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From the measured values of R, we find

0 1 p 02+0 p2

= 0.14 + 0.06.
0~+ ao

(5)

Thus, we require a substantial I= 1 exchange to
account for the discrepancy.

The results of (5) are obtained by averaging all
the measurements. We do not mean to imply that
these results are independent of energy.

We repeat that, in view of our assumptions,
(5) should only be taken as indicative of the non-
diffractive amplitudes. It is quite clear that the
questions investigated here can only be settled by
more data. In particular, information on C of
Eq. (2) is required. Such information can be ob-
tained by measuring the density matrix using po-
larized photons. Thus, a more comprehensive
analysis awaits experiments of this kind.

We are indebted to Professor D. R. Yennie for
a number of illuminating conversations.

warranted, assumption that all the spin-depen-
dent amplitudes are negligible. Thus, we ascribe
the entire H-D discrepancy to a.n isospin depen-
dence of &. With this assumption, it follows
from (3) that

coherent
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I' =120 MeV and m =770 MeV. This distribution isp
normalized to within 1% when cut off at our maximum
mass.
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5For F(t) in Eq. (3) we use the electron-scattering
result, which, for small t, can be approximated by
F(t) = (1-56t) [t in (GeV/c) ].
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~We reported R =2.87+0.09 at 6) =0' to the Fourteenth
International Conference on High Energy Physics, Vi-
enna, Austria, 28 August-5 September 1968 (unpub-
lished). This was in error. The correct value is R
=3.04+0.10. The error was due to the use of an incor-
rect deuteron form factor. We are grateful to Profes-
sor D. R. Yennie for pointing out this error to us.

"The relative phase of ao and a& is determined by
the data in the incoherent region where (2) may be in-
adequate —another reason for viewing the results of (5)
with caution.
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We have measured the photoproduction of p mesons from several complex nuclei.
Good agreement with a diffraction model is obtained, and comparison is made with the
vector-dominance model. If we write the p-photon coupling constant as emp /2&p we
finds 2/4 =1.].0+0.15.

P

We report here the results obtained for the pro-
duction of p mesons by 6.2-GeV photons on com-
plex nuclei. The apparatus used is described in
the preceding paper, ' which contains results from

protons and deuterons.
Our apparatus determines the directions and

momenta of both pions into which the p's decay.
Assuming the decay angular distribution appro-
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FIG. l. (a) Measured m distribution of pion pairs
from carbon. The fits are described in the text.
(b) Measured I; dependence from copper at k =6.0 GeV;
t =q&2+ 0.0020 GeV2. The smooth curves are the opti-
cal-model predictions, using GM radii.

priate to the diffra, ction picture which follows,
we reduce the measured rates to cross sections
d'o/dQ„„dm„~, which are differential in the
mass m», and the lab solid angle dQ„„. We
have investigated the dependence of this quantity
onm~~, on the angle 6}&7T of the two-pion system,
on the incident energy k&, and on the nuclear
atomic weight, A.

In Fig. 1(a) we plot values of dv/dQ„zdm„„ for
carbon. All nuclei yield closely similar shapes,
at least for masses above 600 MeV. At m„~ =400
MeV the cross section relative to the peak de-
creases with increasing A, from a value higher
than carbon by almost a factor of 2 at hydrogen

to a value almost a factor of 2 less than carbon
at lead. These data were taken at 8„~= 0' and k&
= 6.2 GeV (although, strictly, in these particular
data, k varies approximately proportionately to
mtt„and is 6.2 GeV when m„„=mp=760 MeV).
The dominant feature of the data is the p reso-
nance.

A detailed theory of the observed line shape is
not available. Ross and Stodolsky' have predict-
ed a shape differing from a Breit-Wigner shape
by a factor (mp/m„~)'. Among the previous ex-
perimenters, ' Asbury et al. and Blechschmidt
et al. used this modification to analyze their data.
All of the previous measurements find a small
background on the low-mass side of the p peak
and little background for m„~ & 750 MeV. The
broken curve of Fig. 1(a} shows the fit to our da-
ta using this modification to the Breit-Wigner
shape, defined in the previous paper, with I'p
= 120 Me V and m p

= 770 Me V. Our data also show
the low-mass ba, ckground. An alternative pic-
ture, as described by Siding~ and by Eisenhan-
dler et al. ,

' explains the low-mass contribution
as being due to a one-pion-exchange amplitude
which is coherent with the p amplitude. There is
no (mp/m~~)4 modification. Such a fit with 1"p
= 120 MeV, mp =770 MeV is shown in Fig. 1(a)
by the solid curve. While this fit is less empiri-
cal it does not easily account in detail for the A
dependence at low masses. In both fits we as-
sume the k& dependence to be given by our opti-
cal model.

