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Pion-Induced Pion Production on the Deuteron
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Doubly differential cross sections were measured for pion production in the reaction
m d m+n nn at 256 and 331 MeV and in ~+d m m+ppat 256 MeV. At each incident

energy observations were made at 35 to 40 points distributed uniformly over the center-of-
momentum phase space of the produced pion. Comparison of these measurements with the

cross sections for ~ p ~+~ n suggests that they are consistent with the dominance of
quasifree production on a single nucleon. Upper limits for production of bound ~ nn and
m+ pp systems were measured.

PACS numbers: 25.80.Ls, 25.10.+s

Pion-induced pion production (7r, 2m) has been
studied systematically on the proton, ' but there is
virtually no information about this process in nu-
clei. The interest in this reaction in heavier systems
lies with the possible existence of mechanisms in
which more than one nucleon is actively involved.
The simplest of these systems is the deuteron. The
reactions

m d m+m nn and m+1 m m+pp

can be studied and compared with m p m+ m n

to search for two-nucleon mechanisms.
One two-nucleon mechanism for (n, 2m ) was

proposed by Brown etal. who predicted the ex-
istence of a strong AN AA transition in systems
of two or more nucleons on the basis of the SU(4)
quark model. Subsequent decay of the two 5's con-
tributes to the (m, 2m) reaction. The deuteron, as
the simplest system in which a AA state may occur,
is an interesting case to study. However, a AA sys-
tem formed in m + d reactions must be in a T= 1

state, whereas the T= 2 configuration is preferred
by a factor of 3 for the AN AA transition.

The ~ nn or the ~+pp component of the final
state has T= 2. If the NN system is formed at low
momentum it is likely to be in a 'Sp state with
T= 1. The pion may then be attracted to it through
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the P33 interaction to form a state that may be con-
sidered an off-shell AN. In heavier nuclei these
T= 2 hN states can be doorways to the formation
of T = 2 AA states. Since a T= 2 AN state cannot
decay by either the strong or the electromagnetic
interaction it may appear in the reactions studied
here as a narrow resonance or even as a bound
state. If it existed, an unbound resonance would
appear as an enhancement of the production cross
section while a bound state would appear as a peak
at an energy beyond the upper edge of the phase
space allowed for production. Garcilazo3 has re-
cently shown that calculations predict the existence
of a bound state with certain parametrizations of the
mN and NN interactions. However, the uncertain-
ties in our knowledge of these parametrizations
and, in particular, of the mN effective range leave
ample room to doubt its existence. Observation of
this state and measurement of the cross section (or
even an upper limit on the cross section) for its for-
mation is therefore of interest.

We report on an experimental study of the reac-
tions m ~d vr -+m +NN that was performed at the
high-energy pion channel of the Clinton P. Ander-
son Meson Physics Facility (LAMPF). The doubly
differential cross section d2o./dQ dT for the pro-
duction of pions with charge opposite to that of the
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incident beam was measured at uniformly distribut-
ed locations in T-cos8 phase space, where T and 0
are the kinetic energy and angle of the outgoing
pion in the center-of-mass system of the incident
pion and deuteron. Since double charge exchange
is impossible on the deuteron, this method unam-
biguously identifies pion production. Measure-
ments were made with m+ and m beams at an in-
cident kinetic energy of 256 MeV and with a m

beam at 331 MeV. The momentum spread of the
beams was hp/p = 4% and their intensities were ap-
proximately 2 x 10s 7r /s and 109 7r+/s.

The outgoing particles were detected by a 180'
double-focusing magnetic spectrometer' with a
solid angle of 15 msr and momentum acceptance of
+4.8'/0. The detector system consisted of a mul-

tiwire proportional chamber between the two dipole
magnets of the spectrometer, a pair of multiwire
proportional chambers immediately behind the fo-
cal plane, a 1.6-mm-thick plastic scintillation detec-
tor, a fluorocarbon (FC-88) threshold Cerenkov
counter, and lastly, an Aerogel (n = 1.055)
Cerenkov counter. A quadrupole coincidence
among signals from the three wire-chamber delay
lines and the scintillator triggered the recording of
an event. The last two wire chambers established
the trajectory of a particle as it crossed the focal
plane. For events which corresponded to an allow-
able trajectory, pulse heights from the scintillator
and Cerenkov detectors and the time of flight
through the second bending magnetic discriminated
against electrons or, when set for positive charge,
positrons, protons, and other light nuclei. Correc-
tions for pions decaying in the relatively short 3.5-
m flight path and for muons that were recorded as
good events were calculated with the Monte Carlo
simulaton DECAY TURTLE. A cylindrical target
flask 2.5 cm in diameter, which was concentrically
mounted on the axis of rotation of the spectrome-
ter, contained either liquid deuterium (99.83'/0 deu-
terium) or liquid hydrogen. Background from the
50-p, m Mylar walls was observed with the flask
empty. The incident pion flux was measured with
an ionization chamber upstream as well as with a
scattering monitor downstream from the spectrom-
eter.

The measured pion-production cross sections
were normalized to mp elastic scattering. At each
incident energy, relative mp elastic cross sections
were measured at several angles and the angular
distribution was normalized to fit the "known cross
sections" with a scale factor that calibrated the sys-
tem as a whole. Below 300 MeV, known cross sec-
tions were derived from the phase-shift analysis of

Carter, Bugg, and Carter using the routine SCATPI.
Above this energy, they were interpolated directly
from the measurements. The interpolation pro-
cedure is described in detail in Ref. 5 and is the
same procedure used to normalize the vr p
m+m n cross sections of Ref. 1.

