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The differential cross sections for single-m photoproduction from hydrogen have been
measured over a range of momentum transfers from -2 xlo to -2 (GeV/c), and pho-
ton energies from 5 to 16 GeV. The differential cross section increases by roughly a
factor of 2 as the magnitude of the square of the momentum transfer decreases from
0.02 (GeV/c) . The cross section falls approximately as exp(-Beati) at large momentum
transfers, with a similar momentum-transfer dependence of the cross section at all
photon energies studied.

We report here our measurements of single-
pion photoproduction from hydrogen at photon
energies from 5 to 16 GeV. ' The maximum
energy is high enough to be above the region
where m-N resonances are expected to domi-
nate the interaction and allow us to determine
the (hopefully) asymptotic behavior of the cross
section. In addition, measurements at very
small momentum transfer have an important
bearing on the Reggeized-particle exchange
model.

A 1-kW bremsstrahlung beam from the Stan-
ford Linear Accelerator's 20-GeV electron
linear accelerator was incident on a 30-cm
liquid-hydrogen target. The bremsstrahlung
beam was monitored by placing a 0.005-radi-
ation-length converter in the beam upstream
of a 1-m long helium-gas Cherenkov cell op-
erated at atmospheric pressure, and monitor-
ing the Cherenkov light produced by electron
pairs made in the radiator. The Cherenkov
monitor was calibrated against a precision
calorimeter.

Particles produced a,t forward angles were
momentum and angle analyzed with the Stan-
ford Linear Accelerator Center (SLAC) 20-
GeV/c spectrometer. ' In the vertical plane
particles were brought to a first focus at the
center of the spectrometer, and then brought
to a second focus in the detector housing. A
counter hodoscope at the second focus of the
spectrometer determined the momentum. In
the horizontal plane, parallel rays were brought
to a focus in the detector housing where a sec-
ond counter hodoscope determined the horizon-
tal angle relative to the axis of the system.
The magnet system was corrected for chromat-
ic aberrations by three sextupole magnets and
the inherent resolution of the system was about
+0.05% in momentum and +0.2 mrad in angle.

The acceptance of the system is +4 mrad in
angle, +1.8% in momentum, and 1.2x10 ~ sr
in solid angle.

The detection system included, in addition
to the momentum (P) and angle (8) hodoscopes,
two other hodoscopes (X and y). Information
from the I' and y hodoscopes was used to de-
termine a particle's momentum and angle in
the vertical plane, the vertical angle being
determined to a resolution of +0.7 mrad. In-
formation from the X and ~ hodoscopes was
used to determine the horizontal production
angle and to reject particles which had come
from the magnet poles.

Particles were identified by use of a differ-
ential Cherenkov counter, a shower counter,
and a muon-range telescope. The differential
Cherenkov counter was the coincidence-anti-
coincidence type, and was used to identify pro-
tons, K mesons, or the group of pions, muons,
and electrons. Electrons were identified by
pulse height in a shower counter, and muons

by range in the iron absorber of a range tele-
scope. In operation, a criterion on range in
the iron and pulse height in the shower count-
er was used to isolate the strongly interact-
ing particles, and the differential Cherenkov-
counter pulse heights were used to separate
members of the strongly interacting group
into P, K, or m'.

An SDS 9300 computer was used on line to
log data from the counters, scalers, and beam
monitors; control and monitor the spectrom-
eter magnets and other apparatus; provide
on-line diagnostic displays; and analyze the
data. The on-line data analysis programs pro-
vided a preliminary value of the cross section
at the end of each run.

Data at the smallest momentum transfer point
for each photon energy were taken with the
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spectrometer set at O'. In order to reject the
very large background of electron-positron
pairs coming from the target, a six-radiation-
length thick slab of lead was placed at the first
vertical focus in the spectrometer. This re-
duced the electron flux at the counters by the
factor of 10' to 10', while reducing the strong-
ly-interacting particle flux by a factor 5 to 10
due to multiple scattering in the lead. The
correction factor for this loss of strongly in-
teracting particles was experimentally deter-
mined for each photon energy. The single pi-
on yield was measured both with and without
the lead at a lab angle of 1' where the electron
contamination was negligible, and the lead in-
out ratio thus determined was then used to cor-
rect the 0' data. The error in the correction
factor has been included in the error shown
for the 0'points. For these runs the angular
acceptance of the system was limited by a col-
limator placed in front of the spectrometer
to +3 mrad horizontally and vertically.

Data at the next three momentum transfer
points at 8 and 11 GeV, and the next four mo-
mentum transfer points at 16 GeV were taken
simultaneously at a spectrometer angle of 0.25',
the hodoscope information being used to sub-
divide the spectrometer acceptance.

In order to determine the yield of the reac-
tion yP —wn, the spectrometer momentum was
set to correspond to that of particles produced
by photons of the maximum energy in the brems-
strahlung beam. The hodoscope information
was used to compute the missing mass for each
event assuming that the photon energy was equal
to the bremsstrahlung maximum. Since the
cross section does not vary significantly over
the few-percent momentum acceptance of the
spectrometer, the missing-mass distribution
for single-m+ production has the same shape
as the bremsstrahlung spectrum folded with
the over-all resolution of the system (0.6% full
width from electron-beam energy spread, beam
size at target, and spectrometer resolution).
The missing-mass distribution was therefore
fitted with a step function suitably smeared
out at the beginning of the step to approximate
closely the energy distribution of the photons
near the tip of the bremsstrahlung distribution,
plus a polynomial in the missing mass which
began at the threshold for production of three-
body final states. The resolution was sufficient
to make an unambiguous separation of the sin-

gle-pion production from the multipion produc-
tion background.

