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In this note we describe in a simple qua. litative
way the salient features of pion-nucleon interac-
tions in the energy range 0.5 to 1.5 Bev from the
point of view that every interaction is initiated
by means of the scattering of the incident pion by
a virtual pion of the nucleon. '

From the behavior' of the very high-energy (5
Bev) elastic and low-multiplicity inelastic events
it is clear that there must be a, large p-m cross
section. One may therefore rea, sonably hope to
explain the "intermediate" energy region (0.5&E
& 1.5 Bev) in terms of the two principal facts of
pion physics: the 3-3 resonance and the large
g-z cross section. Peierls' already used this
general idea to explain the 600- and 900-Mev re-
sonances in n Psca-ttering. He, as well as
Kong and Ross, ~ consider these and other higher
resonances as occurring primarily in the system
N-n-g; while the total angular momentum of the
system may be high (up to L = 3), each of the two
individual pions in this model has a small angu-
lar momentum, I =1 or 0, relative to the nucleon.

The question then arises as to how the incident
single pion, which has the full angular momentum
I, gets "caught" by the nucleon and makes a
"transition'" to a small I corresponding to the
N-m-p resonant state. %e wish to suggest that
this transition is effected by the n-z force acting
between the incident z and a virtual p in the nu-
cleon. No matter how the primary N-n-g reso-
nance comes about, the transition will be strongly
enhanced by resonances in the z-z system. From
the point of simplicity alone this model deserves
attention. Aside from this mechanism of initia-
ting the reaction we wish to point out (a) that
despite first appearances, the over-all behavior
of the w -P data from 0.8 to 1.2 Bev is similar to
that of the z -p data from 0.6 to 1.0 Bev; (b) that
present information on charge state ratios in
single pion production events provides evidence
for the dominance of the g-g isotopic spin state
t=1 at 900-Mev pion lab energy, where the
"third" resonance is located, in accord with the
work of Frazer and Fulco' on the problem of
nucleon form factors; (c) that the over-all beha-
vior can be explained by assuming that the t= 0
interaction in the pion system is dominant in the
vicinity of the "second" resonance, from 400 up

to about 700 Mev; above this energy the f = 1 am-
plitude develops rapidly.

Evidence for point (a) comes from a compari-
son of the (z -P) and (m+-P) total cross sections. e

Drawing %' (X = reduced c.m. wavelength) curves
through the two w -P peaks, one notes that, al-
though the 1.3-Bev m+-P peak is perhaps too
broad to be considered as a single resonance,
G(7T -p) ls Qualitatively similar to G(7T -p) but
shifted upwards somewhat in energy. (Given the
same angular momentum states, this increase
in energy naturally suppresses the magnitude of
the total cross section. ) The similarity lies
deeper than this, however. 1. It has been sug-
gested' that the sudden rise of v(m -P) above 700
Mev is associated with the advent of a D» reso-
nance. (The notation is 1.2& 2J in extension o'
Fermi's notation for low-energy pion states. )
For a(n -p) it has been reasonably well esta-
blished that the second resonance (600 Mev) is
D». 2. The w -P angular distribution for elastic
scattering at 990 Mev displays a backwards bump
similar to (but smaller than) th« in m Pscat--
tering between 0.8 and 1 Bev. 3. The work
of Crittenden et al."on p -P interactions shows
that the inelastic cross section rises abruptly to
a maximum near the third resonance (900 Mev)
although it is already large before. A similar
behavior, but at higher energies, is shown by the
inelastic w -P cross section although data are
more scarce: o(v -P) increases slowly from
about 3 mb at 500 Mev" to about 10.5 mb at 990
Mev' and. then rises quickly to 16.5 mb at 1.1
Bev. '~ According to Peierls, the third resonance
in m -P is E». Hence it seems likely that an E
state becomes important in T =3/2 (rr+ P) at abou-t
a Bev.

