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Results are presented on a series of measurements of p-photoproduction from hydrogen,
deuterium, and complex nuclei ranging up to lead, at photon energies ranging from 4 to 9
GeV. Detailed dipion mass-spectrum fits are presented, using a Drell-type nonresonant
background and its interference with the resonant amplitude, with no other arbitrary back-
grounds. For hydrogen and deuterium, the inelastic contributions have been subtracted.
The A dependence of the cross sections is analyzed to yield values of y& /4w and 0&& at
average photon energies of 6.1, 6.5, and 8.8 GeV. The hydrogen-to-deuterium ratios indi-
cate the presence of possible nondiffractive amplitudes at low energies which then decrease
with energy.

I. INTRODUCTION

Results are presented on a series of measure-
ments on p photoproduction from elements rang-
ing from hydrogen to lead, at average photon en-
ergies ranging from 4 to 9 GeV. Some of the data
in the present analysis were presented in previous
publications. ' These data have been reanalyzed
using a consistent scheme of analysis for all the
sets of data. In no case have the cross sections re-
ported in Ref. 1 been changed by more than 9%.
However, due mainly to the inclusion of the real
part of the pN scattering amplitude, the values of

y '/4w and o~ extracted from the data have changed
by about 35%. Here y~'/4v is the direct p'-photon
coupling constant and cr» the total p cross section
on a free nucleon.

Dipion mass spectra were measured in detail for
several representative nuclei at three energies,
4.4, 6.5, and 8.8 GeV. These mass spectra have
been fitted in the mass range -500 to -1000 MeV
using an interference model' and no arbitrary back-
ground subtractions. Parameters obtained from
these representative fits are found to be fairly in-

dependent of the target element at any particular
energy, and these parameters are then used for
all elements at the same energy to extract the 0
p -photoproduction cross sections.

The A dependences of the 0 cross sections at
each energy (using the elements from deuterium
to lead) are then fitted using an optical-model cal-
culation with y~'/4w and o~ as free parameters.
Two sets of nuclear parameters are used in two in-
dependent sets of fits: (i) nuclear radii determined
by fitting total nucleon-nucleus cross sections' us-
ing a consistent optical model, and (ii) nuclear
parameters measured by electron-scattering ex-
periments. ' This second set of parameters agrees
well with nuclear parameters determined from
high-energy proton-nucleus scattering using an
optical-model analysis' closely related to the
present analysis. The results of these fits using
the two different sets of parameters differ from
each other by less than 10%. The effective photo-
production cross section from single nucleons is
obtained from these fits and may be compared with
the measured hydrogen cross sections in the same
energy range.
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(b)

FIG. 1. Processes contributing to &+~ pairs in the

p region. (a) The p-dominance picture. {b) The "Drell"
process where one pion scatters diffractively from the
target. For complex nuclei, one has to include terms
where both pions can scatter from the nucleus.

II. DATA ANALYSIS AND RESULTS

A. Mass Spectra; Extraction of Cross Sections

The pair spectrometer used to detect the m'm

pair has been described previously. ' Typical ac-
ceptances [full width at half maximum (FWHM}]
are nm„/m„=+4% and np /p, =+7%. (Hydrogen
and deuterium measurements at 6.1 and 6.5 GeV
used an acceptance nP~/P =+20%.)

In the absence of any precise theory of the line
shape of broad resonances like the p', we have
analyzed the dipion mass spectra in the following
way. We consider the dipion production to be

dominated by a P-wave relativistic resonance, ' the

p meson, Fig. 1(a); we include nonresonant pro-
duction via a "Drell" process as shown in Fig. 1(b),
and an interference term between the two processes
as suggested by Siding. ' We include no other arbi-
trary background processes. In the case of com-
plex nuclei, the Drell amplitude has to be worked
out in detail allowing for the case where both pions

may be scattered off the nucleus. For the present
we have used the naive picture in Fig. 1(b) but in-
serted a numerical factor A, for this effect as cal-
culated by Bauer. '

Detailed mass spectra at fixed energy have been
measured at (Ez) =4.4 GeV for deuterium, carbon,
copper, and lead; at (Ez}=6.5 GeV for carbon and

copper; and at (E~) =8.8 GeV for carbon, copper,
and lead.

We fit these spectra using the "model" outlined

above, with the following quantities as parameters
of the fit:

(i) I', (MeV), the "width" of the p' resonance at

mgft mp y

(ii) C„, a coefficient multiplying the interference
term,

(iii) do/dA~(t =0), the p'-photoproduction cross
section.

