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Pion-induced pion production in nuclei
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The process of pion-induced pion production in nuclei has been studied with theA(p1,p1p2) and
A(p1,p1p2p) reactions for four nuclei2H, 12C, 40Ca, and208Pb at an incident pion energy ofTp15283
MeV. The p1p2 and p1p2p particles in the final state were detected in coincidence with the CHAOS
spectrometer at TRIUMF. By looking at kinematic quantities such as missing momentum and missing energy,
we have been able to draw some model-independent conclusions about the dynamics of thep→pp process in
nuclei, which do not vary significantly with target mass. We find that the incident pion interacts mainly with
one surface nucleon via the leadingpN→ppN channel. The pion pair releases no appreciable energy to the
residual nucleus, which remains substantially bound throughout the reaction. These findings underline the
quasifree nature of the pion production reaction in nuclei.@S0556-2813~97!00605-5#

PACS number~s!: 25.80.Hp, 13.75.Gx
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I. INTRODUCTION

In the field of pion physics at intermediate energy, t
experimental investigation of the pion production process
nuclei has received poor attention. Before the advent of
meson factories~LAMPF, SIN/PSI, and TRIUMF!, there are
only a few reported results from measurements on em
sions, dealing mainly with total cross sections@1#. These data
have a poor statistical significance and the premeson fac
database was able to give only a marginal idea of the dyn
ics of the pion production process in nuclei. The better qu
ity and the more intense fluxes of pion beams delivered
the meson factories have slightly improved t
pA→ppA8 database: there are four data points on theA
dependence, and one datum on theT dependence@2# of the
total cross sections, and a few articles which address
peculiar aspects of the di-pion dynamics in nuclear ma
@3–5#.

The most recent work@6# examined theA dependence o
p1p1 andp1p2 invariant mass spectra, measured in t
A(p1,p1p6) reaction atTp15282.7 MeV. It was found
that the shapes of the mostlyJ50, I52 p1p1 spectra did
not vary significantly withA, while the mostly J5I50
p1p2 spectra showed an enhancement near the 2mp thresh-
old, which increased dramatically with increasingA. This
behavior can be attributed to nuclear-medium modificati
of meson properties. Such studies provide a useful tool
understanding meson dynamics in a nuclear many-body
vironment and, consequently, the relevant degrees of f
550556-2813/97/55~6!/2998~8!/$10.00
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dom which should be used to describe it@7#.
A nuclear medium is characterized simply by its dens

r. For r<rn50.16 fm23 ~the nuclear saturation density!,
the meson mass distribution is predicted@8# to be modified
by the density of the nuclear environment forpp pairs in-
teracting in theJ5I50 channel, and such a modification o
the mass distribution can be observed experimentally sinc
occurs atr,rn , i.e., in conventional nuclei. A similar modi
fication of the mass distribution is predicted in theJ5I51
channel, but only at the experimentally inaccessible den
of r'1.5rn .

In this article, we extend the analysis presented in Ref.@6#
for theA(p1,p1p2) reaction, and report on new results o
the semiexclusiveA(p1,p1p2p) reaction. The experimen
was performed at TRIUMF by using the CHAOS spectro
eter @9#. This facility is particularly suited to detect even
with many charged particles in the final state, and this p
formance was fully exploited in the present measureme
The targets studied were2H, 12C, 40Ca, and 208Pb, at an
incident pion energy ofTp15282.7 MeV.

The pion production data have been analyzed and redu
to common kinematical quantities: missing momentu
missing energy, and proton kinetic energy. The distributio
of these quantities do not require, by their nature, a dir
comparison with the predictions of models to understand
underlying physics. Thus, conclusions eventually drawn
model independent. The specific dynamical features of th
pion production process addressed in this article are~1! How
many nucleons are involved in the initial pion productio
2998 © 1997 The American Physical Society
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55 2999PION-INDUCED PION PRODUCTION IN NUCLEI
reaction?~2! Where does the interacting nucleon lie in t
nucleus?~3! Is the pion-pair propagation strongly influence
by the presence of the nuclear environment?~4! How does
the production process depend on the~average! density of
the nuclear environment?