This evidence that the dynamical behavior of
the m+-P system is similar to that of the v -P
system, but develops at a higher energy, may be
understood simply if we assume that the high-
energy dynamics of the n-nucleon system, how-
ever complicated they may be, must be initiated
by m-m interactions. The small w+-p (T =3j2)
cross section below 800 Mev is considered to be
a consequence of the lack of any appreciable in-
teraction in the t = 1 and t = 2 p- g states in this
energy region. The rapid increase in o'(m+-P)
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above 800 Mev is interpreted as due to a strong
/=1 interaction which reaches a maximum at
about 900 Mev, according to the evidence con-
sidered in the next paragraph. On the other hand,
the T = 1/2 state of the m-nucleon system will, in
our interpretation, be dominated by a I;= 0 reso-
nance in the p-7r system [point (c) above]. The
simplest assumption for this t=0 state is that it
is a two-pion 8 wave in the g-z center-of-mass
system (I' states are forbidden for two pions
with t =0 by the Pauli principle). Another possi-
bility would be the t = 0, J = 1 three-pion reso-
nance, or bound state, suggested by Chew, "but
this assumption would make it much more diffi-
cult to interpret the transition from a single in-
cident pion to the resonant N-m- p state. Rodberg'6
has reported the results of a calculation of pion
production using a g-g interaction, in which the
8-wave t=0 amplitude dominates for energies
less than 400 Mev. A reasonable fit to the data
of Perkins et al."is thereby obtained.

In order to get evidence for point (b) above, we
consider the ratio z of the cross sections for the
reactions m +p-w +m++n and w +p-m +7r'+p.

I
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FIG. 1. The ratio of the t= 1 7(- ~ amplitude to the
t=O m -m amplitude, as deduced from Eq. {1), goes
through a distinct maximum near SOO Mev. We con-
sider this to be evidence for the t=1 x -x resonance
suggested by Frazer and Fulco.

~ = o(n+ -) /c(p - 0).

Note that the final pion state g -m' cannot have
t = 0, while g -z is a mixture of t = 0, 1, and 2.
It is clear from the experiments that near the
third resonance (900 Mev) the inelastic scatter-
ing is much greater in the T = 1/2 state than in
the T = 3/2 state. s~ "& '~ If now we combine first
the isotopic spins of the pions in the final state
and then couple these states of mell-defined t to
the nucleon to form a state with total isotopic
spin T = 1/2 (this eliminates t= 2), then a simple
use of Clebsch-Gordan coefficients gives the
m-m amplitudes in terms of the charge state ratio:

a~ is the amplitude for the state in which the m-z

system has isotopic spin t. Figure 1 shows the
value of the ratio (2) in the vicinity of the third
resonance as measured by a number of au-
thors. "~"~"" Equation (2) says that Ia, l de-
creases from about 1.4 (a, ~ at 800 Mev to only
—,
' Ia, I at 900 Mev, rising again to about 1.2 la, I

at a Bev. The precise ratio of la, l to la, l
de-

pends on the experimental accuracy, and also on
the T = 3/2 admixture. However, if the data of
Fig. 1 are reasonably correct, then it is easily
seen that for any sensible amount of T = 3/2 am-
plitude the same feature persists: I a, I'/I a, I'

goes through a pronounced maximum at 900
Mev."

Thus Fig. 1 seems to indicate a resonance in
the t=1 state of the z-z system at 900-Mev lab
pion kinetic energy. Since f waves in the m-m

center-of-mass system are surely negligible at
this energy, it seems that we have evidence for
the t = 1, p-wave n mreso-nance suggested by
Frazer and Fulco. 5 If the pion in the cloud is as-
sumed to be essentially at rest, this lab energy
corresponds to a total m-m center-of-mass energy
S'= 4p, , also compatible with their work. Addi-
tional experimental information on charge state
ratios would be very desirable. One might cheek
to see if the isotopic spin zero amplitude shows
a resonant behavior at 600 Mev, by methods si-
milar to those of Fig. 1.

However, the narrow widths of )a, (' makes it
extremely unlikely that the third resonance is
due only to a m-g resonance, owing to the mo-
mentum distribution of the virtual pions. " There-
fore, it is of interest that the J = 5/2, even-parity
configuration of the 2-pion —nucleon system is
just that in which both pions can interact with the
nucleon in the 3-3 state, as pointed out by
Peierls. ' Further, Kong and Ross, examining
the two-meson propagator by means of the static
theory, predict the energy of the J= 5/2, T=1/2
even state to be near a Bev. Hence the third re-
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sonance and also the sharpness of the m-z I= 1
amplitude are very likely due to the effect of the
resonant (3-3 state) interaction of both mesons
with the nucleon. If this is true, then one cannot
yet conclude that there is really a resonance in
the z-z system, but only that the reaction goes
through that channel in which the t = 1 ~-m inter-
action dominates. "

