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By detecting in coincidence the two emitted protons, we have studied the reaction
D(y, pp)7f in a kinematical region where the pion-nucleon single-rescattering mecha-
nism is dominant. We have also observed the onset of the photoproduction of two pions on
one nucleon followed by the reabsorption of one of them by the other nucleon.

Significant deviations ( 20Po) from the predic-
tions of the spectator-nucleon model (diagrams
I in Fig. 1) have been recently observed' in the
yield of the reaction D(y, Pv )P, when the spec-
tator-nucleon momentum reaches P, 150 MeV/c.
They have been analyzed as the consequences of
pion-nucleon and nucleon-nucleon rescattering
amplitudes which interfere with the still domi-
nant quasifree pion photoproduction background. '
The summation of several diagrams was needed
to reproduce the data and did not allow us to se-
lect clearly and study in detail the effects of each
specific mechanism.

Among them the pion-nucleon single-rescatter-
ing diagram (II, in Fig. 1) is of particular inter-
est in view of its close connection with the pion-
exchange term in the &N interaction (compare
diagrams Ilb and III in Fig. 1). It is also respon-
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FIG. 1. The relevant mechanisms: I, quasifree
process; II, pion-nucleon single rescattering; III,
the exchange part of 6-N interaction; IV, the double-
pion-photoproduction mechanism. The blobs labeled
B stand for the Born terms in the elementary operator
for single photoproduction on nucleon.

sible for the excess of events found in the high-
momentum tail of the spectator-nucleon distribu-
tion measured in bubble chamber experiments. '
However, good agreement for this integrated
quantity checks only the order of magnitude of its
effect: The lack of statistics in these measure-
ments precludes the analysis of differential
cross sections for high values of the emitted nu-
cleon momenta.

To study it in more detail we have measured
with good statistical accuracy the yield of the yD
-PPm reaction, in an experiment where the kine-
matics are completely defined. We have obtained
the angular distribution of one of the emitted pro-
tons, keeping its momentum constant (P, =400
MeV/c) at a. value high enough to suppress ap-
preciably the quasifree contribution. We have
also set constant the invariant mass (Q =1200
MeV) of the rema. ining system (the pion a, nd the
other proton), and the a,ngle (~ =90') between the
pion and the incoming photon measured in the
c.m. frame of this m-N pair. Consequently the
small contribution due to the spectator-nucleon
model is isotropic. Moreover the large relative
kinetic energy of the two outgoing nucleons (TL

200-300 MeV) suppresses their final-state in-
teractions. A more detailed discussion of the ad-
vantage of these kinematical conditions can be
found in Refs. 1 and 2.

We use the same experimental setup as in the
previous study of the reaction D(y, Pm )P for low-
er values of the undetected nucleon momentum. '
Instead of a pion-proton pair, we now detect the
two protons, in coincidence, taking advantage of
their higher energies. Two important conse-
quences immediately follow: The troubles due to
the muon contamination' are avoided, and the ex-
perimental phase space defined by the detectors
is greater. Hence smaller cross sections can be
measured.

The bremsstrahlung beam of the 600-MeV Sac-
lay linac strikes a 2-cm-thick liquid deuterium
target. The bremsstrahlung endpoint is always
chosen in such a way that only one pion emerges
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in the final state. One proton, the momentum of
which is kept constant, is detected in a range
telescope (&Q 12 msr) a.nd the other in a mag-
netic spectrometer (maximum momentum 700
MeV/c, &0 2.3 msr). The particles are iden-
tified by the analysis of their energy losses in
two counters in each detector. The total energy
lost in the telescope is also recorded. The sepa-
ration between the protons and the pions is good
in both arms (see Ref. 1). In the telescope a pos-
sible neutron contamination from the yD-Pn re-
action is avoided, since the opening angle be-
tween the two detectors is always around 120,
a value which is very different from the angle of
about 170' required by the two-body nature of
this background reaction.