The mass m 0 of the p meson is fixed to be 775
MeV, which is a close approximation to the value
given by the colliding-beam experiments in their
analysis considering p-co interference. The ab-
solute value of the Drell term is fixed, since we
use measured pion-nucleus total cross sections in
the calculation. As mentioned above, we include
a factor Ao, which varies smoothly from 0.48 for
beryllium to 0.34 for lead (see Table I). It should
be noted that the Drell amplitude includes a factor
(m~ —m„)/(mq' —m„'+im&i'} which accounts for
the "domination" of the dipion production by the p'
resonance and thus avoids "double counting. "' We
allow the coefficient of the interference term, C„,

TABLE I. Fits to the dipion mass spectra. The three fitting parameters are I'0, (do jdO) p,
and C~. Ao is a factor reducing the Drell cross section in complex nuclei. (See Ref. 7.) The
last column gives values of g divided by the number of degrees of freedom.

Ep mp
Element (GeV) (MeV)

r,
(MeV)

(da/dQ) p(t = 0)
(b/sr) Cz

C
Cu
Pb

C
Cu

8.8
8.8
8.8

6.5
6.5

775
775
775

775
775

118+ 6
113+ 9
124+ 5

126+ 5
122+ 7

0.236+ 0.01
4.91 + 0.24

26.9 +0.9
0.139+ 0.004
2.75 + 0.08

0.61 + 0.04 0.45
0.43+ 0.05 0.39
0.47 + 0.04 0.34

0.64 + 0.03 0.45
0.57+ 0.03 0.39

3.2
5.6
2.1

1.3
2.9

D
G

Cu
Pb

4.4
44
4.4
4 4

775
775
775
775

130+ 18
142~ 7
142 + 11
114+ 7

0.003+ 0.0003
0.085 ~ 0.003
1.40 + 0.10
7.36 + 0.32

0.57 + 0.06
0.73+ 0.03
0.49 + 0.09
0.63 + 0.06

0.56
0.45
0.39
0.34

2.5
1.4
1.7
3.5
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FIG. 2. Dipion mass spectra from various elements at three different energies. The long-dashed curve shows the
Breit-Wigner resonance contribution; the short-dashed curve is the square of the Drell term; the dot-dashed curve is
the Soding interference term between the two. The smooth curve is the best fit to the data obtained by integration of the
above three terms over the mass acceptance of the spectrometer.

to be a parameter, since the relative phase be-
tween the Drell process and the p'-production am-
plitudes may vary with nuclear size.

Fits to the mass spectra are shown in Fig. 2 and
all the relevant parameters are listed in Table I.
The results indicate an average width F, mhich is
larger at 4.4 GeV than at the higher energies 6.5
and 8.8 GeV. The average width from the 6.5- and
8.8-GeV data is F,=124+4 MeV, which is in good
agreement with the best width from the prsay col-
liding-beams result. ' The larger value of I'0 for
the 4.4-GeV spectra may be an indication that the
particular model chosen for analysis may not be
appropriate.

For hydrogen, mass spectra were measured in
the early stages of the experiment, using fixed
geometry and scaling the field in both magnets to
vary the mass and thus the energy E as well.
These spectra are fit with the same procedure as
outlined above, except that an energy-dependent
form of the p production is introduced to fit the

general energy dependence of da/dt(y +p- p +p)
at t =0 shown by this and other experiments. Thus
(do/dt), ,= const(1+ 1.2/p~)'. Similarly, the energy
dependence of the gp total cross section is used in
the Drell terms, i.e. , o„=24(1+0.8/p, ) mb. A

typical fit to the data is shown in Fig. 2(j).
The parameters obtained in these various mass

fits have to be used nom to extract the cross sec-
tion (der/dt)~ for those elements where only a single
mass point was measured, usually at m -760
MeV. We note that the "background" terms are
both explicitly zero at the central mass of the
Breit-Wigner resonance, i.e., at m, „=775 MeV.
Thus, a measurement of d' o4/l mdwith a narrow
mass acceptance centered at 775 MeV mould need
no background subtraction, and could be multiplied
by the appropriate normalization to obtain (do/dt)~,
if the width F, were known. For measurements of
d'o /Add mat m„-780 MeV with a finite mass ac-
ceptance, we need a procedure for the necessary
small subtraction. This is done by using the ratio
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R (m„„) of the resonance contribution to the fitted
cross section d'o(m, „)/dQdm for each element at
each energy. For complex nuclei R~(m„,) is inde-
pendent of energy and element for the mass range
700(ng„(850 MeV which covers the mass accep-
tance for a typical data point at the "peak." For
hydrogen and deuterium, R~(m„,) was obtained
separately at (Z~) =4.4, 5.6, and I.5 GeV, and

