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Inclusive Scattering of 500-Mev Pions from Carbon
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Inclusive double-differential cross sections for 500-MeV pions are presented for C(sr+, sr+) at 0i b

f 30', 40', 50, 70', and 90'; and for C(m, vr ) at 110 . We compare the 50' and 70' data
with C(e, e') data at nearly the same momentum transfer. These spectra from very different probes
are more similar than expected from an intranuclear cascade calculation, which includes the strong
rescattering of pions that have energies near 180 MeV. Agreement of the calculated spectra and the
pion data is improved if the nucleus is assumed to be nearly transparent to these pions.

PACS numbers: 25.80.Ls, 21.60.Ka

The pion provides several unique aspects as a nuclear
probe. Two of these stand out for pions with kinetic en-

ergy near 500 MeV. These pions have one of the longest
mean free paths (mfp) in nuclear matter among the
strongly interacting probes: only the K+ is more pene-
trating. Second, pion production can be used to provide
two resonance energy pions. Hence 500-MeV incident pi-
ons can be used to study the vr-nucleon interaction with
energies near the As/2 s/q resonance in the center of the
nucleus. Since 6 formation and decay provides the ma-
jor route for energy transport through hot dense hadronic
matter, understanding the transport mechanisms in this
energy range will be crucial to the interpretation of cur-
rent and planned experiments which rely on the measure-
ment of pions as a hadronic signature of a quark-gluon
plasma. Additionally the interpretation of electropro-
duction of baryonic resonances in nuclei will require a
thorough understanding of the transport of pions in this
energy range. Our initial expectation is that while pions
produced at energies above and below the 6 resonance
will escape from the nucleus and be observed, those cre-
ated near 180 MeV will be absorbed or scattered to lower
energies. The fact that this expectation is not realized in
our spectra is the subject of this Letter.

We present data for the inclusive scattering of 500-
MeV charged pions from natural carbon. The measure-
ments were performed at the P3 pion channel of the Clin-
ton P. Anderson Meson Physics Facility (LAMPF). The
scattered pions were detected with the Large Acceptance
Spectrometer (LAS) [1], a quadrupole-quadrupole-dipole
spectrometer, with its dipole set to provide a nominal
30' vertical bend and the quadrupole fields set to max-
imize the solid angle of the spectrometer. Pour position
measurements (2 in X' and 2 in Y') were made, imme-
diately before and after the dipole of the spectrometer.

The trigger scintillators were located behind the rear wire
chambers with one before and one after a threshold gas
Cherenkov counter, which was used to eliminate electron
events. The trigger was formed by the coincidence of the
two scintillators and any one of the four chamber planes
before the dipole. Data were taken with two different car-
bon targets; the areal densities of the two targets were
543 mg/cm and 1.090 g/cm . Relative beam normal-
izations were accomplished with a thin parallel-plate ion
chamber located immediately upstream of the scattering
chamber. The data were normalized to H(vr, vr) elastic
scattering from a CH2 target using the cross sections cal-
culated from the phase shifts of Amdt [2]. We estimate
the absolute uncertainty in our cross section to be +10%.

Figure 1 shows inclusive spectra for C(sr+, 7r+) at five
angles (30', 40', 50', 70', and 90'), and C(vr, vr ) at
110 . The cross sections are plotted as a function of the
pion laboratory energy loss, i.e. ,

T'" To"'. At each—angle
where there are both (vr, vr ) and (vr+, vr+) data one
sees that the data sets are virtually indistinguishable, as
expected by charge symmetry. The forward-angle spectra
are dominated by the elastic peak. At a slightly lower
outgoing pion energy there is a broad peak that follows
the kinematics of elastic scattering from hydrogen, i.e. ,

quasielastic (QE) scattering. The rise in the cross section
in each spectrum at lower pion energies (larger energy
loss) is believed to be due to pion production (see below).

