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Total reaction cross sections for inclusive pion double charge exchange have been obtained at incident
pion energies of 180 and 240 MeV for He, ' Li, Be, ' C, ' 0, "Ca, ' Rh, and Pb. An explanation
of the dependence of these cross sections upon the mass and charge of the target nucleus and the charge
of the incident pion is suggested in terms of a phenomenological model in which successive single-
charge-exchange processes compete with more probable processes such as quasifree scattering.

PACS numbers: 25.80.Ls

The strength of the elementary pion-nucleon interac-
tion suggests, and analysis of pion-nucleus reactions
confirms, that multiple scattering plays an important, if
often indirect, role in all pion-nucleus reactions. ' In-
clusive pion double charge exchange (DCX) is of special
interest because charge conservation alone demands that
at least two nucleons explicitly participate in the reac-
tion. Thus DCX provides a way to study directly multi-
ple scattering in pion-nucleus reactions. At present,
there is no adequate microscopic theoretical description
of the multiple scattering of strongly interacting particles
in nuclei. To promote and guide the construction of such
a theory, it is useful to establish the systematics of
DCX. '

An extensive set of measurements of the doubly
differential cross sections for the inclusive DCX reac-
tions (tt, tr ) and (tt+, tr ) in nine nuclei ranging in

mass from A =4 to 208 has been performed with in-
cident pion energies between 120 and 270 MeV. An-
gular distributions and total reaction cross sections have
been derived from these data. In this paper we discuss
the dependence of the total cross sections on the charge
and mass of the target nucleus.

The doubly diA'erential cross section a(T, B) was mea-
sured for each target and incident beam at several an-
gles, 0, with complete coverage of the outgoing pion en-

ergy spectrum from T=10 MeV up to the kinematic
limit for inclusive DCX. The measurements were per-
formed using the high-energy pion channel at the Clin-
ton P. Anderson Meson Physics Facility (LAMPF).
Pions were detected by a 180 double-focusing spectrom-
eter with a 3.5-m flight path from target to detectors.
The spectrometer was instrumented with a wire chamber
between its two 90 dipoles, and a focal-plane array con-
sisting of a pair of wire chambers, a plastic scintillation

counter, and two threshold Cerenkov counters. The ex-
perimental method is described in more detail in Ref. 5.
Absolute cross sections were obtained by normalization
with respect to z-p elastic scattering for each energy and
charge of incident pion. The doubly diA'erential cross
sections o(T,B) were integrated over outgoing pion ener-

gy at each angle to yield singly differential cross sections
cr(B). These were fitted by sums of Legendre polynomi-
als. Total reaction cross sections were obtained by in-

tegrating the fitted functions over angle.
In the simplest picture, double charge exchange

proceeds as two successive quasifree single-charge-
exchange (SCX) reactions. In the (tt+, tt ) process, the
SCX reactions take place only on the neutrons, whereas
in the (tr, tt+) process, they take place only on the pro-
tons. Thus the probability of the first SCX reaction
would be proportional to either N or Z, depending on the
charge of the incoming pion, and the probability of the
second interaction would be proportional to N 1 or—
Z —1. Therefore we might expect the cross section for
DCX to be proportional to Q(Q —1), where Q is the
number of nucleons of the appropriate type.

Figure 1 presents the variation of the reaction cross
sections with A for the (tr+, tr ) reaction at 180 and 240
MeV. The monotonic rise of the cross sections according
to a power law in A is not unexpected. Only the cross
sections for Li and Be, which have "extra" neutrons,
deviate significantly, lying about a factor of 2 above the
general trend. The surprising result is in Fig. 2. The
cross sections for the (tt, tt+) reaction rise approxi-
mately parallel to those for the (tt+, tt ) reaction up to
about A =40, where they become constant and remain so
up to 4=208, despite the fact that Pb has over 4 times
as many protons as Ca.

