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x' photoproduction on deuterium has been measured in the region of 1 to 7 MeV above

threshold, relative to the same reaction on hydrogen. The comparison of our results
with available theoretical predictions shows the necessity to go beyond the impulse ap-
proximation.

Following our investigations of positive-pion
photoproduction on light nuclei near threshold, '
we have undertaken the study of neutral-pion
photoproduction. Preliminary results have been
reported which indicated the feasibility of such
measurements. ' We present here the results of
an experiment performed on deuterium and hy-
drogen targets at energies ranging from 1 to 7
Me V above threshold.

In the case of positive-pion production, the
dominant mechanism is the production of a m' on
a nuclear proton with spin flip. The strong in-
teraction of the pion with the nucleus modifies
this picture only slightly.

For m' production two important differences
must be stressed: (i) In the case of m' produc-
tion, we measured as reference the elementary
cross section (viz. , yp-nm'). Here, both the
neutron and the proton contribute to the first-
order amplitude, whereas we can only measure
the cross section for the reaction yp-pm'. (ii) Al-
though the low-energy pion-nucleon scattering
amplitudes are small, there is one term in the
multiple-scattering expansion which cannot be
neglected, na.ately the production of a virtual m'

and its scattering with cha.rge exchange on anoth-
er nucleon. The importance of this effect, point-
ed out by Koch and Woloshyn, ' is understood
easily when one considers approximate expres-
sions for the direct and rescattering amplitudes:

~,~Z,, '"(uo), a„~Z,,'"(~')a(~'-~0)j(d).

The charge-exchange scattering amplitude a(m*

-mo) is of the order of ~» the average distance (d)
between two nucleons. The threshold amplitude
Eo+'" for p' production is of the order of 10
times that for the ~o. Thus A~ and A„are of the
same order of magnitude. The next terms in the
scattering expansion are unimportant, as they

are depressed by the same fa,ctor a/(d) 0.1.
It is of particular interest to study m' photopro-

duction in the simplest nuclear systems for which
we have a good knowledge of the wave functions.
A comparative investigation of the process in
light nuclei should give valuable information on
the two important questions of the threshold m

photoproduction amplitudes on the nucleons and
of the propagation of low-energy pions in the nu-
clear medium.

In this experiment we compare the v' photopro-
duction yields on deuterium and hydrogen at ener-
gies ranging from 1 to 7 MeV above threshold.
We notice that the contribution of the breakup
channel is negligible in our energy range, as in-
ferred. from the smallness of the ratio of the
cross sections' v (y d-nnw')/o(y p-nm'). '

The photon source is the bremsstrahlung beam
produced in a 0.01-radiation-length tungsten con-
verter hit by electrons of the Saclay linear ac-
celerator. The momentum resolution of the elec-
tron beam is &p/p = 0.003. The 15-gsec bursts
are delivered at a rate of 1000/sec. A lead col-
limator defines a photon beam spot of 15 mm
diameter at the target location. The photon in-
tensity is measured by a Wilson-type quantame-
ter. The cryogenic target consists of three iden-
tical cells (length, 11 cm; diameter, 3.8 cm),
filled at 1 atm with liquid hydrogen (density 0.071
g cm ') and liquid deuterium (density 0.164 g
cm '). The remaining cell is evacuated and used
for control measurements. In order to avoid any
contribution from m' production in the cell's steel
windows, whose photoproduction threshold is low-
er than that on hydrogen and deuterium, a. lead
collimator masks them from the detectors.

The fact that the w emitted near threshold have
low velocity in the laboratory has helped the de-
sign of a simple and efficient detector. The pho-
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tons from 7t' decay emitted almost back to back
are converted in two 0.6-cm-thick lead foils
placed at 90' on each side of the target. Each
electron-positron pair is detected in an array of
two Lucite detectors (4 cm thick) sandwiching
one plastic scintillator (0.5 cm thick).

An event is defined by a coincidence of the six
counters with a 30-nsec resolving time; the tim-
ing and the pulse height of each individual signal
are measured. Losses of true events due to rath-
er high individual counting rates are minimized
with the help of an auxiliary 8-nsec coincidence
circuit.

The analysis of the data is made off line. A

rough estimate of the energy of the detected par-
ticles is obtained by adding the pulse heights
measured in the four Cerenkov counters. Acci-
dental events yield an energy spectrum that is
peaked toward lower energies. Cuts on the ener-
gy spectra were thus made to improve the true-
to-accidental ratio. We varied the coincidence
width, and so we determined the contribution of
the accidentals in the time window retained for
the good events. In the worst case (hydrogen,
l MeV above threshold), the true-to-accidental
ratio was 4.

The background measured below threshold was
assumed to be constant in the small energy range
explored and was subtracted from the yields above
threshold. They amounted to —,

' and —,
' of the yields

obtained at 1 MeV above threshold for the hydro-
gen and the deuterium, respectively.