Figure 1 shows the doubly differential cross sec-
tions for the reaction m d m+m nn at 256 and
331 MeV. At 256 MeV the measured cross sections
for the reaction m+2 m m+ppare equal to those
for the reaction m d m+ m nn within the experi-
mental uncertainties. The errors shown in the fig-
ure represent the combination of statistical uncer-
tainty and those systematic uncertainties that
depend on the outgoing momentum. Overall nor-
malization is uncertain by a further 4'/0.

These data are compared with two simple models
of the reaction. The solid curves in Fig. 1 represent
the distribution of events in four-body phase space,
normalized so that the integral of the distribution
over energy and angle will equal the integrated reac-
tion cross section determined from the data. The
dashed curves are the predictions of a calculation, '
in plane-wave Born approximation, of quasifree
pion production on one nucleon using phenomen-
logical on-shell amplitudes deduced from the
m p~ m+m. n data ' in the energy range from
203 to 450 MeV. Once the production amplitude is
chosen, the quasifree calculation involves no other
free parameters. It is in surprisingly good agree-
ment with the general features of the data, although
some discrepancies do exist. At 256 MeV the
quasifree calculation reproduces the shape of the
spectra very well, but the absolute value of the
cross section is 20% below the measured result.
The dotted curve in Fig. 1 is the quasifree calcula-
tion normalized by the ratio of the measured and
calculated integrated cross sections. At 331 MeV
both the shape and the integrated reaction cross
section obtained from the quasifree calculation
agree with the measurement within the experimen-
tal uncertainty.

The measured doubly differential cross sections
were integrated over the energy and angle of the
produced pion to determine an integrated reaction
cross section. To estimate the contribution from
the unobserved kinematic range we assumed the
form of the cross section given by the plane-wave
Born approximation and assigned a 25% uncertainty
to the contribution from the extrapolated region.
The integrated reaction cross sections for

d sr+a nn are 160+10 p, b at 256 MeV and
1000+100 JM, b at 331 MeV. The corresponding
cross sections for vr p m+~ n are 166+6 p, b
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FIG. 1. Doubly differential cross section for the reaction m d m+m nn at 256 and 331 MeV. T and 8 are the out-
going m kinetic energy and angle in the center-of-mass system. The arrows mark the energy corresponding to the
two-body rr(rrNN) production with zero binding energy for the 7rNN system. The solid curves represent four-body
phase space normalized to the data. The dashed and dotted lines are quasifree calculations in plane-wave Born approxi-
mation (see text).

and 1160+50 p, b at 256 and 331 MeV, respectively. At this level of accuracy there is no discernible differ-
ence between the integrated reaction cross sections for pion-induced pion prwiuction. on the deuteron and
the proton. This, coupled with the similarity between observation and the cross sections predicted
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TABLE I. Upper limits for formation of bound m- nn

and m+pp systems in the reactions d(rr, m+)7r nnand
d(m+, rr )vr+pp. Over narrower angular ranges these
upper limits are two to three times smaller.

Binding energy Angular Upper
T„Reaction range range (0) limit

(MeV) (system) (MeV) (deg) (nb/sr)

256 d(m+ n )
(rr+ pp)

256 d(m, m+)
(m nn)

331 d(n, n+)
(m nn)

331 d(m, n+)
(m nn)

0-6

0-6

0—10

0-20

40'-105' 200

40'-105' 300

50'-140' 500

99'-101' 500

by the simple quasifree calculation, indicates that
two-nucleon effects contribute little to pion produc-
tion on the deuteron. It will be interesting to com-
pare this result with observation of the same reac-
tion in heavier nuclei ~here two-nucleon effects
should be more prevalent.

In Fig. 1 the arrows mark the energy correspond-
ing to two-body m(OWN) production with zero
binding energy for the mNN system. The low cross
sections measured at the high-energy edge of the
four-body phase space show no evidence for the
production of a weakly bound mNN system. We
can set upper limits on the cross section for forma-
tion of bound m nn and n. +pp systems in the two
reactions, with the results presented in Table I.
These upper limits were determined predominantly
by the statistics of the measurements and the ener-

gy resolution of the system. The energy resolution,
defined mainly by the beam, was about 12, 10, and
8.5 MeV for the 331-MeV vr, 256-MeV m, and
256-MeV m+ measurements, respectively.

In summary, we have measured pion-induced
pion production on the deuteron and compared it
with pion production on the proton. The total cross
sections for vr d ~+a nn and m p m+m n

are found to be equal at both 256 and 331 MeV.
The doubly differential cross sections for m+d

n m+pp and m d m vr+nn are found to be
equal at 256 MeV. A plane-wave Born-approx-
imation calculation fits the shape of the measured
doubly differential cross section throughout the ob-
served angular range at both 256 and 331 MeV. Its
normalization is 20'lo low at 256 MeV, but correct at
331 MeV. At both energies the shape of the four-
body phase space resembles the data at backward
angles, but falls below the high-energy part of the

cross section at forward angles. The dominant pro-
cess seen in these data appears to be quasifree pro-
duction on a singIc nucleon. This result invites ex-
planation by a detailed microscopic theory that
treats both the reaction mechanism and final-state
interactions, and experiments to search for two-
nucleon mechanisms in pion production on heavier
nuclei.
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~&The data base from which the phenomenological am-
plitude is derived includes the results of Refs. 1 and 5 in
the energy range from 203 to 358 MeV as well as a new
measurement we have performed at 450 MeV. The addi-
tion of these high-energy data improved the agreement
between the quasifree calculation and the measurement
at 331 MeV as can be seen by comparing the curve in
Fig. 1 with the previous calculation in Ref. 10.
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