was found to be independent of energy. Cross sec-
tions (do/dt)~ are then obtained from the counting
rate using a computer efficiency program that in-
cludes a sin'8*, weighting for the pion decay angle
in the p rest system and an extrapolation to 8~=0
determined by an optical model using the appro-
priate nuclear parameters, as described in Sec.
III C below.

Table II lists, for deuterium and heavier nuclei,
the measured d'o /dAdm „,and values of (dc/df) ~

averaged over the aperture, obtained by leaving
out the optical-model extrapolations to 8~=0. The
next two columns list the derived values (der/dt)~ „
using optical-model extrapolations to 8=0 with the
two sets of nuclear radii. In the case of the heavier
nuclei, appreciable corrections need to be made to
the measured cross sections. However it is ap-

parent that the two different sets of nuclear param-
eters lead to the same results.

B. Hydrogen and Deuterium Cross Sections

Figure 3 shows the t dependence o~ the hydrogen
and deuterium cross sections, at average energies
(Z~) =7.3 and 5.5 GeV. These cross sections have
been corrected for inelastic p production using
calculations of Wolf. ' Preliminary results of the
inelastic contribution, measured by using a pro-
ton-recoil hodoscope in coincidence with the pair
spectrometer described above, are in reasonable
agreement with the values given by Wolf. The re-
sulting subtraction amounts to 4% at 8=0 for hydro-
gen. For deuterium, the inelastic cross section is
taken to be twice that for hydrogen and the data are
corrected accordingly. The coherent forward peak
for deuterium is clearly seen. In the "incoherent"
region where ( t ~) 0.1 (GeV/c)', the deuterium t
dependence is the same as that of hydrogen.

If one writes do/dt =Ae", then for hydrogen
5=9.0+0.6 (GeV/c) ' at 7.3 GeV and 5=8.6+0 5.
(GeV/c) ' at 5.5 GeV. These data represent mea-
surernents mainly at the "peak" of the p mass
shape. Detailed mass spectra were not measured

TABLE D. Differential cross sections (averaged over aperture): (d 0/d~dQ) are the measured cross sections at the
"peak" of the p production, with just the efficiency of the apparatus divided out; ((der/dt) ) are the integrated cross

P
sections, using I'0 =124 MeV and with nonresonant subtractions as obtained from the mass-spectrum fits. do/dt (B= 0)
are the corresponding cross sections extrapolated to 0 =0 using an optical model with the relevant parameters.

Ep
(GeV) Element

&d'0/dadm&
(bsr ~GeV ~)

{(der/dt) &)
(mb GeV-2) Best fit

(do/dt)g ()

(mbGeV 2}

E-S

8.8 D
Be
C

Mg
Cu

Ag
In
Au
Pb

0.0441
0.549
0.894
2.67

10.7
21.6
24.5
43.1
47.1

+ 0.0014
+ 0.014
+ 0.015
+ 0.07
+ 0.3
+ 0.5
+ 0.6
+1.1
+ 1.3

0.333+

4.72
7.65

251 +
92.3

185
211
374
410

0.011
0.12
0.13
0.61
2.3
5
6
9

12

0.362 + 0.011
5.41 + 0.13
8.70 + 0.15

31.2 + 0.8
133 + 3
300 ~ 8
346 ~ 9
719 +18
804 +23

0.362+ 0.011
5.35 + 0.13
8.84 + 0.15

317 + 08
131 + 3
288 + 7
332 + 9
674 +17
752 + 21

6.5

6.1

D
C

Mg
Cu

Ag
Pb

D

C

Mg
Cu

Ag
Au
Pb

0.0283 + 0.0012
0.527 + 0.017
1.81 + 0.07
6.62 + 0.23

13.7 + 0.5
30.6 + 1.2
0.0197+ 0.009
0.278 + 0.010
0.473 + 0.014
1.34 + 0.041
5.15 + 0.15
9.60 + 0.30