The results of the experiment are plotted in
Fig. 1, together with lower energy data from
Deutsches Elektronen-Synchrotron (DESY) and
Cambridge Electron Accelerator (CEA).' '
The errors shown on our data represent the
statistical uncertainties plus monitor fluctua-
tions of about +5%. In addition, there is a sys-
tematic uncertainty depending on energy. This
uncertainty is largest at 5 GeV and when com-
paring the 5- and 16-GeV data, an uncertain-
ty of +8% should be added to the errors shown
in Fig. l; this uncertainty drops to +4% when

comparing 8 and 16 GeV. Finally, there is an
additional uncertainty in over-all normaliza-
tion of +6%.

The data show a very sharp forward peak,
the cross section increasing by a factor of 1.5
to 2 as lt I decreases from 0.01 GeV' to 0. This
characteristic forward peaking has been pre-
viously observed ~' in single-m+ photoproduc-
tion at photon energies between 0.6 and 3 GeV;
it has been traditionally associated with the
one-pion exchange diagram. The sharp rise
is roughly ten times steeper than that of the
usual elastic diffraction peak obtained off pro-
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FIG. 1. Photoproduction cross section for ~
vs t over our full range of t for g&=5, 8, 11, and 16
QeV. The curves drawn are fits to the data of the form
& g&t for large and intermediate values of t. A break
in the slope occurs at ItI= 0.8. Values for A and p are
shown in the table. Also shown are the lower energy
data of Elings et al. , Jospeh et al. , and Buschhorn et al.
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with k in GeV.
Several authors" have shown that the conven-

tional Regge model without conspiracy predicts
a sharp decrease in the cross section as t -0
independent of the particle exchanged in the
reaction. Jones and Frautschi find that the
term in the conventional Regge model which

gives the least rapid decrease as t -0 is giv-
en by

(
d(x t/m '-

(l t/~ &Pt-0 77

(2)

tons. A similar sharp forward peak has also
been observed in neutron-proton charge-ex-
change scattering. At larger tt I the rate of
falloff is considerably slower, going as e(2 to 3)t,
even slower than most forward peaks found
in strong interactions. There appears to be
a knee in the 8-, 11-, and 16-GeV data at -t
=0.7 GeV'; the Fig. 1 caption gives a parame-
trization of the data. The small t region has
been expanded in Fig. 2 by plotting the cross
section as a function of v t=ke-.

The values of dv/dt measured in this exper-
iment can be integrated to obtain a good esti-
mate of the total yp —s+n cross section. At
5 GeV one can use the CEA data' at ~c m =80'
and the backward SLAC data' to estimate an
additional contribution of -l0% from the large
t region not measured in this experiment; at
8 GeV this contribution falls to -3%. The DESY
results can similarly be integrated. To with-
in l0% these results can be simply parametrized
for laboratory photon energy k from the 1.8
to 16 GeV as

cr(yp - s'+n) = 20 ttb/k

This form has been normalized to the data at
t= —m„' and is shown on Fig. 2. Our data are
clearly inconsistent with this behavior and in-
dicate that if the Regge model is applicable,
conspiracy is strongly favored in m'+ photopro-
duction. "

An effective value of the Regge trajectory
parameter o. (t) can be obtained by assuming
the cross section to go as

do/dt =f(t)s (3)

where s =2k&+M' is the total center-of-mass
energy squared. While this form is strictly
applicable for single-trajectory exchange in
the model without conspiracy, " the value of
n determined from Eq. (3) gives some idea
of where the simple model breaks down. Fig-
ure 3 shows values of n(t) obtained by fitting
the 8-, 11-, and 16-GeV data at fixed t to Eq.
(3). Where necessary, the data were interpo-
lated to the same t value. Although some shrink-
age appears at It I )1 GeV', it is considerably
less than might be expected from a simple Reg-
ge picture. The low value of n(t) shown at very
small t reflects the difference shown in Fig.
2 for the forward peak at 8 GeV and at 11 and
16 GeV. We expect to investigate this region
in more detail in the next few months.

Finally, we should like to point out the agree-
ment between the very forward cross section
calculated in the Born approximation and the
data. At small t, the electric Born approxi-
mation wherein the nucleon is treated as a Di-
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FIG. 2. Plot of the small momentum transfer data
on an expanded scale. 8 is the square of the total ener-
gy in the center-of-mass system and I is the proton
mass. The "Regge" curve is the most forward-peaked
term in the Regge model without conspiracy [Eq. (1)].

FIG. 3. Plot of n(t) vs t for the process ~ m n by
fitting the data for E&= 8, 11, and 16 GeV to the form
do/dt =Cs2s(t) . The straight line shows a, Regge tra-
jectory passing through the pion pole with a slope 1
(GeV/c)
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rac particle gives a cross section of

dv 1+(t/m ')'
(s—M ')'

dt
= 260

(1 t/, ), pb GeV'

(the m Nc-oupling constant has been taken as
gz~~'/4m =14.7), which is plotted in Fig. 2.
The Born approximation gives a cross section
which is much too large at all values of -t »m~',
and we have been unable to get good agreement
with the data with absorption done in the fash-
ion of Gottfried and Jackson. " It is interest-
ing to note that the cross sections measured
here can be fitted to within about 30Vo for all
values of t and k by an unfashionable form fac-
tor model with

dv/dt = e (do/dt)
3t

Born
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