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The cross section for y+ d p + d has been measured at 6, 12, and 1S GeV for t between
—0.15 (GeV/c) and -1.4 (GeV/c) . From these measurements the total and differential
p -nucleon cross sections have been determined together with yp /4&.

INTRODUCTION

The differential cross section for the reaction
y+d- p'+d has been determined at the Stanford
Linear Accelerator Center by measuring the yield
of recoil deuterons as a function of missing mass
with the SLAC 1.6-GeV/c spectrometer. Data
were taken for incident photon energies of 6, 12,
and 18 GeV and for values of the four-momentum
transfer t from 0.15 (GeV/-c)~ to -1.4 (GeV/c)'.

By comparing the results of this experiment
with our earlier measurements' of p photopro-
duction on the proton, we have extracted both the
differential and the total p'-nucleon cross section
together with the p -y coupling constant. Previous
determinations' ' of these quantities from forward
p' photoproduction on complex nuclei have been
subject to large systematic errors' caused by the
dependence of the extracted values on both the nu-
clear parameters and the phase of the elastic p'-
nucleon scattering amplitude. The present deter-
mination has the advantage that the deuteron wave
functions are well known in the range of momen-
tum transfers important to this experiment and
the results are insensitive to the phase of the p'-
nucleon scattering amplitude.

METHOD

The cross section for elastic po photoproduction
on deuterium can, except for small corrections
due to the finite p mass, be treated as an elastic
scattering process. Therefore, since elastic gd
scattering" is well described by the dauber
theory, ' "we would also expect the same to be
true for elastic p photoproduction. This theory

predicts the p'-photoproduction cross section for
small ( t

~
values to be given by the impulse approx-

imation, that is, an isovector photon produces a
p' meson by interaction with only one nucleon and
the struck nucleon then rescatters and transfers
half of its momentum to the spectator nucleon in
order for the deuteron to remain bound. The
cross section for small values of

~ t~ can there-
fore be written as

(t-0) —=4 (t»0) —[S '(—,'q)+S, '(—'q)].
dt d~ Pd px~pN

In this expression S,(—,'q) and S,(-,'q) are quantities
proportional to the deuteron charge and quadru-
pole form factor and are defined as

So(—,'q) = dr [u'(r) + sv'(r)] jo(—,'qr),
0

S,(-,'q) = d~2m(~)[u(~) —(8)"'~(r)]j,(-'q~) .
0

Here u(r) and so(r) are the radial wave functions
for the S and D states of the deuteron. " It is clear
from this expression that, apart from projecting
out the isovector part of the photon, a measure-
ment of p photoproduction on deuterium at small

~ t~ values does not tell us anything new. However,
since the contribution to the cross section from
the single-scattering term is proportional to the
deuteron form factor, it will decrease rapidly
with increasing ) t 'I and for large momentum trans-
fers the cross section will be dominated by the
double-scattering term. Here the incident photon
first produces a p on one of the nucleons, and the
struck nucleon recoils with momentum 2/+ Z per-
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pendicular to and 2h
~)

parallel to the direction of
the incident photon. The longitudinal momentum
transfer 2a „=m 2/2k results from the photon con-
verting into a p . The produced p subsequently
scatters elastically off the second nucleon with a
momentum transfer of —,'q —b, . After the collision
the deuteron will recoil with a total momentum of
q+2~(( and a relative momentum of 26+2~(~ be-
tween the two nucleons. In order for the deuteron
to remain bound there must be a momentum trans-
fer of z+~() between the nucleons where 6 can
vary from 0 to 2k. Hence the second scattering
term will be proportional to the cross section for
photoproducing a p on a single nucleon multiplied
by the elastic p'-nucleon cross section. There-
fore, in the region

~
t

~

& 0.'I (GeV/c)', the cross
section can be written as

2
gdgS ((gp+ g p)&~p)ct&+e&& ~2

0

2
K, =2w ~daS ((s'+a ')"')e'"'"~ ~'

0

Here S, and S2 are the form factors as defined
above. A and B are the slopes of the p -photopro-
duction and the p -nucleon scattering cross section
and are approximately equal.

