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Cross sections for + 7t A++, yn —x &, pP —~+4, and yn —~+4 have been mea-
sured at 16 GeV for momentum transfers -t —2 GeV . The charge-symmetric cross
sections differ by typically a factor of 2, indicating interference between isoscalar and
isovector photon amplitudes. The ratio of Tt+~ and z+~ cross sections is not consis-
tent with pure isospinI =1 exchange in the t channel, appreciable I =2 exchange being re-
quired. A factor-of-5 discrepancy is found for a vector-dominance plus line-reversal
prediction.
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from deuterium, where N, is the spectator nucle-
on. By subtraction of the above, the two-body re-
actions

y+g-r +6

y+n-m +6 (6)
are obtained. These measurements' were made
at m production angles such that the square of the
four-momentum transfer t ranged from 0.0 to
-2.0 GeV'.

These measurements are of particular interest
because of the sensitivity of these cross sections
to the possible exchange of particles with isospin
&1 (exotic exchanges). The A cross section can
have a large contribution from the interference

Measurements of the differential cross sections
for z "A(1236) photoproduction off hydrogen and
deuterium have been made at a, photon energy of
16 GeV for the following reactions:

of a small exotic exchange amplitude with the I
=1 amplitudes while cross sections for process-
es involving double charge exchange (w p - z'Z
for example) are only sensitive to the squa. re of
the I& 1 amplitude.

The method used was the same as in our previ-
ous work. ' The Stanford Linear Accelerator
Center 20Be /Vc spectrometer measured the an-
gle and momentum of pions produced from either
the 30-cm liquid-hydrogen target or the 30-cm
liquid-deuterium target by a bremsstrahlung
beam with 16-GeV peak energy. The pion was
identified by a threshold and a differential Cher-
enkov counter, a shower counter, and a range
counter. The bremsstrahlung beam flux was
monitored with a Cherenkov cell in front of the
target and a secondary-emission quantameter
downstream of the target. These monitors were
periodically calibrated against a precision silver
calorimeter which served as the absolute stan-
dard for the photon beam. ' In order to minimize
irregularities in yields from variations in bin
size and efficiency in the momentum counter hod-
oscope, the spectrometer was operated in a scan-
ning mode by recording many short runs, each
separated by one bin width or -0.2 /z in the mo-
mentum setting of the spectrometer.
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At a given angle six different runs were taken:
hydrogen, deuterium, and empty target, with the
spectrometer set for either positive or negative
particles. The full-target minus the empty-tar-
get yields were then used as input to the least-
squares fitting program.

The processes considered in fitting the data
were similar to those used in Ref. 2, and includ-
ed the single-pion reaction yN -~N, the 6 reac-
tion yN —mA with the shape of the 6 given by the
Jackson relativistic Breit-Wigner form, the p
process yN —p'N -~'m N, the three-body phase
space yN - mmN, and the Drell mechanism yN -7t
+anything. For the Drell case, the measured val-
ues of o„,(m'P) and o„,(v p) were used in the
Drell formalism for m and m' production off hy-
drogen, respectively, and the sum o „,(7T'p)

+o„,(v P) was used for either 7I' or s produc-
tion off deuterium. The b, (1236) contribution was
removed from the mea. sured values of o„,(m'p) in
order that only the one-6 process be used in fit-
ting for the 6 contribution in the data.

All of the processes were folded with a brems-
strahlung photon-energy spectrum calculated for
a 0 03Xo I ad iator. Smearing due to Fermi mo-
mentum was also included for the deuterium case
using the Hulthen momentum distortion. Good
X"s were obtained in most cases with only the

single m, 6, and p fits, one, set of fits being il-
lustrated in Fig. 1. Fits using the single m and
b, with various combinations of p and/or Drell
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process gave similar delta cross sections to
within 59o, with little change in y . The p pro-
cess was chosen in the final fits. The phase-
space contribution to the yields was estimated
from lower- energy bubble- chamber data. Bub-
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FIG. 1. Fits to the 7t+ and ~ data from hydrogen
aud deuterium for do/d(I~~b vs MM at 1.4'. The
curves show the single nucleon, the ~, and the p pro-
cesses folded with a 0.03Ã0 bremsstrahlung spectrum
including a Fermi smearing for the deuterium case as
given by the Hulthen momentum distribution.