II. EXPERIMENT

The experiment was performed at the CHAOS spectro
eter facility of TRIUMF by using the medium energy pio
beam M11. The incident pion beam had a central momen
of 398.5 MeV/c and a momentum width of 1.2% (s). The
intensity was 4 – 53106p1/s at the target spot. Thes
working conditions were kept constant throughout the da
taking phase of the experiment.

A. CHAOS spectrometer

The CHAOS magnetic spectrometer@10# consists of a di-
pole magnet, four concentric cylindrical wire chambers, a
a system of 20 counter telescopes that surround the ma
poles. Targets, either cryogenic or solid, are accommod
at the central vertical axis of the magnet.

A typical p i
1A→p1p2p@A21# event is displayed in

Fig. 1. The proportional wire chambers WC1 and WC
record the passage of the incident pion~labeledp i

1 in Fig.
1!. These chambers, along with the drift chambers WC3@11#
and WC4, are also used to reconstruct the trajectories
particles emerging from the target. WC3 and WC4 are de

FIG. 1. Top view of CHAOS and a typica
p i

1A→p1p2p@A21# event. p i
1 indicates the incoming beam

pion that has induced the reaction. The four circles correspon
the cylindrical wire chambers~WC!, the outermost being a drif
chamber~WC4!. WC4 is surrounded by 20 CFT’s, the CHAOS fa
trigger telescopes. In order to free the pion beam path, two of th
are removed from CHAOS. CFT’s are also used for particle m
identification. The telescopes which have recorded an event
marked with crosses. The boxes behind them have a height pro
tional to the response functions in the three telescope layers.
square external frame represents the inside dimensions of the
net dipole; units are in mm.
-

m

-

d
net
ed

of
d-

ened in the regions traversed by the pion beam, becaus
the intense pion flux used. The spatial resolution of the w
chambers, with the magnetic field set at 0.5 T, resulted i
typical momentum resolution of 2% (s).

Particles are mass identified by using the CHAOS f
trigger telescopes~CFT! @12#. Each CFT telescope~illus-
trated in Fig. 2! consists of three layers: the first two layer
DE1 andDE2, are NE110 plastic scintillator counters us
as differential energy counters, the third layer is a SF5 le
glass counter ('5x0 thick! used as a Cerenkov counte
Twenty adjacent telescopes cover 360° in the reaction pla
however, the two CFT telescopes which intercept the p
beam are removed from CHAOS during the actual exp
ment.

The coincidence between an incident pion signal (Sp
i
1)

and at least two signals from distinct CFT’s defines the fi
level trigger~FLT!. That is, a FLT signal is generated eve
time theSp

i
13) i51

2 (DE13DE2)i logic condition is satis-

fied. The FLT signal enables the electronics of the sec
level trigger~SLT! @13# which is designed to use informatio
from the three innermost chambers to reconstruct part
tracks, i.e., to calculate particle momentum, polarity, and d
tance of closest approach to the target center. This track
formation is then used to accept or reject an event. The
cision is made in a very short time, typically in fewms,
depending on the number of detected tracks. In the pre
experiment, the SLT was required to have either two tra
of opposite polarity, or three tracks emanating from within
fixed distance of the target center. These requirements d
tically reduced the number of events passed to the data
quisition system, and eventually recorded on tape for off-l
analysis. Typically, for an incoming beam rate of abo
43106p1/s, the number of events passing the FLT and S
was 4000/s and 60/s, respectively. Finally, out of these
50 events/s were recorded on tape, for a dead time of a
15%.

to

m
s
re
or-
he
ag-

FIG. 2. ACAD representation of a CHAOS fast trigger~CFT!
telescope.DE1 andDE2 are NE110 plastic scintillators 3 mm an
12 mm thick, respectively. The 20 adjacentDE1 counters define
the geometric solid angle of CHAOS, which is 1.5 sr.DE1 is a
cylindrical segment of radius 710 mm, 178 mm high.DE2 consists

of two distinct rectangular counters 180 mm high.C̆ is a SF5 lead-
glass block coupled to three photomultipliers through plexigl
light guides. It is used as a Cerenkov counter.
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3000 55F. BONUTTI et al.
B. Targets

The targets used in this experiment were2H, 12C, 40Ca,
and 208Pb. The 2H target consisted of a cylinder, 5 cm i
diameter by 5 cm in height, containing liquid deuterium. T
remaining ones were solid targets of thicknesses 0.
g/cm2 for 12C, 0.180 g/cm2 for 40Ca, and 0.604 g/cm2 for
208Pb.