To a first approximation the correction terms
can be neglected (they are of course included in
the final analysis} and the p'-nucleon differential
cross section can be written as

da(t/4)
dt

do(t)
4m' dt

pN Kp + ~K2 do(t/4)
N

~p pp

Since K0 and K, are well-defined quantities, the
ratio of the elastic p'-photoproduction cross sec-
tion on deuterium to that on the proton directly
determines the p -nucleon differential cross sec-
tion for 4

~
t

~

& 0.'7 (GeV/c)' It is clear that this de-
termination of the p -nucleon cross section is in-
dependent of the vector-dominance model. Fur-
thermore, since we are using only our own data,
systematic errors due to the acceptance of the
spectrometer or the shape of the p' used to ex-
tract the cross section will cancel. Assuming the
cross section for photoproducing a p is propor-

I
(K p, iK, )«(t/4)

dt ~tf pq 4w

X
dot 4) + correction terms.

dt p„ p„

The constants K0 and K, are to a good approxima-
tion given by

tional to the elastic p'-nucleon scattering cross
section we can define a constant of proportionality
yp'/4w as

dc(t/4)
y

2 a Q$ p&pN
P

4w 4 do(t/4)

yp ~pp

Using the above expression for the p -nucleon dif-
ferential cross section we have

—(t)
da

p p ~F dI; Y&~p&

4w K '+ -',K,' do(t/4)
dt

y p

Thus y '/4w is determined from the measured
p0 cross section without extrapolating to t = 0.
However, this ratio will be affected by the sys-
tematic uncertainties.

EXPERIMENTAL ARRANGEMENT
AND DATA ACCUMULATION

The experimental arrangement was similar to
that used in our earlier experiments on photopro-
duction on hydrogen. ' The beam was prepared by
modulating the grid of the electron gun of the ac-
celerator with a high-voltage signal. The result-
ing electron beam consisted of bunches about 5-
nsec wide spaced typically 50 nsec apart within
the usual 1.6-p.sec-long beam pulse. The momen-
tum-analyzed electron beam was focused onto a
0.03-radiation-length aluminum radiator and the
produced photon beam passed through several col-
limators and sweeping magnets before impinging
on the hydrogen target. The beam was stopped in
a secondary emission quantameter which served
as the primary beam monitor. The intensity of
the photon beam was also measured by a Cerenkov
monitor located in front of the target. For

~
t

~

& 0.4 (GeV/c}' a conventional liquid target was
used. For smaller

~
t

~
values the liquid target was

replaced by a high-pressure, low-temperature
gas target. "

The angle and momentum of the recoil deuteron
were determined by the SLAC 1.6-GeV/c spectrom-
eter. The trigger counters consisted of a range
telescope, a Lucite threshold Cerenkov counter to
veto p's, and eight hodoscope counters. The ratio
of protons to deuterons incident on the counters
was typically 1000 to 1, making it difficult to
achieve a clean separation by using pulse height
and range only. However, since the photons ar-
rive in well-defined bunches at the target, parti-
cles with the same mass will arrive simultaneous-
ly at the top of the spectrometer. Therefore, by
timing and gating the trigger system relative to
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the modulating signal, the deuterons can be se-
lected. With this time-of -flight criterion deuter-
ons and protons could be separated cleanly using
only the two first trigger counters. Figure 1(a)
shows a time-of-flight spectrum for 18 GeV and

I t I
=0.5 (GeV/c)' gated with deuteron biases in the

two trigger counters. The deuterons are cleanly
separated from the pions and the protons. Since
the experiment consists of measuring a step
height on a smoothly varying background, a small
residual amount of protons and pions under the
deuteron peak does not change the results of the
experiment.