16.2 + 0.5
16.8 + 0.6

0.424 + 0.017
8.28 + 0.27

28.5 + 1.1
103 + 3
217 + 8
482 + 19

0.398 + 0.016
4.86 + 0.15
8.27 + 0.25

23.5 + 0.72
90.3 + 2.6

168 + 5
283 + 9
296 +10

0.438+ 0.018
8.74 + 0.28

31.3 + 1.2
121 + 4 0
265 + 9.1
635 + 25

0.403~ 0.017
569 + 017
9.51 + 0.28

29.4 ~ 0.9
133 + 4
277 + 8
569 +18
604 +20

0.438 + 0.018
8.77 + 0.28

31.5 + 1.2
121 + 4.0
261 + 9 0
617 + 25

0.403 + 0.017
5.57 + 0.17
9.61 + 0.28

30.2 + 0.9
129 + 4
265 + 9
517 +16
5Q2 + 18
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FIG. 3. The t dependence of the hydrogen and deuterium cross sections do/dt at (a) 5.52 GeV and (b) 7.34 GeV.

at large t; it is possible that the t dependence of
the Drell-type amplitude and interference terms
may affect the results.

Note added in proof. Preliminary results' '
from measurements of the p' line shape in elastic
p' photoproduction at 8.5 GeV from hydrogen, at
t values up to -0.5 (GeV/c)', indicate that the f
dependence of the extracted Drell cross section is
in excellent agreement with the theoretical pre-
diction: D(t) - (1+q, '/m, ') 'exp(9t 2 +4t'), whe. re
q„' is the square of the four-momentum of the vir-
tual pion. The resultant "elastic" p cross section
is (der/dt)H = 103 exp(8. 1t) tIb/GeV'.

Table III lists the t=O cross sections for hydro-
gen and deuterium at various average energies
(Z ). Figure 4 shows the hydrogen cross section
as measured by several experimental groups"""
and includes the present results. Also shown are
three points representing the "single-nucleon"
cross section (f, (' resulting from the fits to the 4
dependence of the present data, at (E~) =6.1, 6.5,
and 8.8 GeV. The general trend of the hydrogen
cross sections shows a gradual decrease with en-
ergy up to about 6 GeV and then a leveling off at a
cross section of about 102+ 10 lib/GeV'.

In Fig. 5 the ratio of the deuterium and hydrogen
cross sections at f =0, Ro„(t=0), is plotted as a

CV

O
~ I
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Mydrogen

$ This Experiment
4 Alvensleben et ol.

4 Anderson ef ol.

if ) from this

Experiment

(GeV)

(do'/dt )g —
p

Hydrogen Deuterium
(p,b/GeV ) (pb/GeV ) RDH

TABLE III. Energy dependence of the hydrogen and
deuterium cross sections do/dt at t =0, and the ratio
RDH (der/dt) . /(d I/dt

h d
at t =0.

I I I I I I I I

4.0 5,0 6.0 7.0 8g 9.0 10.0 I lg 12.0
E& (GeV)

FIG. 4. The hydrogen cross sections do/d t at t = 0
as a function of energy Z&. Data from DESY (Ref. 11) and
SLAC (Ref. 13) are included. Also shown are three points
representing ifJ obtained in the present experiment
from A -dependence fits.

3.91
4.08
4 ~ 61
5.58
5.92
6.53
6.94
7.40
8.24
8.80

169+14
150+ 14
140+ 13
134+ 6
126+ 9
109~ 9
113+10
108+ 4.5
107+ 7

470+ 20
447+ 21
432 + 24
431+11
402 + 19
392 + 20
417+ 20
387+12
323+14
358+ 20

2.78+ 0.28
2.98 + 0.32
3.09+ 0.34
3.22+ 0.16
3.20 + 0.28
3.59+ 0.34
3.69 + 0.34
3.58+ 0.18
3.02+ 0.24
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function of energy. At energies below 6 QeV, the
ratio is significantly lower than the prediction of
the Glauber theory (straight line in Fig. 5) but is
quite consistent with predictions above -6 GeV.
(Here we have used a constant value o P„=29 mb in

the Glauber multiple-scattering correction. ) The
discrepancy from the predicted value can be used
to indicate the presence of I =1 isospin exchange
in the nucleon amplitude. A somewhat detailed
explanation of the reasoning has been published
previously' and will not be repeated here. The
energy dependence of the discrepancy may be of
the form (S '). Such a curve is shown in Fig. 5 as
an example.