C. Particle mass identification

In the pion production reaction, a particle track was ch
acterized by two quantities: the particle vector moment
and the particle response functions in the CFT layers.
these quantities were used to identify it. Figure 3 show
diffusion plot of the response functions inDE1 of e,p, p,
andd versus their momentum. In order to enhance the p
ticle mass selectivity, theDE1 response function was filtere
with the particle response functions in the other two C
layers and with the particle polarity. Use of this approach
the present experiment resulted in a particle (e,p, p, and
d) mass identification efficiency of 98%@12#.

During data reduction some soft kinematical cuts w
applied to particle momenta~energies! and angles. Events
were rejected when a particle, identified either as a pion o
a proton, had a momentum which exceeded the values
lowed by theA(p1,p1p2p)@A21# reaction phase space
In addition, events were rejected forp1p2 opening angles
below 2°; in this case,e1e2 pairs may emulatep1p2 pairs.
The e1e2 pairs come fromp0 decays, and subsequentg
conversion in the target region. The above limitations hav
negligible effect on the phase-space volume of the pion p
duction reaction, while improving the degree of accuracy
particle mass discrimination to nearly 100%. The parti
momentum~energy! and angle limits are listed in Table I.

FIG. 3. Diffusion plot of theDE1 response function versus th
particle momentum. The particle mass separation has been
hanced by placing constraints on the particle polarity and the
ticle response functions in the other two elements of a CFT.
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III. ANALYSIS

A. Description of the kinematical variables

The measured pion and proton vector momenta w
combined and reduced to common kinematical variab
with only energy and momentum conservation. These v
ables are discussed in detail below.

Recoil momentum. This is the momentum of the residua
nucleus in theA(p1,p1p2p) @A21# reaction. In the exit
channel, the@A21# nucleon system is undetected, thus, t
calculated recoil momentum simply refers to an@A21#
nucleon system, whether it is bound or unbound.

Missing energy. For theA(p1,p1p2p)@A21# reaction,
the missing energy is defined by the equation

EM5EA21* 1TA21

5@MA2MA212mp2mp#2@Tp1
f

1Tp2
f

1Tp2Tp1
i

#,

~1!

whereMA , MA21 , mp , andmp are the masses of the targ
nucleus, residual nucleus, pion, and proton, respectively.
quantitiesTp1

i , Tp1
f , Tp2

f , TA21, andTp are the kinetic en-
ergies of the incident pion, the two final pions, the resid
nucleus, and the proton, respectively.EA21* accounts for the
energy necessary to remove a nucleon from a single orb
and to excite the residual nucleus. The nucleus@A21# can
de-excite either by emittingg rays, @A21#*→@A21#1g,
or a nucleon,@A21#*→@A22#1N, when the excitation
energy exceeds theN binding energy. In this case
MA21,MA221MN , andEM calculated with Eq.~1! over-
estimates the result. These energies are folded into the m
sured missing energy distributions because of the mode
resolution of the experimental apparatus. Thus, theEM dis-
tributions are expected to appear as broad peaks. S
TA21.0 MeV, Eq. ~1! simplifies to

EM.EA21* . ~2!

This approximation derives from the low magnitude of t
@A21# recoil momentum, which does not exceed 4
MeV/c for the examined nuclei, as will be seen in Fig. 4.

Proton energy. This quantity is determined by the proto
momentum which, for theA(p1,p1p2p)@A21# reaction

n-
r-

TABLE I. Soft limitations on kinematical quantities for pion
and protons. Events, after being mass identified, are accepted if
fall within the ranges specified in the table. The notations pp6,
Tp11Tp21Tp , andup2p1 indicate the pion momenta, the partic
energy sum, and the pion pair opening angle, respectively. Pro
are rejected if their momenta are below the CHAOS thresho
which is 187 MeV/c. The CHAOS threshold for pions is 55
MeV/c. Tthr is the CHAOS threshold for either pions or protons.

pp6 Tp11Tp21Tp up2p1

~MeV/c) ~MeV! ~deg!