The spectrometer focuses p and 8 onto a focal
plane normal to the particle trajectory. For a
fixed photon energy deuterons corresponding to

I
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FIG. 1. For a bremsstrahlung end-point energy of 18
GeV and a four-momentum transfer t = -0.5 (GeV/c)2,
shown are (a) the time-of-fbght spectrum of particles
in the 1.6-GeV/c spectrometer gated with deuteron
biases in the counters, and {b) the observed yield of
deuterons as a function of decreasing laboratorp angle.

a given missing mass will fall along a straight
line over the small p-0 acceptance of the spectrom-
eter. With the hodoscope properly aligned, data
were collected by keeping the recoil momentum of
the deuteron fixed and measuring the yield as a
function of the production angle in the laboratory.
Since, for a given photon energy, there is an ap-
proximately linear relationship between the lab-
oratory angle of the recoil deuteron and the miss-
ing mass squared, the onset of p' photoproduction
will show up as a step on the yield curve. ' Figure
1(b) shows a yield curve for an incident photon

energy of 18 GeV and t = -0.5 (GeV/c)'. The prom-
inent step in the yield curve is due to p' and ~ pro-
duction. The resolution is not sufficient to sepa-
rate the two reactions and the ~ contribution was
therefore subtracted assuming the ratio of v to p
photoproduction to be 1 to 9." The p contribution
was extracted from this yield curve using the
same fitting procedure as we used earlier to ex-
tract the p cross section on the proton. The im-
portant quantity in determining the p -nucleon
cross section is the ratio of the po-photoproduc-
tion cross section on deuterium to that on protons
for the same value of momentum transfer. This
ratio is rather insensitive to assumptions made
about the background as well as the p' shape pro-
vided they are the same in the two analyses.

The extracted step heights were corrected for
counter inefficiencies, loss of deuterons in the
target or in the counters due to breakup of the deu-
teron, and the change in the ~/p acceptance
caused by the energy loss of the deuterons in tra-
versing the target. These corrections were typi-
cally 15%. In addition to the momentum-depen-
dent errors we also have a 3$ uncertainty in the

acceptance of the spectrometer and a 2% uncer-
tainty in the calibration of the beam monitors.

In computing the errors on the data points we
assumed a systematic uncertainty of +30'P& of the
nonresonant background under the p step. The
quoted error on the points is this systematic er-
ror added in quadrature with the statistical errors.

RESULTS AND DISCUSSIONS

The measured cross sections are plotted versus
t for 6, 12, and 18 GeV in Fig. 2. The observed
t dependence is the characteristic one for an elas-
tic process on deuterium. It consists of a single-
scattering region where the cross section de-
creases rapidly with increasing

I t I, a flattening
out around t= -0.5 (GeV/c)' where the interference
terms and the contributions from the D state in
deuterium are important, and then finally for I tI
~ 0.7 (GeV/c)' a region where the cross section
is dominated by contributions from the double-
scattering terms. The solid line is a least-
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FIG. 2. Cross sections measured in this experiment
at 6, 12, and 18 GeV are plotted as do/dt in pbj(GeV/c)
versus )t l

in (GeV/c)2. The solid lines were produced
by the fits described in the text. The corresponding
values of gz(p N) are shown.

squares fit to the data including the interference
term between the single- and double-scattering
amplitude. The fits were based on the following
assumptions:

(1) The p'-photoproduction cross sections were
taken from our earlier measurements' on hydro-
gen, assuming the contribution of isovector ex-
change could be neglected. Recent measurements'~
at Cornell have shown this to be justified for pho-
ton energies above 6 GeV. We further assumed,
for the fit shown, that the p'-nucleon elastic-scat-
tering cross section and the p -photoproduction
cross section have the same t dependence. For
this t dependence we used our published quark-
model fit' as well as a least-squares fit to the pro-

Bt+ CPton data of the form A.e " ' . This last fit was
done independently at each photon energy. The

TABLE I. Results of experimental fits for the p -y
coupling constant, the total p -nucleon cross section,
and the quark-model prediction for the cross section.

