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Ke have studied the electroproduction of single charged pions from deuterium in a co-
incidence experiment at the Cambridge Electron Accelerator. Data are presented for a
virtual-photon mass squared near —0.4 GeV and virtual photoproduction center-of-mass
energy and angle near 2.15 GeV and 0', respectively. The data are used to study the iso-
scalar-isovector interference and the nuclear-physics corrections arising from the use
of a deuterium target.

We have measured the electroproduction of
single charged pions from deuterium in a coinci-
dence experiment at the Cambridge Electron Ac-
celerator. A comparison of the charge-symme-
tric reactions is used to measure the interfer-
ence between the isovector and isoscalar ampli-
tudes and thus test the assumptions used in theo-
retical models of pion electroproduction. The
ratio of the cross sections for production from
the protons in deuterium to that from hydrogen
gives a measure of the corrections to single-nu-
cleon cross sections arising from the use of a
nuclear target.

To lowest order in quantum electrodynamics
the inelastically scattered electrons can be con-
sidered a source of tagged, polarized, virtual
photons which interact with the nucleons through
the reactions"

y++p-F +n, (1)
+d 7 +n+ns (2)

y++d w +p+p (3)
The subscript s denotes the spectator particle
which, in the impulse approximation, does not
directly participate in the interaction. '

We have measured the deuterium cross sec-
tions at a virtual-photon mass squared k' near
—0.4 GeV' and a virtual photoproduction center-
of-mass energy W near 2.15 GeV. The pions
were detected primarily along the virtual-photon
direction, corresponding to virtual photoproduc-
tion t between —0.01 and —0.08 GeV' or pion-
virtual-photon angles 8 between 0 and 15' in the
mN center-of-mass system. The parameter e,
which characterizes the virtual-photon polariza-
tion density matrix, was between 0.75 and 0.9.
Of the transverse components, the one corre-
sponding to photons polarized parallel to the pro-
duction plane predominated. Earlier measure-
ments have shown that Reaction (1) has a large
scalar component not present in photoproduc-
tion."

As for the previously reported results, ' a two-
arm spectrometer was used to detect the scat-
tered electron and the electroproduced pion. The
hadron-arm Cherenkov counter was used to sepa-
rate pions from protons for Reaction (2) and
pions from electrons for Reaction (3). All other
event-selection criteria were the same as in
Ref. 1.

Each arm had a small horizontal angle accep-
tance (1') and a large momentum acceptance
(+ 30/p). Since W, 0', e, and the laboratory an-
gle of the virtual photon depend on the scattered
electron momentum, these variables are strong-
ly correlated. Because of our narrow angular
acceptance, for one setting of the apparatus 8 is
also correlated with W, and the angle y between
the electron-scattering plane and the hadron-
production plane is near 0' (180') for small
(large) W.

Figure 1 shows the ratio R of the w to r' elec-
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FIG. 1. The measured ratio R of the cross sections
for the production of single w and ~+ mesons from deu-
terium. The lower scale shows the momentum transfer
and the ~N center-of-mass production angle. The upper
scale shows the total ~N center-of-mass energy.
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troproduction cross sections from deuterium
plotted against 8 with the correlated variation of
8' and the two regions of y explicitly shown. The
ratio has been corrected to include effects from
differences in spark-chamber recovery dead
times (7.1%), differences in the radiative correc
tion for the two charge states (= 4%), misidentifi-
cation of v' (2.5%), misidentification of tt (0.3%),
hydrogen contamination in the target (0.7%), and
other small effects (=0.3%}. The Coulomb inter-
action between the final-state protons in Reac-
tion (3) was assumed to be negligible"; all oth-
er nuclear-physics corrections and apparatus ef-
fects are expected to cancel.