2H 55 – 205 Tthr – 140 2 – 178
12C 55 – 195 Tthr – 140 2 – 178
40Ca 55 – 195 Tthr – 145 2 – 178
208Pb 55 – 200 Tthr – 145 2 – 178
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55 3001PION-INDUCED PION PRODUCTION IN NUCLEI
channel, is directly measured by CHAOS. The proton ene
can be also derived by measuring the kinetic energies of
two final pions in theA(p1,p1p2)p@A21# reaction chan-
nel. If the @A21# nucleon system is assumed to stay bou
then the proton energy becomes

Tp5@MA2MA212mp2mp#2@EA21* 1TA21#

2@Tp1
f

1Tp2
f

2Tp1
i

#. ~3!

FIG. 4. Recoil momentum distributions for th
A(p1,p1p2p)@A21# reaction~full squares!. The solid lines are
taken from the2H(e,e8p)n data of Ref.@14#, and the DWIA cal-
culation of Ref.@15# for the 1s1/2 and 1p3/2 proton knock out in the
12C(e,e8p) reaction.
y
e

,

In the data reductionTA21 was taken equal to 0 MeV an
EA21* was replaced by its mean value (mEM

) whose values
are reported in Table II.

B. Data analysis and reduction

The vertical error bars shown with the data points in Fi
4–6 represent only statistical uncertainties. There is an a
tional systematic error due to the applied correction for
irregular CHAOS acceptance. This has been calculated
' 10% with aGEANT simulation of CHAOS. Other system
atic errors are negligible since the distributions are presen
in arbitrary units.

There are uncertainties associated with the kinemat
variables discussed above due to momentum measurem
associated with the M11 pion beam and the CHAOS sp
trometer. For the proton energy distributions shown in Fig
the error sizes are obtained by using Eq.~3!, and are indi-
cated by horizontal error bars. The widths of theEM distri-
butions shown in Fig. 5 reflect both the instrumental unc
tainty sEM

i in determiningEM and the uncertaintysEM
A21 in

establishing the mass of the@A21# system of nucleons.

~sEM
!25~sEM

A21!21~sEM
i !2. ~4!

Experimental results indicate that the@A21# system of
nucleons stays preferentially bound, thussEM

5sEM
i . How-

ever, when the residual nucleus decays by emitting a nuc
sEM

.sEM
i .

The variance (sEM
i )2 for EM can be expressed in terms o

the variancess
T

p1
i

2
, s

T
p6
f

2
and sTp

2 for the variables

Tp1
i , Tp6

f andTp which were actually measured:

~sEM
i !25~sT

p1
i !21~sT

p1
f !21~sT

p2
f !21~sTp

!2. ~5!

The magnitude of (sEM
i )2 in Eq. ~5! is determined mainly by

(sT
p1
i )2 and (sTp

)2. The standard deviationsTp
accounts for

both the uncertainty in measuring the proton energy w
CHAOS and the proton energy loss in the target. The unc
tainty in the latter quantity cannot be eliminated for the so
targets, since the spatial resolution of the spectromete
comparable with the target thicknesses. Thus, the par
energy losses in the targets were simulated with a Mo

TABLE II. Widths and shifts of the missing energy (EM) dis-
tributions for theA(p1,p1p2p) @A21# reaction.s EM

is the
Gaussian half-width~obtained by fitting the measuredEM distribu-
tions in Fig. 5! ands EM

i is the instrumental half-width@calculated
with Eq. ~5!#. m EM

is the mean-value of theEM distributions. In the
case of deuterium, the proton mass is subtracted.

s EM
s EM
i m EM

~MeV! ~MeV! ~MeV!