Energy
(GeV) y p2/4x

Gg
(mb)

2[0y(x+P) +ap(r-P) J

(mb)

6
12
18

0.61+0.06 28.6 + 1.4
0.70 + 0.04 28.5 + 0.8
0.70 + 0.03 27.6 + 0.6

26.9
25.4
24.6

differences between these two fits produced a
change in the extracted p'-nucleon total cross sec-
tion of less than 0.5 mb for 12 and 18 GeV. At 6
GeV the change was about 3 mb. This large vari-
ation is caused by the large errors on the p'-pho-
toproduction data at 6 GeV. The final fits were all
done with the quark fit.

(2) We used the Hamada-Johnston" wave func-
tions for the deuteron. These wave functions fit
the static properties of the deuteron as well as
the elastic electron-deuteron cross section. Other
wave functions" give the same answers to good
accuracy. The reason for this is that the wave
functions only have to be known for

I t I
less than

0.6 (GeV/c) and for such values of the momentum
transfer all realistic waves functions look more
or less the same. To evaluate the integrals for
K, and K, the hydrogen data for

I
t I

less than 0.6
A(GeV/c)' were fitted to the form -e"' leading to

a value of 2=6+0.5 (GeV/c) '. This uncertainty
in A produced a I'//c change in K and a 5/p change
in K, . Due to the finite p mass, Ko varied from
0.188 mb ' at 6 GeV to 0.192 mb ' at 18 GeV while
K' = 0.072 mb ' was nearly independent of energy.

(2) In the fit only data with
I
t

I
& 0.7 (GeV/c)

were used. The reason for this is that for
I tl =0.4

(GeV/c)' the single- and double-scattering ampli-
tudes are approximately equal, hence the inter-
ference term is important and we need to assume
a p'-nucleon phase in order to compute the cross
section. Also the contribution from the less well-
known D state of the deuteron has a maximum
here. By using data in a region where the double-
scattering term is dominant these uncertainties
can be avoided. The fit, extrapolated to smaller
t values, assuming a, 7ck D-state probability and a
real-to-imaginary part of the p -nucleon ampli-
tude varying from -0.27 at 6 GeV to -0.16 at 18
GeV, seems to represent the data reasonably well
except in a region around

I
t1=0.5 (GeV/c)'. How-

ever, since the theoretical uncertainties are the
largest in this region, this discrepancy can prob-
ably not be used to determine the phase of the p'-
nucleon amplitude or the D-state probability.

Using these assumptions each energy was fitted
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independently and the total p -nucleon cross sec-
tion and the p -y coupling constant as determined
from the fit are all listed in Table I. Also listed
in Table I is a prediction from the quark model:

o r(pN) = -,'[o r(s'P) +o r(s P) t .

10,000

t pN —pN, This Exp.

The error quoted on the p -nucleon cross section
is the statistical error only; in addition we have a
systematic uncertainty of ~2 mb. These values
are in reasonable agreement with the values de-
termined from the experiments' ' on complex nu-
clei and indicate a p -nucleon total cross section
a few mb larger than the quark-model prediction.
The value for the p'-y coupling constant is inde-
pendent of energy and is given by y~'/4s = 0.68
~0.03 plus a maximum systematic error of +0.15.
This value is also in good agreement with the val-
ues determined from the earlier experiments, and
favors a coupling constant somewhat larger than
the value determined from colliding-beam experi-
ments.

The Glauber theory contains several approxima-
tions; for example, the internal motion of the nu-
cleons is neglected. " We have made a fit to the
data including the internal motion and found that
this leads to a change in the p'-nucleon total cross
section of less than 1 mb. However, since the
Glauber theory contains several approximations,
it might not be beneficial to correct only for one
of them. Thus our quoted values do not include
this correction.

