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Single 7t and 7t+ photoproduction from deuterium has been measured at gamma ener-
gies of 3.4 and 5 GeV and momentum transfers between 0.005 and 0.6 (GeV jc) . The m //

~+ ratio is found to be unity near the forward direction and drops to about 0.3 at larger
angles. The data support the existence of a forward peak in 7t photoproduction on neu-
trons.

In this paper we present the results of an ex-
periment on n and ~+ photoproduction on deute-
rium and hydrogen. We have measured the re-
actions yd- m 2P, yd-m+2n, and in addition
yp - ~+n in order to have a check on the validity
of the spectator model. The experiment was
performed using a bremstrahlung beam from
the Deutsches Elektronen-Synchrotron (DESY)
facility and detecting only the pion with a mag-
netic spectrometer. Details of the apparatus
and experimental procedure are given by Heide
et al. '

In our calculations of the photoproduction kine-
matics on deuterons we assumed the spectator
model to be valid. At small momentum trans-
fers the relation between incident gamma energy
and pion momentum is nearly the same as in
photoproduction on free nucleons. Therefore, a
one-arm spectrometer was adequate to identify
the single-pion production reaction. The Fermi
motion in the deuteron leads to an uncertainty of
about +100 MeV in the center -of -mass energy,
but has negligible influence on the momentum
transfer t.

A Monte Carlo calculation was performed to
simulate the photoproduction process caused by
a bremsstrahlung beam in a deuterium target.
The spectator momentum distribution was com-
puted from the Hulthen deuteron wave function. '
We found good agreement between calculated and
measured pion-momentum spectra. With in-
creasing momentum transfer, an increasing
smearing of the pion-momentum profile was ob-
served which is due to the Fermi motion of the
target nucleon. However, the energetic separa-
tion between single and multiple pion production
was still good enough to have a di-pion contami-
nation in elastic yields of at most a few per cent.

Single-pion photoporduction cross sections
were calculated using a photon energy interval
Eymax —200 MeV (Ey (Fy . The cross sec-
tions have been corrected for empty target (3-

13%), nuclear absorption (6%), pion decay in
flight (7-13%), and ambiguous events (3%). Mul-
tiple Coulomb scattering and dE/dx losses were
taken into account in the solid angle calculation.
The contamination of the pion rate due to elec-
trons, muons, and protons is estimated to be
less than 1%.

The errors given with the cross sections are
statistical only. For the deuterium cross sec-
tions the smearing in the momentum spectrum
probably causes a systematic uncertainty which
smoothly increases with angle ((5%). An overall
normalization uncertainty is estimated to be less
than +7%. The w /m+ ratios should not be affect-
ed by the systematic errors, since the n and ~
data were taken under identical conditions except
for reversed magnet polarities.

In Figs. 1 and 2 we show the pion cross sec-
tions for hydrogen and deuterium at Ey =3.4
and GeV together with previous hydrogen data3&
and deuterium data. ' The w /w ratios calcu-
lated from the deuterium cross sections are
shown in Fig. 3. Numerical values are given in
Ref. 1. The striking feature is that the n cross
sections have the same magnitude near the for-
ward direction, but drop more rapidly with in-
creasing momentum transfers than the m+ cross
sections.

At momentum transfers gi) p.3 (GeV/c)' the w+

cross sections on deuterium and hydrogen are
roughly equal, which is found also by Bar-Yam
et al.' However, there is a clear difference at
smaller momentum transfers which may be quali-
tatively understood from spin and isospin re-
strictions in the spectator model. ' A similar
suppression of the n+ yields from deuterium at
small angles was observed in lower energy ex-
periments by Neugebauer, Wales, and Walker. '
Assuming that the corrections are the same for
the w (d) and the w+ (d) reactions, one can ob-
tain the 7t cross section on free neutrons by
multiplying the v /w+ ratio from deuterium with

248



VOLUME 21, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JULY 1968

~ this exp

0 &+(p)

n+(d)-
m- (d)

v Joseph et a[. n+(p)
n+ (d)—

Bar-Yam et al, „(&)

~ (p)
~ this exp. a (d)

m- (d)
v Bcyarski et al. v' (p)

I t I

0.2 04 0.6 0.8
It I [{GeV/c)2]

0.2 0.4 0.6 09
It I [(GeV/c) 2]

FIG. 1. Differential cross sections for the reactions
yp m+n, yd n+nn, andyd —~ pp atE&=3.4 GeV as
functions of momentum transfer It I. The curves are
drawn to guide the reader.

FIG. 2. Differential cross sections for the reactions
yp n+n, yd x+nn, andyd —7r pp atE =5 GeV as'y

functions of momentum transfer It I . The curves are
drawn to guide the reader.

the m+ cross section from hydrogen. We suspect
that this simple relation needs some modifica-
tion at very small momentum transfers, because
the additional Coulomb interaction between the
two final-state protons should suppress the n

(d) cross section relative to the w+ (d) cross sec-
tion. ' The data most likely imply that there is a
forward peak in m photoproduction on free neu-
trons, and furthermore, that ds(yn —w p) & do(yp
-&+n) at the smallest momentum transfer cov-
ered in this experiment.

That the m /~+ ratio drops to =0.3 (Fig. 2) in-
dicates that there has to be considerable inter-
ference between the isovector and isoscalar amp-
litudes of the photon. In the vector-dominance
model this implies that not only the intermediate
po state but also the u (and possibly the y) state
of the photon is required. A v-/w+ ratio 0.3 is
not inconsistent with experimental data on p and
~ production in ~N interactions. s Dar et al.~ have
made vector-dominance predictions for the sum
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FgG. 3. m. /n. + ratios at E~=3.4 and 5 GeV from deu-
terium as a function of It I.
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of n+ and m photoproduction cross sections and
have found good agreement with previous data.
Also the data presented in this paper agree well
with their predictions.

Several authors have fitted the forward peak in
photoproduction using conspiring traj ectories,

cuts, or a phenomenological background term. '

Frgyiand and Gordon'0 also make predictions for
w photoproduction. They describe the w /w+ ra-
tio correctly for large momentum transfers;
however, they do not find the rise to unity near
the forward direction.

We would like to comment on a quark-model
prediction by Bialas et al.' relating the differ-
ence between v+ and v photoproduction to a dif-
ference of E~ production cross sections. These
authors use a v in+ ratio of 0.4 and find the
quark-model relation to be violated. With our
new results which give roughly equal m+ and m

cross sections in the forward direction and a
smaller difference of the integrated cross sec-
tions, the violation is not so evident.
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We study the implications of Lorentz and gauge invariance for Reggeization of the pion
trajectory in charged pion photoproduction and find that the pion pole need not be intro-
duced as a kinematical singularity. As a consequence of having a dynamical Regge pion
pole, we find that effects characteristic of an s-channel nucleon pole appear automati-
cally.

Charged-pion photoproduction yP-m+n has re-
cently received considerable attention' ' because
of the experimental observation' of a sharp peak
in the forward direction. In the past, forward
peaking of many reactions had been explained
very nicely in the peripheral model with pion ex-
change. Whereas a natural pion exchange mech-
anism exists also in photoproduction, the contri-

bution from this particular single process van-
ishes in the forward direction; in the usual
scheme for Reggeization of helicity amplitudes
there is no dynamical pole on the pion trajectory
at the position of the pion mass and spin; it is in-
troduced through a kinematical factor. '~ This is
at least esthetically dissatisfying since this same
kinematical factor also occurs in the perturba-
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