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The pion spectra observed in the inclusive double-charge-exchange reactions 4He(n+, n )4p and
H4e( n, n)4 narc strikingly different from those in heavier nuclei, exhibiting a prominent peak at high

outgoing pion energies. The shapes of these spectra, while qualitatively consistent with two sequential
single-charge-exchange processes, are not yet quantitatively understood.

PACS numbers: 25.80.Fm, 25.10.+s, 27.10.+h

Inclusive pion double charge exchange (DCX) is a
direct probe of multistep pion-nucleus processes, as con-
servation of charge requires that DCX involve at least
two nucleons. The simplest mechanism by which this re-
action can proceed consists of two sequential single
charge exchanges [e.g., n (tr+, tro)p followed by
n (tr, tr )p]. Several calculations' of DCX cross sec-
tions based on this mechanism have been performed for
'He and 4He. More exotic mechanisms, such as
double-charge-exchange scattering of the incident pion

by the pion cloud surrounding the nucleons, 34 or virtual
pion production and reabsorption, s have also been con-
sidered. However, previous experimental investigations
of DCX in He have been limited to searches for a
tetraneutron bound state, s and a few other measure-
ments at isolated energies and angles. The paucity of
systematic data has hampered comparison of theory with
experiment and prevented a decisive choice among these
models.

A systematic experimental study of inclusive DCX in

He, the lightest nucleus which can support both
(z+, tr ) and (tr, tr+) reactions, has been undertaken
over a broad range of incident energies encompassing the
6(1232) resonance. The reaction He(tr+, tr )4p was
observed at incident energies 120, 150, 180, 240, and 270
MeV. At each incident energy, the doubly differential
cross section was measured at three to five angles be-
tween 25' and 130 over the entire range of outgoing
pion energies from 10 MeV up to the kinematic limit for
the reaction in which the final state consists of the oppo-
sitely charged pion plus four free nucleons.

The experimental procedure was essentially identical
to that followed in our previous measurements of DCX
in ' 0 and Ca. ' " Pion fluxes of up to 10 s ' from
the high-energy pion channel at the Clinton P. Anderson
Meson Physics Facility (LAMPF) impinged on 326 mg
cm of liquid helium contained in a thin-walled (50-

pm Mylar) vertical target cylinder (2.5 cm in diame-
ter&8 cm high) at atmospheric pressure. Background
from the target walls was generally less than 5% except
at the lowest incident pion energy, where a background
of up to 30% was measured. Pions were detected by a
180', 60-cm-radius, double-focusing spectrometer in-

strumented with a wire chamber between its two 90' di-

poles and a focal-plane array consisting of a pair of wire

chambers, a plastic scintillation counter, and two thresh-
old Cerenkov detectors, one with a fluorocarbon (FC-88)
radiator, the other with an Aerogel (n 1.055) radiator.
In the absence of pion-induced pion production, detec-
tion of a pion with charge opposite to that of the incident
pions is a unique signature of DCX.

To obtain absolute cross sections, the beam-flux moni-

tors were calibrated for each incident beam energy and

charge by our observing pion-proton elastic scattering
from a Styrofoam (CH) target of the same configuration
as the liquid-He target and comparing the measurement
with the prediction of an accepted phase-shift represen-
tation of the tr —

p cross section. '

As a sample of the He(tr+, z )4p measurements, the
doubly differential cross section for T + 240 MeV and
8 — 25' is shown in Fig. 1(a). The errors indicated
here, and in all subsequent figures, represent the statisti-
cal uncertainty in each observation plus the energy-
dependent systematic uncertainties (symbols without
bars are larger than the uncertainties); overall systemat-
ic errors in the absolute values of the cross sections are
approximately 10%. A possible "background" contribu-
tion from pion-induced pion production has not been
subtracted, and for 240 MeV can contribute to the yield
of outgoing pions with energies below 75 MeV. This
background is estimated to be less than 12% of the total
cross section at this incident energy and much smaller at
lower energies.

For comparison, the spectrum observed in the reaction
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FIG. 1. Doubly differential cross sections for the reactions
(a) 4He(z+, x )4p and (b) '~O(s+, x )X at incident energy
240 MeV and laboratory angle 25'. The dashed and dot-
dashed curves in (a) correspond to the distribution of events in
five-body and three-body phase space, respectively, while the
solid curves in (a) and (b) correspond to four-body phase space
(see Ref. 13). The arrow in (a) indicates the maximum pion
energy allowed in pion-induced pion production.

' O(x+,z )X at the same energy and angle" is shown
in Fig. 1(b). The two spectra are seen to have strikingly
different shapes; the He spectrum contains a prominent
peak at T, =130 MeV—which is absent in the 'sO spec-
trum. Figure 2 displays the angular variation of the out-
going pion spectrum at 240-MeV incident energy, while
the dependence on incident energy of the 25' spectrum is
shown in Fig. 3. The 150-MeV spectrum at 25' contains
the first hint of the high-energy feature; it is clear at 180
MeV and is most evident at 240 MeV. At 270 MeV, the
low-energy strength is much larger relative to the high-

energy peak. Some of this effect could result from pion-
induced pion production which yields pions of up to
105-MeV kinetic energy at this angle. As seen in Fig. 2,
the energy of the high-energy peak is approximately half
the incident energy at 25' and decreases with increasing
pion angle. However, the variation of the centroid of the
peak with respect to angle and incident energy was found
not to correspond to that of a resonance ~ith constant in-
variant mass.