Since the momentum of the proton detected in
the telescope is constant, the corrections due to
multiple scattering or nuclear absorption in the
copper absorber and the scintillators is the same
for the whole angular distribution. We determined
this overall normalization by measuring the yield
of the rea.ction D(y, Pp )P, for a spectator-nu-
cleon momentum near P, 50 MeV/c: We detected
the pion in the magnetic spectrometer and the
proton, with momentum P, =400 MeV/c, in the
telescope. The result was compared to our pre-
vious measurement. '

We give in Table I the values of the measured
yield per equivalent quantum, and compare it to
the prediction of the spectator-nucleon model
with and without Pauli corrections (the slope in
those yields, when ~, increases, comes exclu-
sively from the phase-space variation). We re-
fer the reader to-Ref. 2 (especially Fig. 11) for
the details of this calculation, the only change
from which concerns the deuteron wave function:
We use now a parametrization of the Heid soft-
core wave function (see Bosted and Laget, ' appen-
dix) which is more accurate for high-momentum
values. Because the experimental phase space is
large we have integrated these theoretical cross
sections by a Monte Carlo procedure as explained
in Ref. 1. However this averaging does not affect
significantly the results (-1(Po) and, to a first
approximation, it is possible to use the predic-
tions of the model computed with the central val-
ues of the momenta and the angles.

The Pauli corrections are important for small
values of the angle I9„where the momenta of
each nucleon become comparable. In order to
exhibit the importance of the two-nucleon effects,
we have plotted in Fig. 2(a) the ratio of the meas-
ured yield to the yield we should have measured
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TABLE I. The experimental conditions and the meas-
ured yields.
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FIG. 2. (a) The ratio of the measured yields to the
yield computed when only one-nucleon mechanisms
are considered. The solid-line curve includes the
pion-nucleon single-rescattering mechanism and the
broken-line curve includes also the double-pion-photo-
production mechanism. The experimental conditions
are P&

——400 MeV/c, Q = 1200 MeV, and ~ = 90'. The
arrow on the scale of the lower bound p for a physical
rescattering shows the origin. The arrow on the scale
of the two-nucleon invariant mass shows the value
8'= M+ m. The energy E& of the incoming photon is
also plotted as the abscissa. (b) The same as in (a)
but for p 2

= 550 MeV/c, Q = 1100 MeV, and ~ = 90 .
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if only one-nucleon processes were relevant
(spectator model with Pauli corrections, column
b in Table I). A peak clearly appears near 0,- 45' as predicted by the model' which includes
the dominant contribution due to the pion-nucleon
rescattering dia. gram (II in Fig. 1). Since the en-
ergy available at the scattering vertex is larger
than the sum of the masses of the interacting par-
ticles, the internal pion can propagate on its
mass shell, and the matrix element develops a
logarithmic singularity. Its effect is maximum
when the allowed kinematical region for a physi-
cal scattering is the widest, i.e., when the lower
bound P of this physical region goes through
zero, as indicated on the abscissa, of Fig. 2(a).
The dominance of this pion-nucleon rescattering
mechanism and the smallness of the corrections
due to the multiple scattering of the pion (as pre-
dicted in Ref. 2) are strongly supported by our
experiment.

However, a significant departure appears for
larger values of O„where the contribution of the
pion-nucleon single rescattering diagram falls
off more quickly than the experimental data. This
excess of cross section is consistent with the on-
set of the photoproduction of two pions on one nu-
cleon followed by the reabsorption of one of them
by the other nucleon (dia. gram IV in Fig. 1). The
double pion photoproduction on a free nucleon' is
well understood in terms of the creation of one
pion and a b (1236): This model' reproduces fair-
ly well the rapid rise in the total cross section
between E

&
= 400 MeV and E

&
= 600 MeV. Clearly

the contribution of this process to the D(y, PP)m
cross section is expected to be maximum when
the invariant mass W of the two protons is close
to the sum of the masses of the &(1236) and the
nucleon (W=2170 MeV). A detailed description
of this model and a discussion of the choice of
the relevant parameters are given by Laget, ' and
we show in Fig. 2(a) the net result.

As this double-pion-photoproduction mechanism
is also involved in the interpretation of the reac-
tion 'He(y, Pm ),' we have isolated its contribution
to check the validity of the corresponding model.
We have repeated the measurement of the angular
distribution of one of the outgoing nucleons for
the following values: P, = 550 Me V/c, Q = 1100
MeV, and =90'. The results are depicted in
Fig. 2(b). Both the quasifree process (higher va, l-
ue of the spectator-nucleon momentum) and the
pion-nucleon single -re scatter ing mechanism
(small contribution of the & at the rescattering
vertex and vanishing kinematical region for on-

shell rescattering) are strongly suppressed. The
pion is emitted at rest in the laboratory system,
minimizing the energy of the photon for which the
invariant mass of the two nucleons becomes close
to ~=2170 MeV: It falls now in the energy range
of the Saclay linac. The agreement between the
experiment and the model is excellent and it is
worthwhile noting that the same set of param-
eters' leads also to a good accounting for the
m'D-PP" and the yD-Pn" reaction cross sec-
tions in the &(1236) region. Since the dyna. mics
of these three reactions are the same, the two-
pion mechanism in the reaction D(y, PP)m seems
to be firmly established. Unfortunately the max-
imum energy presently available at the high-
duty-cycle electron linac is not sufficient and the
study of the falloff of the cross section above W
=2170 MeV must await a new generation of ma-
chines.