2H 7.6 7.5 0.706 0.01
12C 8.4 7.8 5.06 0.2
40Ca 12.0 7.6 3.76 0.3
208Pb 14.8 8.1 9.56 0.6
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Carlo code. In order to check the consistency of the simu
tions, sEM

i was calculated and compared to the measu

standard deviationsEM
. The values ofsEM

and sEM
i are

reported in Table II, as well as the mean value of theEM

FIG. 5. Missing mass and energy distributions, in arbitra
units, for theA(p1,p1p2p)@A21# reaction. The@A21# residual
nucleus is assumed to be bound. The solid lines are Gaussian
fits of the distributions. In the2H plot, the data represent the mis
ing mass of the residual nucleus, a proton. In the12C, 40Ca, and
208Pb plots, the missing energy distributions are f
Mp1p2>2mp ~full squares!, and for 2mp<Mp1p2<315 MeV
~open squares!,Mp1p2 being thep1p2 invariant mass. The dotted
line is a phase-space simulation of the missing energy distribu
for the 40Ca(p1,p1p2p)p38K reaction.
-
d

distributionsmEM
. For 2H and 12C,sEM

i accounts for most of

the observed width of theEM distribution, in accord with the
assumption that@A21# stays bound throughout the reactio
In the case of40Ca and208Pb,sEM

is somewhat larger than

sEM
i . For these nuclei, the residual nucleus is likely to d

excite through nucleon emission.

IV. RESULTS AND DISCUSSIONS

A. Recoil momentum

The recoil momentum distributions (p) of the
residual @A21# system obtained from the prese

est

n

FIG. 6. Proton kinetic energy distributions in arbitrary unit
The full squares correspond to the observed protons in
A(p1,p1p2p)@A21# reaction. The proton energy is also derive
@Eq. ~3!# by measuring the kinetic energy of the two pions in t
A(p1,p1p2)p@A21# reaction~open squares!. The arrows indi-
cate the CHAOS threshold for protons.
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55 3003PION-INDUCED PION PRODUCTION IN NUCLEI
A(p1,p1p2p)@A21# measurements are shown in Fig.
These distributions (ds/dp in arbitrary units! show marked
similarities to momentum density distributions3p2 deter-
mined from studies ofA(e,e8p)@A21# reactions. We will
rely on this fact when interpreting the present results. Th
it is useful to recall some properties of the (e,e8p) process
@14–16#: By measuring the momenta of the scattered el
tron and the ejected proton in anA(e,e8p)@A21# reaction,
one can determine the excitation energy and the recoil
mentum of the residual@A21# system. TheA(e,e8p) reac-
tion is quasifree. Therefore, in absence of distortions,
measured@A21# recoil momentum distributions are th
same as the momentum distributions of the ejected pro
before the collision, and can be successfully compared w
nuclear shell model calculations.

2H. The solid line in Fig. 4 is the momentum densi
distribution 3p2 measured by Ref. @14# for the
2H(e,e8p)n reaction. The full squares indicate the mome
tum distribution measured presently. The two distributio
~in arbitrary units! show the same behavior: the unobserv
nucleon in the two reactions2H(p,p1p2p)p and
2H(e,e8p)n recoils with the same momentum, which corr
sponds to the nucleon Fermi motion. This is the first dir
observation of the quasifree nature of the pion product
process@17#, which is accounted for by thepN→ppN el-
ementary reaction.

12C. The measured recoil momentum distribution for t
12C(p1,p1p2p) reaction is represented by full square
The curves are the result of distorted wave impulse appr
mation ~DWIA ! calculations for the12C(e,e8p) reaction
@15# for protons knocked out from the 1p3/2 and 1s1/2 orbit-
als. The two curves are normalized to the present data
constraining their areas to have the same ratio as the a
subtended by the Gaussian peaks in Fig. 5. Within this
proach, the initialp1n→p1p2p reaction occurs 85% o
the time on 1p3/2 neutrons and 15% of the time on 1s1/2
neutrons. More detail will be given when discussing Fig.

40Ca and 208Pb. For these two nuclei the measured m
mentum distributions~full squares! show a similar behav-
iour: a peak at 40–60 MeV/c, followed by a broad distribu-
tion centered at about 180–200 MeV/c. Due to the moderate
missing energy resolution of the experimental apparatus,
the large number of nuclear orbitals available, it is not p
sible to establish the yield of the initialp1n→p1p2p re-
action from individual neutron orbitals. However, it is ev
dent that almost all of the measured yield is at low rec
momenta, below 350 MeV/c. This is a feature which is com
monly observed in quasifree reactions. For instance, for
(e,e8p) process, the missing momentum yield drops
'250 MeV/c @15,16#.