The experimental yields, normalized to one
target nucleus and to the photon intensity, are
presented in Table I. They are related to the m

photoproduction differential cross section do/dQ

by

where B(E,E,) is the photon spectrum for an in-
cident electron energy E„&(E,&) is the detec-
tion efficiency, Eo is the threshold energy, and
~& is the solid angle viewed by the detection sys-
tem.

The efficiency &(E, Q) was computed by a Monte
Carlo method. We took into account the exact
geometry and kinematics and used a simple mod-
el to compute the pair production and its propaga-
tion in the counters. &(E,0) is known up to a fac-
tor, C, the product of the efficiencies of the in-
dividual counters for a given cut in pulse height.
C is common to both targets and is practically
constant in our range of energy. The resulting
efficiency & varies with the m' emission angle by
less than a few percent and so the detection sys-
tem is sensitive to the total cross section only.
To illustrate the variation of e(E, 0) with wo en-
ergy, we present in Fig. 1 the case of a pion
emission angle of 45' with respect to the photon
direction.

We used the bremsstrahlung shape spectrum
computed by Jabbur and Pratt. ' The absolute en-
ergy scale was determined within + 60 keV by
measuring the yields for the reaction yp-nv' as
described in Ref. &.

The data on hydrogen are used to determine
the constant C. Since the cross section for the
reaction yp-pm' is not known experimentally in
the energy range explored in the present work,
we have chosen to use a theoretical proton cross
section, common to Refs. 5 and 6. The fit to the

TABLE I. Experimental yield A(E ) = f ~fn B(E,
E )e(E, Q)(do/dQ)dQdE in microbarne, normalized to
one target nucleus and one equivalent quantum, for
different values of the bremsstrahlung endpoint energy
E~ above threshold Eo.
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Hydrogen
E
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Deuterium 3
1.10

1.04
2.04
3.04
4.04
6.04

0.16+ 0.06
0.61+0.11
0.92+ 0.13
1.94 + 0.27
4.29+ 0.86

0.88
1.88
2.88
4.88
5.88
7.88

0.40+ 0.07
1.16 + 0.11
2.64 + 0.26
6.66 + 0.37

10.62+ 0.55
16.48 + 1.50
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FIG. 1. The 7t' telescope efficiency e as a function of
the 7r energy for pions emitted at 45' with respect to
the photon beam.
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FIG. 2. The measured photoproduction yields as a
function of the bremsstraMung endpoint energy E,
compared to theoretical estimates for deuterium with-
out rescattering (long dashes, Bef. 6, and short dashes,
Bef. 5) and including rescattering (dash-dotted line,
Bef. 6, and solid line, Bef. 5). These two theoretical
estimates use the same proton cross section; the cor-
responding yield has been adjusted to the hydrogen da-
ta. Arrows indicate the thr eshold energies. The yields
are given in microbarns per equivalent quantum.

proton experimental yields is satisfactory (X'/n
=0.9); see Fig. 2. It gives C =0.53, correspond-
ing to an average efficiency of the individual
counters of C' ' =0.9, a plausible value. This
efficiency is used to compute the theoretical
yields displayed in Fig. 2 from the deuterium
theoretical cross sections. " The yields ob-
tained by neglecting the rescattering amplitude
are definitely lower than the experimental ones.
With the inclusion of the rescattering amplitude,
one obtains significant improvement. The yield
based on the calculation of Bef. 6 is in perfect
agreement with the experimental data, whereas
the one based on the theory of Bef. 5 is 2 times
smaller. The reason for this difference can be
traced back to the use of different deuteron wave
functions. The Hulthen wave function used in Ref.
6 is too dense at the origin and unduly enhances
the rescattering amplitude, producing the appar-
ent agreement with experiment. In Bef. 5 the
authors have indeed verified that if they use the
Hulthen wave function instead of their more real-
istic one they obtain agreement with our data.

However, the treatment of the virtual pion and
nucleon dynamics is not unambiguous; different
choices for the off-mass-shell behavior of the
participating particles modify the magnitude of
the predicted cross section.

One should note that the m photoproduction and
scattering amplitudes could be influenced, in the
threshold region, by the opening of the charged-
pion channels. Such an effect has not been inves-
tigated up to now.

We have investigated the influence of a varia-
tion of the elementary amplitudes on the proton
and the deuteron yields. It appears that our pro-
ton measurements favor values of E,+(pm') com-
patible with the prediction of the partial conserva-
tion of axial-vector current, ' namely —0.0025m, '.
Using the rescattering amplitude of Bef. 5, we ob-
tained agreement with- the experimental deuterium
yields only with an E,+(nm') amplitude significant-
ly smaller than the one predicted by the partial
conservation of axial-vector current.
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