C. Complex Nuclei: Optical-Model Fits

The cross sections (do/dt)e P listed in Table II
are used in a two-parameter fit with an "optical-
model" calculation described below. Separate fits
are made for each set of data at a particular aver-
age energy and each set of nuclear parameters as
described below.

The coherent part of the cross section at 9=0 for
an element A is written in terms of the single-nu-
cleon cross section at t=0, (f, ~', times the square
of the "effective number of nucleons, " fq, &&'(A)

The vector-dominance model is used to write
~ f, ~'

in terms of the direct photon-p coupling yP'/4v
(we neglect the contribution from y-uP and y-p'
direct couplings) and the p-nucleon scattering cross
section [der(0)/dt]P„at t =0.

Thus

a 4z do(0)
4 yp' dt p„

4w 1
4 ]6 PN PPP p F

where
happ

is the ratio of the real to the imaginary
part of the pP-nucleon scattering amplitude. a (kz)
is taken to be the same as that given by analysis
of the total photon-nucleon cross sections"; this is
consistent with the assumption of p dominance in
photon interactions. In particular, the values of
Q

pp
u sed at each energy are listed in Table V;

these are the values given by using the curve
labeled (A&B) in Ref. 14.

The parameters of the fit are then yP'/4w and
crp„at each energy, and for each set of nuclear
parameters.

We have estimated the contribution at 8=0 due
to incoherent production from single nucleons as
outlined by Trefil. " For beryllium and all heavier
nuclei, we find the contribution to be negligible.
Thus the cross sections do/dt(0') of Table II are
fit directly by the coherent part of the calculated

cross section for nuclei larger than deuterium.

For deuterium, N, &&' is calculated using the "clo-
sure" approximation, and thus includes the inco-
herent production.

We give below the complete expression for N, &&'

for nuclei larger than deuterium:

OO oo

Iq, «'= 2z b'db dz J,(b, q, )e' 'p, (6, z)
0

ce 2

g exp —1 —
happ p z dz

Jds'dz'g(s, z') =
n(b, zj '

where s and z' are the relative-distance oaram-
eters. Also, g(0)=-—,

' since we have protons and
neutrons each with two spin states. We use no

5,0

40-

3,0—

Xo
2.0—

I.O-

4,0 6.0 7.0
E& (GeV)

80
I

9X)

FIG. 5. The ratio RDH, (do dt)~e„te„.„m (do/dt)hyd, 0gat t =0 for various energies. The straight line at RDH= 3.77 represents the prediction for pure diffractive
photoproduction. The dashed curve represents an
arbitrary S ~ fit, where S= 2AM& =total c.m. energy
squared.

(2)
where 5 = impact parameter, '

qua=transverse mo-
mentum transfer to the nucleus; JP(b, q, ) =Bessel
function of zeroth order, arising from the nuclear
shape; b =longitudinal momentum transfer, due to
the unequal masses of the p and photon, 6 =m P'/2k;
o.

P
= real/imaginary ratio of the p-nucleon ampli-

tude; v=vp„, the p-nucleon total cross section; and

p, (b, z) is the nuclear density distribution integrated
over the range of the p-nucleon interaction and in-
cludes the effect of two-particle correlations with-
in the nucleus.

We summarize here the main features of the
estimation of correlation effects, due to Bauer. '
We use a Gaussian form for the two-particle cor-
relation function, of range inversely proportional
to n' ', where n is the local nucleon number den-
sity. Thus the correlation function g(s, z') is
normalized for Fermi statistics:



2690 G. McCX ELLAN et al.

.25- .25—

.20—

.I 5—

8.8-GeV
Best-Fit Radii

.20—

6.5-GeV
Best-Fit Radii

.I—
ND ) D Be C Mg

cy l I ll I l I~ .05
(b)

II

3P
b ~

cu .25—

.20—

,l5-

Cu Ag In

Il l
Au Pb

8.8-GeV
Electron -Scattering
Radii

.I

NJ3

. 05
(d)

O

.30—

b ~
CV

l~
.20—

l5-

D Be C Mg

l
Cu

lI

Ag In

Il l
Au Pb

6,5-GeV
Electron-Scat ter ing
Rodi i

D BeC Mg

05 l I ill l I

2 4 6

Cu

8
~l/2

Mg In Au Pb
IJ l I Ill

IO I2 I4 I6

D BeC Mg

,05 l I ll I l I

4 6

Cu

lI

8

I/2
4

Ag ln

Il l
IO I2

ALI Pb

l4 l6

(e)