It is important to note that the "double isobar"
picture of the E» state by itself does not cause
the behavior of la, 1'/~acl' shown in Fig. 1. This
is seen by forming the T =1/2 state in three dif-
ferent ways: (a) first couple the nucleon and one
meson together to form T'=3/2; (b) first couple
the two mesons together to form a t=1 state;
(c) first couple the two mesons in a t = 0 state.
Now the square of the projection of state (b)
onto state (a), relative to the square of the pro-
jection of state (c) onto state (a), is just

3[W(~ 1 2 1; &21)]s/[W(2' 1 2 1; &20) jm = —' (3)

where 8'is the Racah coefficient. Evidently t= 0
is preferred, so far as the T= 1/2 state is con-
cerned.

Briefly, then, our picture of the high-energy
resonances is as follows (see Fig. 2). The two-
meson-plus-nucleon propagator is strongly en-
hanced by 3-3 resonance effects; for the channel
with two P-wave mesons this amplitude probably
displays a resonance (near 990 Mev). This two-
meson channel is then considered to be coupled
to the single (incident) meson channel only by the
m-w interaction, which in turn may display reso-
nances. With the over-all behavior controlled
by the w-z channel, one may understand the dif-
ference between the interactions of positive and

negative mesons with protons as outlined above.
This picture emerges in a natural way (except
for S-wave mesons) when a w-s interaction is
added to the static theory. Limitations of space
prevent our showing how this happens.

The D$3 and D33 resonances can presumably not
be explained by the 3-3 interaction alone because
it would be difficult to get a sharp peak in the
S-I' amplitude. Crudely speaking, increasing
the energy of the system would merely increase
the energy of the nonresonant 8 meson, leaving
the P-wave at the resonant (3-3) energy. We
therefore consider these resonances as due to
cooperation between the 3-3 and a p-g resonance,
of t=0 or t=1, respectively. The entrance into
this- state would also be through the p- p channel.

It was remarked earlier that the 1.3-Bev peak
seems rather too broad to be made up from one
state. Thus it is tempting to speculate that the
t = 2 p -z interaction becomes strong at this en-
ergy, since this would contribute to the T = 3/2
(w+-P) but not T =1/2 scattering. This interac-
tion could possibly excite the &33 isobar found by
Wong and Ross4 in this energy range. It should be
easy to check this experimentally; for example,
one might expect the reaction w++P -m++ z++n to
become important above a Bev, since two p+ mes-
ons have t=2.

Finally we wish to point out that the model here
proposed explains why resonances exist in the
D~ (and E~,) state but not in D» (and E,~). We
have assumed that the resonances arise from
the two-meson configurations S P(and P-P)-.
Now from the vector model, the highest J obtain-
able from a state containing two mesons of or-
bital momenta l„ l, and a nucleon of spin s = 1/2
is

J =f, +l, +1/2,max (4)

3 —3
Resonance

which gives Jm~=3/2 (5/2) for the S-P (P-P)
configuration. This excludes D&, and E».

FIG. 2. A pion production event is pictured accord-
ing to the model described in this Letter. The two-
meson intermediate state, in which one or both mesons
interact with the nucleon via the low-energy 3-3 re-
sonance, is coupled to the incident meson through the
m -m channel, which also may have resonances. (The
mesons are represented by dashed lines, the physical
nucleon by a solid line. )
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We neglected to mention the results of Boldt
et al. ' which indicated that the mass difference
(divided by 5/T, ) is more probably a number of
the order of one than larger than ten. These au-
thors emphasized that the principal outcome of
their experiment was to demonstrate the feasi-
bility of the method that they used.

There are two typographical errors: In the
third line above Eq. (1), c, should read v, . In
the paragraph below Eq. (3), K3 should read K2.
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Instead of

3 E - 1 1 J. x udu
R= expT Q

2 k8 -4 x "0 e -1-
where x =T/8, Eq. (1) should read:

3E -1 1 IxuduR
g7 = exp -— —+—

~T
2 k6I -4 g 0 e -1-Q

where x = 8/T.