In terms of the isovector and isoscalar virtual
photoproduction amplitudes, this ratio can be
written

IA„I'+ IA, I' —2Re(A, *A„)
IA. I'+ IA, I'+2Re(A, 'A„) '

Re(A, *A„)
IA. I'+ IA.I'

Using the five central points of Fig. 1 (8 & 6'),
we obtain for the fractional contribution of the
interference term to each cross section

", = 2(l —R) = 0.063 + 0.025.„'+A, '

We note that in photoproduction' (1) the ratio
of the ~ to ~' cross sections is nearly indepen-
dent of energy over a much wider range than that
covered by our data; (2) the ratio for photons
polarized parallel to the detection plane is con-
sistent with 1.0 for all t; and (3) for the per pen
dicular polarization the ratio falls from 1.0 at

I t I;, to 0.7 at the maximum —t reached by this
experiment. Figure 1 shows that R is consistent
with 1.0 for —t ~ 0.032 GeV', indicating that the
scalar and parallel polarizations do not contain
isoscalar terms as large as those seen in the
perpendicularly polarized photoproduction mea-
surements. Recent dispersion-theory models of
m' electroproduction assume that the isoscalar
amplitude is zero. ' " Fraas and Schildknecht
have included an isoscalar-isovector interfer-
ence term in their calculation, based on the vec-
tor-meson-dominance model, of pion electropro-
duction. " They predicted that this term would
contribute less than 10% to the cross section for
—t &0.1 GeV'. Qur data are consistent with both
of these approaches.

Figure 2 shows the ratio R of the cross sec-
tions for r' production from deuterium to those
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FIG. 2. The ratio of the cross section for the pro-
duction of single ~+ mesons from deuterium to that from
hydrogen. The curve is the theoretical prediction of
Dar and Gal modified to take into account the mass of
the virtual photon.

Here S(q,} is the deuteron form factor with q, the
transverse momentum transfer, (r ')~ is the
mean inverse squared radius of the deuteron,
and o „,(v'n) is the total cross section for pion

for production from hydrogen. Data for the lat-
ter reaction have been presented in Ref. 1. The
5'-cp correlation is not shown explicitly but is
the same as in Fig. 1. Corrections have been ap-
plied to the ratio for differences in chamber re-
covery dead times (0.8%), differences in target
bremsstrahlung (=1.5%), snd miscellaneous ap-
paratus effects (=0.5%). A Monte Carlo calcula-
tion based on the Hulthdm wave function of the
deuteron' was used to correct for those events
kinematically excluded by the data-analysis pro-
cedure because of Fermi motion of the target nu-
cleon (= 3%). Corrections have not been made
for other deuterium effects.

If the presence of the spectator particle had no
effect on the production cross section, this ratio
would be 1. Deviations from this value can arise
from shadowing of the target nucleon by the spec-
tator (the Glauber correction)" and from effects
due to the Pauli exclusion principle, which sup-
presses the cross section by excluding those fi-
nal states in which the identical nucleons of Re-
actions (2) and (3) would retain the symmetric
'S state of the deuteron. Both effects have been
calculated by several authors for m' photoproduc-
tion. "" In particular, Dar and Gal" obtain for
the deuterium-hydrogen ratio

R =1 —PS(q, ) — (r ')~o„,(tt'n).(1 P)-
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R =1 ——,'S(q} ——',(4v) '(r '),o„,(v'n). (5)

Equation (5) has been evaluated as in Ref. 14 and
is shown in Fig. 2. The data are consistent with
the calculation for larger momentum transfers
but do not give evidence for a forward dip caused
by the exclusion-principle term of Eq. (5).
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theoretical aspects of this paper.
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absorption by a neutron. P is respectively —,
' or

1 when the amplitude is purely spin dependent or
spin nondependent. The second term in Eq. (4)
allows for the exclusion effect; the third term
estimates the Glauber correction.

The Glauber correction results almost entirely
from the shadowing of the produced m', and so
the effect should be the same for electroproduc-
tion. However, the photoproduction calculation
of the exclusion-principle correction does not in-
clude (i) the longitudinal momentum transfer
arising from the virtual photon mass which, even
at 8 =0', helps to separate the nucleons and miti-
gate the exclusion effect, and (ii) the contribu-
tions from the scalar virtual-photon component
of the amplitude. To account for (i) we have
used a procedure similar to that employed in
optical-model calculations of p photoproduction. "
This leads to the plausible result that the total
three-momentum transfer must be inserted in

Eq. (4). The scalar virtual-photon component
enters the amplitude like the spin-flip component
in photoproduction. Since the spin- nondependent
term can arise only from photons polarized per-
pendicular to the production plane, we are not
sensitive to it. Moreover, it vanishes when 8 =0 .

These arguments and Eq. (4} lead to the predic-
tion

ter, Stanford, Calif. 94305.
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