.25-

.20—

.I 5— 6.I-GeV
Best-Fit Radii

tu

~05 l I l L I

(&)O
II

.30-

.25"

.20-

.i5- 6. I-GeV
E lee tron —Sco t tering Radii

D Be C Mg

~05 l I llI l
2 4 6

Cu

I)
8
I/2

Ag In Au Pb
ILL Il l

lp 12 l4

FIG. 6. Optical-model fits to the A dependence of cross sections da/dt at I5I =0 for the two sets of nuclear parameters.
Best-fit and E-8 at three energies: (a) and (b) at 8.8 GeV; (c) and (d) at 6.5 GeV; (e) and (f) at 6.1 GeV.
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hard-core repulsion, since the effect of "smear-
ing" over the nucleon form factor reduces the ef-
fect of the core. We now assume that the main con-
tribution to p production comes from the edge of
the nucleus because of the expected strong absorp-
tion of the p. Thus due to the low surface density,
the range of correlations is much larger than the
nucleon-form-factor "range, " and in this approxi-
mation we estimate the correlation length $ to be
given by

5(b, z)=(4"/18)[n(b, )] '" (4)

72

4v
,8-

5-

~ B.F. Rodii
& E.S. Rodii

il
0 —,20 —,40

Pp

8.8 GeV

pN
(mb)

35-

25-

20-

L

—.20

PP

I I

—.$0

~ B.F. Radii
& E.S. Radii

The nuclear density with correlations included is
then given by

p, (b, z) = p(b, z) [1+a'$p(b, z)], (5)

where p(b, z) is the nucleon number density inte-
grated over the nucleon form factor f(t) =f (0)e'o',
t= -q', a,—=5 (GeV/c) '. Thus,

7 iI

7-

.6-

6.5 GeV

~ B.F. Radii
S. Radii pN

(mb)

~ B.F. Radii
& E.S. Radii

-Ib sP
~(b, ) f& =(~)'*~ ,*~m

~
. (6)

4wao 4ao

For the nucleon number density n(r) we have
used a harmonic-oscillator shell-model distribu-
tion for beryllium and carbon:

n(r) = no(1 + 5r /ao ) exp(-r /ao ),
where 5 =~3 for carbon and ~e for beryllium. a, is a
parameter of the fit. For all heavier nuclei (A
& 12) we use the Woods-Saxon distribution

5-
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opp
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I
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n(r) =n, {1+exp[(r—c)/z]) ', (8)
5-

where c is the half-density radius and 4.4e is the
"skin thickness. "

The two sets of nuclear parameters are listed in
Table IV. The "best-fit" parameters are obtained
by using an optical model similar to that used for

I I I ll
0 —.2 -4

PP

0 ~2 —4

PP

FIG. 7. Variation of the parameters yp //4& and
cr&N with u&&.

TABLE IV. Nuclear parameters for the two sets labeled best Gt and E-S. The density
distributions are given in Eqs. (2} and {3)in the text. The parameter e was Gxed at 0.545
fermi for the best-f'it set.

Element
ao
(F)

Best-fit parameters
-i/3arms+

(F)
ao
(F)

E-S parameters
-i/3arms+

(F)

1.64 + 0.07
1.50 + 0.04

1.11
0.96

1.56
1.61

1.06
1.03

(F) (F) (F) (F)

Mg
Cu
Ag
In
Au
Pb

2.87 + 0.12
4.38 + 0.08
5.34 + 0.06
5.53 +0.08
6.74+ 0.06
6.87 + 0.04

0.99
1.09
1.12
1.14
1.16
1.16

0.545
0.545
0.545
0.545
0.545
0.545

2.98
4.27
5.15
5.24
6.38
6.50

1.03
1.07
1.08
1.08
1.10
1.10

0.591
0.568
0.522
0.522
0.547
0.547
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TABLE V A-dependence fits The fitting parameters are p 2/4x and 0 z for each energy
and for each set of nuclear parameters. The values 'Qpp are taken from Ref. 14. ~fo) is the
one-nucleon cross section derived from the fits, and may be compared to the measured hydro-
gen cross sections listed in Table III.

(GeV) Nuclear parameters pp yp2/4m.

