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%e have measured the inclusive cross section for the reactions p+n —p+X and m++n
—p+X at 100 QeV/c in the kinematic region jt I& 1.0 GeV . The data were obtained from
an exposure of the Fermilab 30-in. deuterium-filled bubble chamber to a tagged positively
charged beam. The differential cross sections for these reactions are observed to scale
in the ratio of the pn and x+n total cross sections and to be consistent with the predic-
tions of a Reggeized one-pion-exchange model.

We present a study of the reactions
from an analysis of 41000 pictures of interactions
in the Fermilab 30-in. deuterium-filled bubble
chamber exposed to an unseparated beam of 100-
GeV/c positive particles. A tagging system' al-
lowed the identification of individual beam parti-
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cles from their position in the bubble chamber.
The film was scanned twice, with an efficiency of
(99+ 1)%, for interactions with three or more out-
going charged particles. The tracks of the slow
secondary particles (with projected laboratory
momenta 1.5 GeV/c) were measured and recon-
structed in space; and protons with momenta less
than 1.2 GeV/c were identified by their ionization
in the bubble chamber. Inelastic one- and two-
prong events, with all visible particles slow in
the laboratory, were identified in a separate scan
of 10000 frames and processed as above. We as-
sume the impulse approximation' to be valid and
identify neutron-target events by the presence of
a spectator proton with momentum less than 300
MeV, /c.

We ha, ve previously argued that the invisible
spectator proton events, which comprise about&
of our data on Reactions (1) and (2), may be inter-
preted as an unbiased sample of neutron-target
interactions. ' Accordingly, we calculate the
cross section for Reactions (1) and (2) from the
invisible spectator sample by normalizing the to-
tal number of invisible spectator events' to the
inelastic cross sections"' for Pn and &'n colli-
sions, respectively. This method of normaliza-
tion obviates the need to correct the data for Glau-
ber screening and rescattering. VVe obtain a
cross section of 5.7+ 0.3 mb for Reaction (1) and
3.9+ 0.3 mb for Reaction (2), for It I

& 1.0 GeV',
where t is the square of the four-momentum
transfer from the neutron target to the slow pro-
ton. Our data constitute a, 115 event/'mb sample
of Reaction (1) and an 82 event/mb sample of Re-
action (2). The fraction of the total pn cross sec-
tion which contributes to Reaction (1) is 0.15
*0.01, while 0.16"-0.01 of the &'n total cross sec-
tion contributes to Reaction (2), for It 1

& 1.0 GeV'.
The equality of these two fractions suggests that
the fractional cross section for slow proton pro-
duction from a neutron target is independent of
the incident beam particle.

We displa, y in Fig. 1(a) the distribution of the
square of the missing mass Pf ) recoiling against
the slow proton, or equivalently the square of the
mass of the system X, from Reactions (1) and (2)
for If, I&1.0 GeV. The uncertainty in the target
momentum of the invisible spectator events leads
to a. resolution (full width at half-maximum) of 13
GeV' (a value large compared with the resolution
resulting from measurement errors) independent
Qf ~ and is responsible for the negative M data.
The low M' peak attributed to diffractive fragmen-
tation of the beam proton in the inelastic reaction'
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I) +p- &+X is observed to be absent from the neu-
tron-target data. We plot the ratio

do'(&i'+n -p +X)/dM'
dv(f&+n -p+X)/dM' ' (3)

as a function of M' in Fig. 1(b). The dashed line
indicates the average value of this ratio, The ra, -
tio B in (3) is independent of N within experimen-
tal errors.

Values of sdv/dt dM' from Reaction (1) as a
function of M' average over the three indicated f,

intervals are displayed in Fig. 2. The curves are
discussed below. This reaction has previously
been studied with data from the deuterium gas-
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FIG. 2. Invariant cross section for the reactions p+n
-p+X as a function of M, averaged over the indicated
t intervals. The units of t are Gel', The curves are
the predictions of Eq. (4).
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FIG. l. (a) Distributions of the square of the invari-
ant mass of the system X in the reactions p+n —p+X
and 7[++n —p+X for It I& 1.0 GeV . (b) Ratio of the dis-
tributions [do(w++n p+X)/dM ] /[ da(p +n —p+Ã)/dM [
as a function of M . The dashed line is the average
value of this ratio.
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jet target at Fermilab in the restricted kinemat-
ic region 0.14& It I&0.38 GeV' and 0.0't& M'/s
& 0.20. In contrast to the gas-jet experiment, the
bubble chamber allows an event-by-event separa-
tion of pn interactions from both pp interactions
and rescatterings in the deuteron. In addition, an
intersecting storage ring (ISB) experiment' has in-
vestigated the r eaction p +P n +X over a %'ide