A possible explanation of the observed "saturation" of
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FIG. 1. Total inclusive cross sections for the A(z+, z ) re-
action at 180 MeV (solid squares) and 240 MeV (solid circles)
as functions of A.

FIG. 2. Total inclusive cross sections for the A(z, x+) re-
action at 180 MeV (open squares) and 240 MeV (open circles)
as functions of A.

the (z, rr+ ) cross section is that the DCX process is in-
hibited by competing reactions that occur on the large
number of excess neutrons found in heavy nuclei. At h.-

resonance energy, negative pions interact more strongly
with neutrons than with protons, but it is the protons on
which (x,m+) reactions take place. Moreover, there is
theoretical reason to believe that in heavy nuclei a frac-
tion of the neutron distribution lies outside the proton
distribution, further enhancing this effect. It is an in-
teresting accident of nature that the resolution of this
competition results in a cross section with zero slope for
A & 40. Naturally, neutrons and protons exchange roles
for positive incoming pions, but since there are no heavy
proton-rich nuclei, the (x+,x ) cross section does not
"saturate" at some value of A. A classical calculation
based upon this picture of successive SCX reactions
competing with other processes predicts trends with in-
creasing A similar to those observed, but the results are
not in quantitative agreement with the data shown in

Figs. 1 and 2.
We present a heuristic scaling rule to test these ideas.

It is based on the simplification that reactions with one
species of nucleon inhibit the first quasifree SCX reac-
tion that must occur on the other species to result in dou-
ble charge exchange. Thus a negative pion, for example,
running the gauntlet of competing reactions, would have
a probability of Z/N of completing the first SCX. The
intermediate neutral pion thus formed, which according
to isospin invariance interacts equally well with neutrons
and protons, would have probability of (Z —1)/(A —1)
of completing the second SCX, leading to a positive pion

in the final state. The overall probability that a negative
pion will produce a DCX reaction would therefore be
proportional to the product Z(Z —1)/N(A —1). The
projected area of a nucleus varies as A . Therefore the
total reaction cross section for DCX should depend on
the population of nucleons in a nucleus as

~ ~ A "'Q(Q —1)/(A —Q) (A —1),
where A —

Q represents the number of "spectator" nu-
cleons on which competing reactions occur. We have
tested this formula by multiplying the total reaction
cross sections by (A —1)/A ~ Q(Q —1) and plotting this
quantity against A —Q. When fitted to the cross sections
for nuclei with A ~ 6, the resulting power law is found to
have the dependence (A —Q) ' —,at each incident
energy. Figure 3 displays the results for both the (rr+,

) and (rr, rr+) reactions at 180 and 240 MeV. In
these graphs, cross sections for both charges of incident
pion occur at the same values of A —

Q for N=Z nuclei
but at different values of A —

Q for N )Z nuclei. With
the notable exception of He, all of the cross sections at
a particular energy, including those for Li and Be, are
adequately described by this parametrization. This sim-
ple rule succeeds in reconciling the behavior of the quite
different cross sections for the (rr+, x ) and (rr, rr+)
reactions. The deviation of the He data remains unex-
plained, resulting perhaps from the failure of simple sta-
tistical concepts in this small nucleus.

We are far from quantitative understanding of the re-
action mechanisms at work in inclusive DCX, but the
success of this simple picture suggests that sequential
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single charge exchange operating in competition with
more probable processes such as quasifree scattering is a
useful idea with which to begin.

FIG. 3. Total inclusive cross sections at 240 MeV (upper
points and line, right-hand scale) and 180 MeV (lower points
and line, left-hand scale), multiplied by (A —I)/A i'Q(Q —1),
plotted against A —Q, where Q=N for (z+, rr ) and Q=Z for
(x,rr+). The ratios for nuclei with A ~ 6 are fitted by a
power law whose dependence is found to be (A —Q) '04 —003,

close to the predicted value of —1, with g =1.5 per degree of
freedom at each incident energy.
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