'Jpm

(mb) ( pb/GeV2)

8.8

6.5

6.1

Best fit
E-S

Best fit
E-S

Best fit
E-S

-0.24
-0.24

-0.27
-0.27

-0.27
-0.27

0.68 + 0.04
0.63+ 0.04

0.74+ 0.04
0.65 + 0.05

0.58+ 0.03
0.62+ 0.04

26.8 + 1.2
25.9 + 1.0
30.1 + 1.5
27.9+ 1.3
26.1+ 0.9
27.5+ 1.1

105+11
106+ 11

124+ 15
120+ 15

117+ 10
122 + 13

photoproduction to fit measured neutron-nucleus
and proton-nucleus total cross sections. ' Thus by
using a consistent optical model for both p photo-
production and nucleon-nucleus scattering, we ex-
pect that uncertainties due to nuclear parameters
will be minimized. The "E-S"parameters are
those obtained from electron-scattering experi-
ments. ' Note that the g=0 cross sections in Table
II are obtained from the measured rates by using
a particular set of parameters.

The results of the A-dependence fits are listed
in Table V. Typical fits to the data are shown in
Fig. 6. In Fig. 7 we show explicitly the variation
of the parameters y '/4m and o,„with n . Also
listed in Table V are the values of

~ f, ~' obtained
for each fit. These are plotted with the directly
measured hydrogen cross sections in Fig. 4.

III. CONCLUSIONS

The present results agree well with recent deter-
minations of y, '/4w and o~„obtained from elastic

p-photoproduction on deuterons at SLAC." The
DESY-MIT results" at 6.5 GeV are consistent with
the present results. However, the data on produc-
tion from hydrogen show significant disagreement
with results from the SLAC bubble chamber, "
where the observed hydrogen cross section at 4.7
GeV is given by (do/dt)„= (80+ 5) exp [(5.5+ 0.3)t]
pb/GeV'. This is to be compared with the results
of this experiment at 5.6 GeV: (do/dt)H =(134+ 10)
x exp[(8.6+0.5)t] pb/GeV'. Some of this discrep-
ancy is due to different methods of analysis, but a
real discrepancy in the raw cross sections un-
doubtedly remains.
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Cross sections and representative distributions are given for the reactions 7( p -x+m

7t p —x-p7f based on 85000 inelastic events in the c.m. energy region 1400-2000 MeV. The
angular distributions of beam, defined with respect to the final-state particles are given in

terms of their moments as a function of Dalitz plot position and c.m. energy.

I. INTRODUCTION

m-p - n'm-n, -51 000 events;

m-p -m-m'p, -34 000 events.

(1)

(2)

The other major contribution to the two-prong to-

Although the elastic and charge-exchange chan-
nels of pion-nucleon scattering experiments have
been studied extensively, ' ' the data on inelastic
channels remain incomplete. ' These channels are
becoming more important since the phase-shift
analyses, which have been successful in revealing
the major features of the mN system, are in consid-
erable disagreement over the detailed features of
partial waves of low elasticity. For these reasons
we have made systematic measurements of inelas-
tic channels in the energy region 1400-2000 MeV.

The origin of these data are exposures of the
'f2-in. hydrogen bubble chamber (HBC) at Lawrence
Radiation Laboratory, Berkeley, and the 30-in.
HBC at Argonne National Laboratory to n- beams
in the momentum range 550-1600 MeV/c. This
paper is concerned with the study of inelastic two-
prong events observed in this film, i.e.,

pology comes from elastic scattering

g p m p, -80 000 events

and this has been discussed previously. "
Within three c.m. energy regions, 1400-1600,

1600-1800, and 1800-2000 MeV, our data corre-
spond to approximate p, b equivalents of 0.5, 2.0,
and 2.5 events per gb, respectively.

In Sec. II we describe the identification of events
from rea, ctions (1) and (2) and other details of the

data analysis. In Sec. III we give cross sections for
these two channels and in Sec. IV we describe the

general characteristics of the reactions and give
the results of moments analysis of reactions (1) and

(2) throughout our entire c.m. energy region. Sec-
tion V contains the results of an analysis of the
z'g n final state leading to a presentation of the b m

and pN partial cross sections. The results of an
analysis of the b, m'final state over a limited
energy range are also summarized. Section VI con-
tains only a short discussion of the results. The
main purpose of this paper is a presentation of the
experimental results. A detailed discussion of the
partial-wave analyses of the inelastic data now in
progress will appear at a later date.