I,et us now summarize the main results of this
study. We have worked near the region of maxi-
mum singularity of the pion-nucleon single-re-
scattering diagram. As far as we know, this is
the first time that the exchange part of the &-Ã
interaction has been directly studied in an exper-
iment. We have confirmed that the single- (real)
pion-excha. nge Born term (diagra. m III in Fig. 1)
is dominant: The corresponding logarithmic sin-
gularity, in the yield of the reaction yD-PPm,
has never been seen before in a reaction induced
by an intermediate-energy probe. This result
is a strong constraint for nuclear-physics calcu-
lations in which this &-X potential enters as an
input. We have also studied the effects of the
double pion photoproduction on the yield of the
reaction yD-PPm . This mechanism can also be
viewed as a meson-exchange-current correction
at the vertex describing the single-pion photo-
production on a nucleon. With use of the success-
ful description of this mechanism, in a region
where it is dominant, it is now possible to look
for its effects in other pion photoproduction re-
actions on nuclei.

We would like to thank N. de Botton for his
help in the data-taking part of the experiments.
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I evaluate the contribution, to the cross section for the reaction yD —ppvt, of the
mechanism in which one of the two pions created at one nucleon is reabsorbed by the
other.

Double-pion-photoproduction reactions on free
nucleons have been extensively studied in several
bubble chamber experiments. ' ~ The total reac-
tion cross section exhibits a rapid rise as the in-
cident photon energy increases from E = 400
MeV to E ~

= 600 MeV, where it reaches a broad
maximum. This characteristic feature is well
understood as the threshold creation (in an S
state) of a p-6(1236) pair. ' This isobar model
reproduces the behavior and the magnitude of the
total cross section and also the shape of the de-
cay distribution. A comprehensive review can be
found in Luke and Soding. ' The two most impor-
tant contributions come from the contact term
[diagram (Ia) in I ig. 1] and the photoelectric term
[diagram (lb)] which account, respectively, for
about 75% and 25% of the cross section. Other
diagrams [(Ic), (Id)] are necessary for gauge in-
variance, but do not play a significant role in the
cross section. Above E

~
= 700 MeV the resonant

production of the m-b pair [diagram (Ie)] begins
to appear and absorptive corrections must be
considered.

The cross section for the emission of two pions
~

(-80 pb at E = 600 MeV) is of the same order of
magnitude as the cross section for single-pion
photoproduction (- 200-300 tabb at 300 MeV, - 100

at 600 MeV). Therefore it is likely that the
mechanism, in which one of the two pions creat-
ed at one nucleon is reabsorbed by the other nu-
cleon [diagrams (IIa), (Ilb)], leads to a contribu-
tion comparable to the pion-nucleon rescattering
mechanism [diagram (III)] in the yD-pPn reac-
tion, or the pion reabsorption mechanism [dia-
gram (IV)] in the yD-pn reaction. Indeed it pos-
sibly has been observed' recently in the yield of
the yD-pp7i reaction and it must also be con-
sidered to explain the excess measured, at high
momentum of the recoiling system, in the ~He(y,

pm ) reaction. '
Let us begin with the discussion of the isobar

model for the yN- ¹vrreaction. I follow the
same method and the same notation as in the case
of the yN- Nz reaction. ' I compute the nonrela-
tivistic limit of each matrix element, keeping on-
ly terms up to the order p'/rn'. I deduce the new
yN~. n contact Lagrangian by making the minimal
substitution in the m~N Lagrangian, The elemen-
tary cross section takes the form

T
y if~n m (pi ~ i' i ~ pf ~ rn f)

G 0

where R'=0+p, ' —p,
' is the actual energy of the intermediate 6 and En = [M~'+ (k+p, —p)']"' its on-

shell energy. The operator 5 connects spin-& states and spin- —,states and is defined in Ref. 9. The
photon polarization vector is &. The momentum of each particle is labeled in Fig. 1. Clearly the first
amplitude in the right-hand side comes from the contact term and the second amplitude from the photo-
electric term. The values of the coupling constant G3, the mass M&, and the width F of the 4 are giv-
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