The comparison of the recoil momentum distributions
the A(p1,p1p2p)@A21# reaction and the equivalen
quantity for theA(e,e8p)@A21# reaction leads to the con
clusion that the initial stage of the pion production react
in nuclei is a quasifree process. i.e., it involves only o
nucleon, and proceeds via the elementarypN→ppN reac-
tion, while the residual@A21# nuclear system is left sub
stantially undisturbed.

B. Missing energy

The measured missing energy distributions are prese
in Fig. 5, and discussed below. The full squares in Fig
s,
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represent the results obtained from the full data set, while
open squares are for those events in which the invariant m
of thep1p2 pair in the final state is restricted to be belo
315 MeV, which is the region in which anA-dependent en-
hancement has been reported@6#.

2H. For this nucleus, the reaction is2H(p1,p1p2p)p,
and the unobserved particle is a proton. Since the mom
of the three observed particles are measured, the mass o
undetected proton can be derived directly from the da
Hence, the mp distribution is presented instead of the prot
missing energy. The full line is a Gaussian fit to the da
The best-fit parameters arem5938.9 MeV ands57.6 MeV.
The symmetry of the mp distribution and its mean value
approximately equal to the proton mass of 938.3 MeV, de
onstrate the reliability of both the measurement and
analysis.

12C, 40Ca, and 208Pb. For these nuclei the missing en
ergy, EM , has been calculated by assuming that the re
nucleus is bound. The reactions studied a
A(p1,p1p2p)@A21#, and the recoil nuclei are11C,
39Ca, and207Pb. The full lines in Fig. 5 are Gaussian fits
the data. The best-fit parameters (mEM

andsEM
) are listed in

Table II. The choice of a Gaussian distribution to descr
the data was suggested by the shape of theEM distributions,
which, in fact, all appear to be symmetric around their me
value.

The dashed curve in Fig. 5 shows the results of a pha
space simulation of the40Ca(p1,p1 p2p)p38K reaction.
This represents the missing energy distribution one mi
expect to obtain if more than one nucleon were involved
the pion production process. Evidently, both the shape
the centroid of this simulatedEM distribution are different
from the observed one. Simulations for other nuclei yie
similar results. They also predict large values of missing m
mentum ~up to 1 GeV/c), which are not observed in th
momentum distributions presented in Fig. 4.

The carbon missing energy is best fit by a sum of t
Gaussian distributions, with centroids at 5.0 and 37.7 Me
This latter value is comparable to'35 MeV, which is the
mean value of the 1s-hole strength distribution in the
12C(e,e8p) reaction@15#. The areas under the two distribu
tions indicate the relative probabilities for the initia
p1n→p1p2p reaction to take place either on a 1p3/2 or a
1s1/2 orbital of

12C. The ratio between the two areas is 5
60.7, which leads to a probability for the elementary rea
tion to occur on a 1p3/2 orbital of 85% and on a 1s1/2 orbital
of 15%. For calcium and lead a second peak at 35–40 M
is not observed. This implies that the probability of neutr
removal from internal nuclear orbitals is below 15%.

These observations lead to the conclusion that the nuc
involved in the pion production process is likely to belong
external nuclear orbitals, regardless ofA. The relatively
small amount of observed missing energy is accounted fo
EA21* , and thus leads to the additional conclusion that
detectedp1p2 pairs release a negligible fraction of the
kinetic energy to the nucleus. The same applies to the
served proton.

It is to be noted that theEM distributions represented with
the open squares in Fig. 5 are not significantly differe
apart from a scale factor, from the ones represented by
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full squares. Thus, the conclusions drawn above for the
data set can be reasonably extended to the subset of the
in which thep1p2 invariant mass is limited to the rang
2mp,Mp1p2,315 MeV.