range of t and M'/s values. We expect the invari-
ant cross sections for the reactions p+n- /+X
and p +p-n +X to be equal in the target fragmenta-
tion region if the reactions are isospin invaxiant
and beam-particle independent. Our invariant

cross-section values are consistent with those of

the gas-jet experiment' in the region of overlap-
ping t and M'/s and are a factor of 2 to 4 larger
than those of the ISR experiment.

In an exchange formalism, the isospin-one ex-
change particles which could mediate Reactions
(1) and (2) are the jj, p, and@, . Bishari" and

Field and Fox" have suggested that the dominant
mechanism i.n high-energy charge-exchange rea.e-
tions may be pion exchange. By extrapolation to
the pion mass shell, Bishari parametrizes the
pion-exchange contribution to the differential
cross section for Reaction (1) as

djl +n-P+X 1 ' -t s
(4)

where g, „«'/4)1 = 2g„««'/4)1 = 29.0 is the on-mass-
shell coupling, vr' «(M') is the total jj p cross
section at center-of-mass energy +s =M, and tj

is a parameter to account for possible off-mass-
shell corrections. The pion Regge trajectory
function is o.'(t) =t, nj (0) =1, and I is the pion
mass. Equation (4) is derived for t and M'/s
small, and M large. In the tripel-Regge formal-
ism, Eq. (4) is the sum of ihe contributions of
the &mI' and mme terms. Field and Fox include
these terms in an analysis of the reaction p+p-p +X where they fit the various triple-Regge
couplings. Their solutions favor b = 0. Accord-
ingly, we compare Beaction (1) with the predic-
tion of Eq. (4) with tj = 0, and use a parametriza-
tion of the )j p data "for o'r' (M').

The curves in Fig. 2. are the predictions of

Eq. (4), which we have modified to include the ef-
fects of the invisible spectator events. " We ob-
serve substantial agreement with the predications

of the Reggeized pion-exchange model, as was al-
so found in Ref. 8. The data do not discriminate
against a model incorporating p/jt, exchange if tj

in Eq. (4) is allowed to be nonzero. However, we
find it remarkable that the pion-exchange model
is sufficient to describe the data over the full
range of t and M' values accessible in this experi-
ment, including data in the large It I and M'/s re-
gions where a priori we may not expect the model
to be valid.

We may expect Beaction (2) also to be described
by the one-pion-exchange model. The pion ex-
change contribution to the differential cross sec-
tion for Beaction (2) is parametrized by replac-
ing jJr' «(M') in Eq. (4) with total )) )1' cross sec-
tion. Since there are no directly measured values
of the &-m' cross section, we can use our data to
deduce the m ~' cross section, as a function of
M', from the pion-exchange-model relationship

-,~,„„, dv(lr'+n +«X) ) X,„' —t -( s )"
dt dM 41)' 4)1 (t —I„2) M2

We plo't tile qllalltity glvell by Eq. {5) ill Flg. 3, av-I
eraged over the same t intervals as in Fig. 2. We
include in Fig. 3 low energy values of oz,

' ' (M)
from an analysis of 25-GeV/c w p data. "

An alternative method of deducing the v m'

cross section utilizes only the factorization prop-
erties of the Regge formalism. If we integrate
over our full range of t, the ratio of total cross
sections or' "'(M'}/or" «(M'-} may be equated
with the ratio R of Eq. (3) [Fig. 1(b)]. Our aver-
age value R =0.68+0.06 is consistent with the fac-

torization ' prediction"" or()j )1+)/or()) p)
=or(jj'p}/or(pp} =0.62 for s ~20 GeV'. The large

~ t~ region may be excluded from this comparison
by simply ignoring the large M data in Fig. 1{b),
since high It l events contribute appreciably only
at high M' (see Fig. 2). The same remark ap-
plies to data shown in Fig. 3. The result above
may be compared with a bubble-chamber experi-
ment" where the distribution of ~ decay angles
in the reactions &' +P -4"+X and P +P -h"+X
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FIG. B. Oz (M ) computed with Eq. (5) from the
x++n-p+X data as a function of s =M~, averaged over
the indicated t intervals. The low M2 data points are
from Ref. 15.
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