The energy spectra measured in the reaction He(x
z+)4n at 180 and 240 MeV are very similar at all angles
to those measured in the reaction He(x, n )4p. As an
example, the x —spectra at 240 MeV and 50 are com-
pared in Fig. 4.

A peak at high outgoing pion energy has been ob-
served' ' at forward angles in the doubly differential
cross section for inclusive DCX in 3He. A similar peak
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FIG. 2. Doubly differential cross sections for the reaction
"He(z+, z )4p for incident energy 240 MeV, at laboratory an-
gles 25', 50', 80', 105', and 130'.
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FIG. 3. Doubly differential cross sections for the reaction
He(x+, x )4p, at laboratory angle 25', for incident pion en-

ergies of 120, 150, 180, 240, and 270 MeV.
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FIG. 4. Doubly differential cross sections for the reactions
He(n+, x )4p (solid circles) and ~He(x, n+)4n (open cir-

cles) at incident energy 240 MeV and laboratory angle 50'.

in 4He was not previously seen, 9' presumably because
of the limited range of the observations and the statisti-
cal accuracy of the data. A calculation's for 3He

demonstrated that final-state interactions among the
recoiling (low-energy) nucleons could account for the
enhanced high-energy cross section.

In an attempt to explain the Bactrian character of the
4He spectra, one might first examine the distributions of
events in phase space for some possible final states. '3 In
Fig. 1(a), the distributions for the reactions m++ He

x +p+p+p+p (dashed curve), x++ "He
+(2p)+p+p (solid curve), and x++ "He x +(3p)
+p (dot-dashed curve) are compared with the measured
spectrum. The three-body and four-body distributions
indicate the effect upon the phase space if two- or three-
nucleon "clusters" are formed in the DCX process. It is
clear that none of these distributions even approximately
represents the data. This is in contrast to the ' O case:
In Fig. 1(b) the distribution for the reaction x+
+'sO n +' 0+p+p is compared with the data.
The strong resemblance between the four-body phase-
space distribution and the observed energy spectra per-
sists throughout a broad range of incident pion energies
and outgoing-pion angles, " although the shapes do not
always match as well as in this illustration.

Since simple phase-space arguments alone cannot ex-
plain the shape of the measured spectra for He, one

may next ask whether there is an alternative simple
dynamical explanation. As a consequence of the dom-
inantly p-wave x-5 interaction at the energies of this ex-
periment, each scattering in the sequential single-
charge-exchange (SCX) model of DCX will have a cross
section proportional to 1+3 cos 8. For DCX pions
emerging at forward angles, this angular distribution will

favor either two small-angle scatterings, resulting in

small pion energy loss, or two large-angle scatterings, re-

suiting in large energy loss, thus producing the doubly
peaked energy spectra that are observed.

Two semiclassical models have incorporated this idea.
Thies has convoluted two quasielastic-scattering cross
sections, with the nucleons in He described by Gaussian
wave functions, and obtains doubly peaked spectra with
kinematic trends similar to those of the present data.
However, neither the shapes nor the relative heights of
the peaks match those observed. Wood" has performed
calculations for DCX in '60, assuming a Fermi distribu-
tion for the nucleon momenta. A two-step SCX calcula-
tion, similar in spirit to that of Thies, also yields a dou-

bly peaked spectrum at forward angles; the high-energy
peak is accentuated if Pauli blocking is ignored. In an
intranuclear cascade calculation, which allows competing
processes such as noncharge-exchange scattering and ab-
sorption to occur, the high-energy peak is strongly
suppressed; the outgoing pion yield is found mainly at
low energies, in rough qualitative agreement with the
'sO data. This suggests that sequential SCX may be the
principal mechanism operating in inclusive DCX; its sig-
nature is seen clearly in 4He but is masked by higher-
order multiple scattering and absorption in 'sO.

The two most recent microscopic calculations23 of the
intermediate-energy DCX process find markedly dif-
ferent results. In Ref. 2, the authors have examined a
sequential SCX model for the reaction in He using
several different forms for the ground-state wave func-
tion, as well as taking the proper antisymmetrization of
the final state into account, but including only a crude
estimate of the final-state interactions. The results are
generally much smaller in magnitude than any of the re-
ported He data, with the exception of the measurement
of Kaufman et al. , which now appears to be low by a
factor of 102 (see Ref. 7).

In the calculations of Ref. 3, the momentum wave
functions of the nucleons are expanded in a basis of hy-
perspherical functions and the initial and final states are
derived from NN potentials, thereby guaranteeing or-
thogonality as well as accounting for final-state interac-
tions in a more nearly complete fashion than in the cal-
culation of Ref. 2. These authors3 also consider a
sequential SCX reaction model, and in addition treat the
pion-pion (cloud) scattering mechanism. This calcula-
tion3 obtains fair agreement with the doubly differential
cross sections measured at forward angles for DCX in

He at 140 MeV (Ref. 14) and He at 295 MeV (Ref.
7). The inclusion of final-state interactions appears to
be crucial to the explanation of the data and some sensi-
tivity to the choice of WN potential is found. A compar-
ison of the predictions of the calculations of both Refs. 2
and 3 with the present data ~ould be most interesting.

In summary, we have shown here samples of an exten-
sive collection of measurements of cross sections for in-

clusive DCX in He for incident pion energies between
120 and 270 MeV, and have offered a qualitative ex-
planation for the surprising spectra observed. Quantita-
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tive understanding of these cross sections must await fur-

ther theoretical work.
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