C. Proton energy

In the pion-induced pion production reaction on nucl
the proton energy can be determined directly by detecting
proton in the final state, or calculated from the energies
the two detected pions, under the assumptions that the r
tion is quasifree, and that the residual nucleus is left in
ground state. In the former case, the measured proton en
distributions will be affected by the CHAOS threshold.
addition, they will reflect any energy losses suffered by
outgoing protons in collisions with the nucleons of the
sidual nucleus. Such energy losses are commonly define
hard final state interactions~HFSI!. In this article, HFSI is
distinct from a final state interaction which arises when
outgoing particle loses some of its energy by interacting w
the nuclear potential, and leaves the residual nucleus in s
low-lying excited states. This type of FSI is accounted for
EA21* . In the latter case, the calculated proton energy dis
butions are not altered either by proton HFSI’s or t
CHAOS threshold. They represent the proton kinetic ene
at the production stage, provided thep1p2 pair releases a
negligible fraction of its kinetic energy on the way out fro
the nucleus.

2H. The two proton energy distributions are reported
Fig. 6. The full and open squares correspond to the obse
and unobserved proton, respectively. The two distributi
coincide up to the CHAOS threshold, as they should, sin
for this nucleus, proton and pion HFSI’s are negligible.

12C, 40Ca, and 208Pb. For these nuclei the shap
of the observed proton ~full squares! in the
A(p1,p1p2p)@A21# reaction also coincides, within th
error bars, with the energy distribution of the unobserv
proton ~open squares! in the A(p1,p1p2) p@A21# reac-
tion up to the CHAOS threshold. This indicates that the r
of HFSI’s is minimal for the present data set, regardless
nuclear mass number. This observation is consistent with
previous finding that the initialp1n→p1p2p reaction oc-
curs preferentially on an external nuclear orbit.

V. CONCLUSIONS

The pion-induced pion production reaction in2H, 12C,
40Ca, and 208Pb has been studied with theA(p1,p1p2)
and, for the first time, theA(p1,p1p2p) reactions at an
incident pion energy ofTp15282.7 MeV. The pion produc
tion channel (p1,p1p2) was uniquely identified by detect
ing ~at least! the pair of outgoing pions in coincidence wit
E.
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the incoming pion. Kinematic quantities such as the miss
momentum, the missing energy, and the proton kinetic
ergy have been extracted from the data set and used to
termine the general features of the pion production reac
in nuclei. A consideration of the distributions of these qua
tities has led to the followingmodel-independentconclu-
sions:~1! Thep→pp reaction in nuclei is aquasifreepro-
cess, involving a single nucleon, and proceeding
pN→ppN. ~2! The interacting nucleon preferentially lies i
an external nuclear orbital.~3! The residual@A21# nucleus
is only weakly perturbed by the pion production process.~4!
The final pion pair propagates through the nucleus with
appreciable energy loss. Also, the observed proton in
A(p1,p1p2p)@A21# reaction releases a negligibl
amount of energy to the residual nucleus through HFS
These conclusions should be considered as input to
models addressing the dynamics of pion production in nu
@18#, and provide a means for testing the the validity of e
isting models@19#.

Recent results from pion production@5,6# have reported
of a marked enhancement in thepp invariant mass with
increasing A, in the range 280,Mpp,315 MeV, for
I5J50 interacting pairs. In the present analysis,EM distri-
butions for events with the invariant mass of the detec
pion pairs constrained to this range have been studied,
compared with theEM distributions for unconstrained
events. The two distributions display the same behavior,
thus the same conclusions can be drawn for both the c
strained and unconstrained events. This can serve to e
nate some possible explanations of the observed Mp1p2 en-
hancement. It cannot be due to anA dependence in the initia
stage of the pion production reaction, or to HFSI’s. At t
energy of this experiment, the pion production cross sec
decreases sharply with the decreasing incident pion en
@19#, and thus it is unlikely that hard initial state interactio
distort theMp1p2 distributions near the 2mp threshold. The
only part of interaction remaining is the (pp)2@A21# in-
teraction. Therefore, the observed enhancement of
Mp1p2 distributions near the 2mp threshold with increasing
A must be understood by studying the nuclear-medi
modifications on thep-p correlations.
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