It is desirable, because of the apparent similar-
ity between z-nucleon and p'-nucleon scattering, '
to compare the p -photoproduction cross sections
on deuterium with the elastic md cross sections.
In such a comparison, defects in the Glauber
theory could be expected to influence both pro-
cesses similarly, and we should be able to ex-
tract a value largely independent of systematic
uncertainties. We have compared- our data at 6
GeV with g-d data of Fellinger et aL. ' at 5.5 GeV.
From this comparison we find a p'-nucleon cross
section a few mb larger than the gd cross section,
in good agreement with the direct computation.
A comparison at higher energies with the data of
Bradamante et al. s is not meaningful since they
quote large systematic errors. Furthermore,
these data, when scaled to 5.5 GeV, are in bad
agreement with the measurements of Fellinger
et a/. Also the high-energy nd data seem to in-
dicate large inelastic contributions to the double-
scattering amplitude, in contradiction to our find-
ing.
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FIG. 3. The differential p~-nucleon scattering cross
sections as derived from this experiment are plotted
versus [t [ . Only the experimental error is shown. In
addition there is a theoretical uncertainty on the order
of 10% which could change the slope as well as the abso-
lute magnitude of the cross section. For comparison,
the solid lines represent x p elastic-scattering results
from Ref. 18 at 7-, 13-, and 17-QeV incident energies.
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In Fig. 3 the differential cross section for p-
nucleon scattering is plotted versus t for 6, 12,
and 18 GeV. In this fit no assumption was made
on the slope of the p'-nucleon cross section. For
comparison the g-p differential cross sections"
are indicated for the different energies. The
agreement between these two cross sections is
remarkably good, and there is no evidence that
the slope of the p'-nucleon cross section is very
different from that of elastic p-nucleon scattering.
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A search is made for K p —A(3,327)r, A(1327) -Ay with 740-MeV/c K mesons. We find
no evidence for A(1327) production and conclude with 90% confidence that any such produc-
tion occurs at less than 7% of the rate of K p-Z'~ .

Recent experimental work by Bogachev et a/. ' has
indicated a new F, resonance at about 1327 MeV
which decays to Ay. Such a T =0 resonance would
be stable against strong decays to Am' because of
isospin conservation and against decay to Z w' due
to insufficient mass. We have made a search for
this resonance in a 500000-picture (-ten events/
pb) exposure of the BNL-Columbia 30-in. hydrogen-
filled bubble chamber to 740-MeV/c K mesons. '

A clean sample of candidates for the reaction
K p- 7 m was obtained by requiring the external
conversion of one photon within the bubble chamber.
The SQUAW event type used to fit our 0-prong-plus-
2-V sample was K p-AYX, A-p&-, ~-e'&-p,
where X is an invariant mass to be obtained from
the fit. The event type will be satisfied with any A
and converted photon originating from a common
0-prong vertex. Starting with 4680 0-prong-plus-
2-V events found in a double scan of the film, 967
fit the above hypothesis. Figure 1 shows a scatter
plot of M'(Xy) versus M(Ay) for these 967 events.

Bands corresponding to the Z', q, and m' are clear-
ly seen, accounting for three known sources of
photons. The remaining points on this plot, which
fall outside the bands, can originate from Z'g',
Am'm', and Z'm'x' production where a photon from
a n' decay converts.

In order to remove the uninteresting events fron1
this sample the following cuts mere made on the
data.

(1) Since we are interested in the reaction chain
K p- F'v', y'-Ay, yp -e'e p, we require M'(X)
to be within 1.5 standard deviations of M'(v'), the
standard deviation being defined as that propagated
by SQUAWfor each event. A histogram of M'(X) for
all 967 events is shown in Fig. 2, the events shown
cross-hatched constitute the sample of 213 events
remaining after this cut.

(2) Although most of the events a,rising from the
reaction K p-Am' are removed by the above re-
striction, we further improve the sample by mak-
ing the requirement that M'(yX') be at least 2 stan-