Table I. Cross sections do/dt in pb/GeV for ~& photoproduction off hydrogen, off deuterium, and (by their sub-
traction) off neutrons at a photon energy of 16 GeV, obtained from fits using the single nucleon, the b, and the p

processes, an estimate for the phase-space process, and inclusion of a +5% error in quadrature for the hydrogen

and deuterium fits to account for errors in the phase-space estimate. An overall normalization error of +5% has
not been included.
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FIG. 2. Measured cross sections for x. 4 photopro-
duction versus momentum transfer (-t)~~2. The yn
cI;088 sectiorls I'esult fx'om deuterium minus hydlogen
subtractions. Fits made to missing-mass spectra in-
cluded the si:ngle-nucleon process, the 4, background
from yÃ —pN, and a correction fox phase space yN

A Jackson-type Breit-signer form was used
to calculate the shape of the + coIltl"ibUtioIl. SDlooth
curves are drawn to guide the eye.

ble-chamber data from 3 to V. 5 GeV for yp-II'II p
give exoss sections for the 4", p', and the re-
mainder (which we call phase space). We scaled
the phase-space cross section to 16 GeV with
that of the 6+'; such scaling agrees with the bub-
ble-chamber data from 3.5 to 7.5 GeV. An e"
dependence was used for the 7t distribution from
tile pllRse-spRce pl ocess, Rs seeIl (Rppl. oxllnate-
ly) in other forward photoproduction processes.
Flnallyq to estimate the 'Tt' flnRl stRtes Qot mea-
sured in the bubble-chamber data, we assumed
the undetected mN systems could be in some corn-
bination of isospin I= & ox 2 states. Various com-
binations of I=2 or 2 were tried, and the one
that agreed best with the bubble-chambex data
was used. If a flat t distribution for phase space
were used instead of e", the phase-space contri-
bution would be less for It I

&1.5 and larger for
It) & 1.5, resulting in changes in the IIb, cross
sections which are less than the quoted errors.
The estimated phase-space correction decreased
the 6 cross section for Reactions (1) to (4) by
2, 5, 4, and 3%, respectively, with a resulting
decrease of -12 and -2 /g for Reactions (5) and

(6), respectively. A +5% error was added qua-
dratically to each of the fits for Reactions (1) to
(4) to account for uncertainties in our phase-
spaee estimate.

Comparisons of deuterium and hydrogen cross

sections involve several possible systematic
problems such as Glauber shadowing of one nu-
cleon by the other in deuterium and the x elative
target densities (we have used 0.0705 g/om' for
H, at 20.8'K and 0.1687 g/cm' for D, at 21.1'K).
To get a feeling for these effects we have com-
pared our cross sections for yp-II'n from free
protons and from those bound in deuterium nu-
clei [only data with (-t) ~~0.4 GeV wel'e used
in order to avoid exclusion-principle effects].
These gave a deuterium-to-hydrogen ratio of
1.02 + 0.02 (statistical errors only). Comparison
of our K'A production from deuterium to hydro-
gen fox -t =0 to 2 GeV' gave a ratio 1.02+ 0.04.
The product of the systematic effects is thus con-
sistent with unity and we have taken the neutron
cross sections to be simply the difference be-
tweeQ deuterium Rnd hydx'ogen cx'088 8ectlons,
The results are shown in Table I and Fig. 2.
These results do not include experimental uncer-
tainties common to all points, of about +5%.

Comparisons of different chax'ge states allow
sensitive tests for amplitudes which are usually
assumed to be small. In terms of t-channel quan-
tum numbers the four cross sections can be writ-
ten as

where the summation is over the eight helicity
amplitudes and the subscripts 1 and 2 refer to
the t-channel isotopic spin; the + and —subscripts
denote the Q parity of the t channel and corre-
spond to isoscalar and isovector photons, re-
spectively. Figure 3 shows the ratios of the
charge-symmetric cross sections; in general,
the cross sections are not equal and interference
terms between exchanges of opposite G parity
are required, as observed in single pion photo-
px'odu etio n

If I= 2 exchange is negligible, the cross sec-
tions ax e uniquely predicted to be in the x atio
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FIG. 3. The ratios {VP-x b.+')/{yn -x'6 } (closed
circles with error bars) and {yn-z 6+)/(~ -x+6. )
versus (-t} (open circles with error bars). These
ratios, vrhere different from 1, indicate an interfer-
ence between isoscalar (&u-like photon) and isovector
(p -like photon) amplitudes. For comparison the
curve shows the ratio (yn —x p)/(yp -x+n), Ref. 6.
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FIG. 4 The deuterluIH-to-hydrogen ratios versus
(-t)' . Neglecting absorption effects in deuterium,
which were found to be negligible in our yd z+nn data,
dominance of lSospln-1 exchange 1Dlplies 8 = 4 for x
and A = T for m . The x+ data indicate that isospin-1
exchange alone does not fit the data for

~
t

~
-0.15 GeV .

