25:0 

1.1 
3:25 
0 

35.1±6,1 
53.2±7 :5 
9;6±3,2 
2,1±1.5 
2.6 
0,4±0.2 

-
2 3.4 

*The experimental data refer to cases in which the transverse mo
mentum of the recoil proton is ~ 2.5 fl• The theoretical calculations 1 

in variant II took this into account. 

5. We calculated the number of charged parti
cles produced in 1rN interactions at energies WL 
from 0. 7 to 2 Bev by means of the statistical 
theory.* 

The probability for the production of the corre
sponding isobars was calculated on the basis of 
expression (3}. 

In variant I, we calculated the multiplicity and 
the prong distribution for pp and pn collisions. 
The results are shown in Table ll, which lists also 
the experimental data and (for comparison} the 
results of the statistical theory calculations for 

*Here we took into account the contribution of the diffraction 
01 0.8 0.6 0.4 0.2 o cos 9 part of the interaction which constitutes "-' 30% at an energy 

WL > 1 Bev. The determination of the number of "prongs" is in 

FIG. 4. rr-meson c.m.s. angular distribution for variant I (pp the latter case trivial. In the energy region WL < 200 Mev, where 
interaction); the curves represent the theoretical results and the the interaction is elastic, the number of prongs was found from 
histogram represents the experimental data, 1 • 2 considerations of charge symmetry. 
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central NN collisions under the assumption of the 
production of a single system of mass, ro2 = 5 Bev. 

Attention is drawn to the fact, first, that the 
calculated multiplicity in peripheral collisions 
was found to be of the same order as in central 
collisions. The reason for this is that the multi
plicity is a weak function of the energy, and the 
production of two "isobars" of smaller mass can 
give the same multiplicity as the production of one 
"compound" system of large mass. Second, the 
other enumerated characteristics (for example, 
the c.m.s. asymmetry of the charge distribution) 
listed in Table II are essentially different from 
the results of the statistical theory calculations 
for "central" collisions (in general, no asym
metry can occur there). 

The experimental data do not contradict the ob
tained values (within the limits of two times the 
error), but it cannot be stated that there is full 
agreement. The calculated multiplicity is some
what greater than the observed one, but the calcu
lated charge asymmetry is in agreement with that 
observed. 

In variant II, the calculations were performed 
only for pp interactions under an additional condi
tion: we selected only cases in which a proton 
was emitted "backward" in the c.m.s. The re
sults of these calculations are shown in Table II 
along with the experimental data selected in ac
cordance with the criterion Pf ::s 2.5J.L The agree
mentis good. 

CONCLUSIONS 

The comparison of the theoretical results with 
experiment indicates that the peripheral one
meson interaction calculated by the pole method 
satisfactorily describes the basic part of the ex
perimental data, and, consequently, the pole ap
proximation is applicable in the region k2 

~ ( 7 JJ. )2 important to the calculations.* This can 
serve as an indication that, first, the nonpole term 
in the propagation function (1) is small in the re
gion k2 ~ ( 7J.L )2 in comparison with the pole term, 
and, second, the cross section is a smooth, slowly
varying function of k2 up to k2 ,...,. ( 7J.L )2 [This, of 
course, does not exclude the possibility that the 
nonpole terms in (1) and (2) are both large, but in 
the region k2 ::s (7J.L )2 they offset one another.] 

The marked difference between the calculations 
and experiment as regards the multiplicity indi-

*A similar calulation and comparison with the experimental 
data at 200 Bev14 • 15 gives additional information on the character 
of the pole approximation at larger k2 • This question has been 
considered separately.•• 

cates that the role of the second term in (2) is 
more important than the second term in (1). In
deed, if we allow for the drop in the cross section 
with an increase in k2, we could reduce the role of 
the cases of high multiplicity in the calculation and 
bring about agreement with experiment; the inclu
sion of the second term in the propagation function 
can only increase the multiplicity. 

Hence it seems that such experiments and the 
improvement of their accuracy can provide in
formation (although indirectly) on very important 
quantities in contemporary theoretical physics, the 
functions p ( K ) and U' ( k2 ). This is of interest, 
since thus far there are no other experimental 
sources of such information. The fact that the 
results of the calculations by the second variant 
[ k2 ::s ( 3J.L )2 ] are in good agreement with part of 
the experimental stars (selected in accordance 
with the criterion Pl ::s 2.5 J.L) is important in this 
situation only as an additional confirmation; they 
do not give any new information. 

Comparison of the absolute values of the cross 
sections indicates that the contribution of inter
actions of another type (for example, multi-meson, 
K-meson, central, etc.) can constitute 20 - 30% 
of the total cross section. However, it is not 
possible to separate them by their total mass in a 
given experiment, since it is difficult, at present, 
to indicate criteria for such a separation.* 

In conclusion, the authors take this opportunity 
to express their gratitude to E. L. Feinberg and 
V. I. Veksler for their constant interest in this 
work and valuable comments. 
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