In Pig. 2 we compare the pion scattering data at 50'
and 70 to electron-scattering data at similar momentum
transfer. In each case the electron spectrum is shifted
so that elastic-electron scattering from carbon occurs at
the same energy loss as the pion-elastic scattering. The
electron data are normalized to the pion data. This re-
quires an energy shift of 2.7 MeV for the (e, e') data of
O' Connell et al. [3] (T, = 730 MeV and 8i b = 37.1')
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FIG. 2. Comparison of the C(7r, vr') data at 50' and 70' to

C(e, e') data at nearly the same momentum transfer. The red
open circles are (7r+, sr+), the blue open squares are (~, vr ),
and the solid black circles are (e, e'). See text for further
discuss con.
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when compared with our 50' data. For these kinematic
conditions ~H(~, ~) has a lab momentum transfer of 488
MeV/c while for H(e, e) it is 443 MeV/c. The ratio of
the (~, vr') doubly differential cross section to the (e, e')
cross section at the QE peak is 3600. The ratio of the
free cross sections is 4960. The similarity of the pion and
electron spectra even in the "dip" region is remarkable.

The (e, e') data set that we compare to our 70' data
in Fig. 2 is from Garino et al. [4] (T,=779.5 MeV
and 8( b=50.4'). In this comparison the lab momentum
transfers for ~H(vr, vr) and ~H(e, e) are 624 MeV/c and
610 MeV/c, respectively. The (e, e') data of Garino et
at. in Fig. 2 are shifted by 2.9 MeV and the ratio of the
cross sections, (7r, vr') to (e, e'), at the QE peak is 5300.

FIG. 1. Inclusive spectra for the scattering of 500-MeV
pions from natural carbon at the indicated laboratory angles.
The red open circles are (sr+, sr+) and the blue open squares
are (n, 7r ). The arrows indicate the energy loss of elastic
scattering from H.

The free cross section ratio is 5640.
That the ratios of continuum scattering of pions and

electrons are so near the ratios of free elastic scattering is
remarkable, and indicates that a strongly interacting pion
beam has much the same access to the nucleons in carbon
as does an electron beam. This would not be anticipated
by arguments based on the mfp and absorption of the
p1ons.

Figure 3 shows a comparison of the data with results
from a calculation (the blue histograms) using an in-
tranuclear cascade (INC) code [5]. The INC code uses the
elementary vr-nucleon cross section, and realistic models
for pion production. Short range correlations among the
spatial coordinates of the nucleons are included according
to the Malfliet-Tjon potentials [6]. The INC code does
not allow for the coherent recoil of the entire nucleus so it
is not suitable for low-momentum transfer reactions such
as elastic scattering. The code does, however, predict the
location of the QE peak correctly. While the magnitude
of the gE peak is slightly overpredicted at forward an-
gles it agrees well with the data at 50' and larger angles.
Note also that in the high energy loss (low outgoing pion
energy) portion of the (sr+, sr+) spectra where pions in
the calculation come from pion production there is also
good agreement between the data and the INC calcu-
lation. This leads us to conclude that the rise in cross
section in the high energy loss region of the data is due
to (vr, 2~) reactions.

The striking feature in Fig. 3 is the underprediction
of cross sections for pions with energy loss between 250
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FIG. 4. The calculated pion mean free path (mfp) as a

function of kinetic energy. The calculation of the mfp is
I/pootot, where po is the central nuclear density and a~ ~ is
the isospin-averaged pion total cross section at a given ki-
netic energy, The arrow indicates the mfp at the pion beam
energy in this experiment.
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FIG. 3. The (m, vr ) data (open circles) is compared with
two diferent intranuclear cascade calculations. The blue his-
tograms are from a calculation where pions from (7r, 27r) re-
actions have 7 =0 fm/c, which means that they can interact
immediately. In the other calculation (red histograms) pions
from (vr, 27r) reactions are assumed not to interact for a time
equal to 2 fm/c. The dashed histograms indicate the por-
tion of the respective INC calculations that are due to (7r, 2vr)

reactions.

MeV and 400 MeV, or with laboratory energies near 180
MeV. The low cross section from the INC calculation in
the region around 180 MeV of outgoing energy is the
result of the short mfp for pions in the resonance region
(see Fig. 4). Pions in this region are strongly scattered
and therefore are lost in the INC spectrum.