The deuterium-to-hydrogen I'Rtios should then be 3 foI' K Rnd 4 for 'tt . These I'Rtlos Rle shown 1Q

Fig. 4 as a function of ( t)'". T-he s' ratio shows clear deviations from the prediction over most of
the f Iange studied, a typical value being 3, in which case the I=2 exchange amplitude must be at
least 16% of the I=1 exchange amplitude. Although this result can be interpreted in terms of exotic
meson exchange, it could also be explained by double Regge pole exchange, giving Hegge cuts. The
measured m ratio is not as sensitive a test for I=2 exchange since the errors are large in compari-
son wi. th the smaller ratio.

The vector-dominance model suggests the relation

where the two photoproduction cxoss sections are
averaged to eliminate p~ interference terms. In
addition to the usual vector-dominance assump-
tions the derivation assumes line-reversal in-
variance. Using the m'P -p'b, "data from the
Aachen-Berlin-CERN collaboration, the two
sides of Eq. (9) are plotted in Fig. 5 for 8 GeV,
assuming the ratio of 4 to 4" cross sections to
be independent of energy. The 10% a& contribu-
tion has been ignored and gyp =3.5x10 (yp /41l
=0.52) was used. The figure shows a factor-of-
5 discrepancy in the vector-dominance relation,
which also disagrees with the calculations of
Dar. ' Three possible sources can be found for
the factor-of-5 discrepancy: (a) the vector-dom-
inance model which has had troubles elsewhere, '
(b) the line-reversal assumption which will not
be valid if intel-feI ences exist between ampli-
tudes corresponding to t-channel exchaIlges of

lo

~)( )(
)(

5(

QQl I I I

0 0.2 0.4 0.6 0.8 l.0
GeV 2

FIG. 5. Test of the vector-dominance model. The
average of ~+ and ~ is compared with that predicted
from the z+p —p 4++ data at 8 GeV by vector domi-
nance, There is disagreement by about a factor of 5.
Smooth curves are drawn to guide the eye.
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opposite signature, ""and (c) difficulty in the
cross-section determination for pod, ' since both
the p and 4 have large widths. "

We are indebted to G. Wolf for shorving us the
bubble chamber data before its publication.
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We have measured do/Ch for five N* reactions in the process 7l +p n +N* at inci-
dent momenta of 8 and 16 GeV/c in the range ot It}&1.5 (GeV/c) . N* bumps are observ-
ed at masses of 1.24, 1.41, 1.52, 1.69, and 2.19 GeV. Considexable structure is appar-
ent in the do/dt distribution's including leveling off for (t}&0.15 and dips at larger t in
both the N*(1.24) and }V*(1.52) reactions. The logarithmic slopes for the four higher
mass Ã*'s ax'e identical to those seen in the corresponding reaction in pp scattering and
the cross sections exhibit a similar elasticlike behavior with incident energy.

The study of angular di.stributions of various
isobar (N*) channels in the reactionP+P —P+N*
in the 6- to 30-GeV/c region" has proven very
useful in delineating one of the dominant dynam-
ical mechanisms underlying hadxonic collisions
at high energy, viz. , the "diffractive" mech-
a,nism, which controls the class of quasi two-
body reactions that occur without exchange of
internal quantum numbers. We report here a,

companion expex'iment to our earlier PP study, '
carried out with incident n' mesons at the Brook-
haven alternating-gradient synchrotron, i.e. , the

at momenta of 8 and 15 GeV/c and over a four-
momentum transfer (t) range of 0.05-1.5 GeV/c'.
The basic data are a high-statistics (-9x 1()'
events), high-resolution study of the high-mo-
mentum end of the inelastic ~ spectrum emitted
by a monoenel getlc K beam strlklng a llquld-
hydrogen target. In the resulting missing-mass
(MM) spectra the N* reactions are seen as clear
maxima, . All fi.ve of the N* channels that were