The reason for the marked enhancement of the data for
energy losses near 300 MeV relative to the INC calcula-
tion in Fig. 3 is not clear. Since the shapes of (a, a ) and

(e, e ) spectra are so similar (Fig. 2), one might conjec-
ture that the same mechanism that fills the "dip" region
in the (e, e') data fills this region in the (vr, vr') spectra. In
the (e, e') spectra the filling of the dip region is attributed
[7] to rnultinucleon effects. Certainly some of the same
effects must be at work in (vr, x') spectra. However, be-
fore this conclusion is drawn, one needs to consider that
there is a fundamental difference between the pion and
electron spectra in the dip region. The difference is that
the inclusive pion spectra in the dip can include either
of the two pions from (~, 2~) reactions; this mechanism
is not present as a contribution to the inclusive electron
spectra. Therefore the conjecture that it is the same
mechanism that fills the dip in both reactions is not ob-
vious. This realization also makes the striking similarity
in the shapes of the pion and electron spectra more puz-
zling.

Agreement between the data and the INC calculation
can be greatly improved if the pions from (vr, 2vr) reac-
tions in the INC calculation are prevented from inter-
acting with the nucleus for some period of time (w ) af-
ter the (a, 2vr) reaction takes place. Figure 3 shows the
results of an INC calculation where a value of 7 of 2

fm/c is assumed for the (vr, 2+) pions. One sees that
this INC calculation with nonzero ~ is much closer to
the data at all angles than is the standard INC calcu-
lation with ~ =0 fm/c. Note the special feature with
pion-induced pion production using pion beams around
500 MeV ( 624 MeV/c) —the incident pion has only a
moderate cross section and can penetrate the nucleus,
whereas after a (vr, 27r) reaction the pion is in the delta
region. Thus the external hadronic system is allowed to
enter the nucleus relatively easily but the produced pion,
at least in the standard hadronic picture, is lost by multi-
ple nucleonic collisions because of its larger cross section.
This absorption or rescattering of pions to lower energy,
which is predicted to be a very strong effect, is absent in
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the present data.
One can imagine various models in which 4 propaga-

tion or 4 interactions lead to a coherent transport mech-
anism which alters the mfp picture of propagation with
quantum corrections. %'hile there is no doubt that such
corrections are present, calculations indicate that they
are small.

As an alternative model for the filling of the dip, we

have considered the possibility of the formation of a o
meson. This cr meson corresponds to the bare qq state
in the spirit of Jennings and Miller s [8] hadronic repre-
sentation of color transparency in terms of baryon res-
onances. If the pion-production mechanism is predom-
inately through the formation of a u, the isospin zero
character of the o would cause it to experience very little
interaction since no 6 formation is possible. If the bump
that appears in low-energy pion production on hydrogen

[9] can be associated with this eKect, the "sigma" width
would be of the order of 40 MeV or less, and it would
have adequate time to leave the nucleus. Thus the pro-
duction of o mesons, which subsequently decay to pions,
is one mechanism for getting the pions out of the nucleus,
specific to the (7r, 2x) reactions.

Two possibilities for future studies with 500-MeV pi-
ons would be the measurement of the inclusive (sr+, vr )
and (m+, vr ) spectra and the measurement of a pair of
pions in the final state with at least one of them being a
resonant-energy pion. Yet another study is inclusive cross
section measurements with higher energy pion beams-
if the apparent transparency we observe is restricted to
the region of resonant energy pions then higher beam
energies should provide larger regions where INC calcu-
lations correctly predict the inclusive spectra. One could
measure yields of resonant-energy pions in the (e, e'7r) re-
action or the (p, vr) reaction. If the filling of the dip is
associated with the presence of resonance energy pions at
the central nuclear density, that is with produced pions
regardless of the production mechanism, one should see
its effect in these reactions. However, if the extra pions
are due to "o.-meson production, " one might expect to
see enhancements in pion-induced reactions but not in
pion-electroproduction or -photoproduction reactions.

In conclusion, inclusive pion spectra for 500-MeV pions
scattered from carbon are presented which have shapes
that are remarkably similar to the inclusive (e, e') spectra
at the same momentum transfer. The ratio of the (vr, x')
to the (e, e') cross sections at the quasielastic peak is
within 30% of the free cross section ratio. The (vr, ~')
inclusive spectra at large energy loss, with outgoing pion
energies near the 4 resonance, fail to show the deple-
tion in cross section expected from intranuclear cascade

Monte Carlo predictions. The assumption of a trans-
parency for pions from (vr, 2z.) reactions in nuclear matter
removes a great deal of this discrepancy. This compari-
son of the INC calculations to the data suggests the need
for some mechanism that allows resonant-energy pions
produced in the nuclear interior to appear outside the
nucleus.
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