In view of the uncertainties we have chosen to
assume no background near the p peak. An un-
certainty of perhaps 10% is introduced by this
assumption. Since, within the range m~„=mp
~ I'p, the shapes are independent of A, we expect
negligible A-dependent error. %ith this assump-
tion we can extract the differential cross section
from

dg GV

dQ dm dQ BW tttt™p' p
'

7T7T 7TTT P

where PBW is a normalized Breit-Wigner distri-
bution' of m„~. Subsequent values of da/dQp are
inferred, using Eq. (1}, from values of d o/
dQ«dm» measured at the peak. We consistent-
ly use I p

= 120 Me V and m
p

——770 MeV.
A'e now turn to an analysis of the t and A depen-

dence of the data. %e base our analysis on a gen-
eralization of a formula of Drell and Trefil' for
the diffraction production of p mesons from com-
plex nuclei. The production amplitude A&p is
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given in terms of the one-nucleon amplitude Ao
by

=a0jd sf"„dzp(b, z} xp qllz)yp 0

&&exp[-,'o JZ p(b, Z')dZ'].
pÃ Z (2)

This formula yields the total nuclear amplitude
as a volume integral over the nucleus with dis-
tance along the beam being Z and b being a tmo-
dimensional impact-parameter vector normal to
the beam. qz is the component of the recoil mo-
mentum normal to the beam and

qll
is the compo-

nent along the beam. g & is the total p-nucleon
cross section. It is implicit in the analysis that
the neutron and proton amplitudes are equal.
p(b, Z) = p(r) is the nuclear density for which we
use a Woods-Saxon distribution

p(r) = p (1+exp[(r-c)/a]J

with a =0.545x 10 ' cm.
In order to determine the sensitivity of our re-

sults to nuclear radii we have carried through the
analysis using the two different sets of radii
shown in Table I. The set labeled GM is due to
Glauber and Matthiae' who deduced them from an
analysis of proton-nucleus scattering data of
Bellettini et al. ' The set of radii labeled ES are
derived from electron scattering. ' The GM
radii are about 7% larger than the ES radii and
about equal to those used by KOlbig and Margolis"
to analyze the p-production data of Asbury et al.'
Since RES are determined from electromagnetic
interactions and RGM from strong interactions
they are quite independent of each other. It is

gratifying that they differ rather little and in a
way that seems "reasonable. " This fact lends
some support to the method by which RGM were
determined. Other relevant data on nuclear
radii may be obtained from neutron-nucleus scat-
tering. ~2

Figure 1(b) shows the f dependence obtained
from copper. t is given approximately by t =

qll
'

+qz', where
qll =~&'/2k& =46 MeV and q~=k&6&

The smooth curve is the sum of a coherent con-
tribution calculated from Eq. (2) using GM radii
and an incoherent contribution with a slope ap-
propriate to hydrogen and absolute value comput-
ed by KOlbig and Margolis. " The t dependence
is very insensitive to v&~. (We use o&~=40 mb. )
The slope of the curve for small t is closely re-
lated to the nuclear radius. Our data agree rea-
sonably well with the computed curves for all nu-
clei.

The A dependence of the 0 cross section is
sensitive to harp~, and, indeed, we wish to ex-
tract 0 & from this dependence. We obtain the
0' cross section by integrating the cross section
given by Eq. (2) over our aperture. The finite-
aperture effect is quite substantial, particularly
for big nuclei. It depends sensitively on the nu-
clear radius but is insensitive to gp&. As a
check on the dependence of our results on aper-
ture we carried out two different sets of mea-
surements with substantially different apertures.

The results of all the 0' measurements are
shown in Table I. All the cross sections mere
calculated for both sets of radii. Cross sections
obtained with the small (large) apertures are tab-
ulated separately. For the small (large) count-

Table I. Measured cross sections and calculated 0 and t =0 cross sections using GM and ES radii. For the
small {large) counters k =6.5 GeV (6.2 QeV) and q&= 29 MeV (47 MeV).

Measured Cross Sections
Averaged Over Aperture

Calculated
Assuming RGM

Calculated
Assuming RES

Half Density
Radius (fm)

dg
dQ m

Small Counters D .0251 b/ster-GeY
C .468

Mg 1.61
Cu 6. 21
Ag 13.0
Pb 27. 4

Large Counters D .0200
Be .238

C .407
Mg 1.17
Cu 4.64
Ag 8.53
Au 14.2
Pb 15. 1

Error dG
fit

3. 1

2. 9
3.5
3.0
3.0
3. 1

.408 mb/GeY
7.61
26. 5
101
211
446

3. 1 .374
2. 9 4.48
2. 9 7.59
2. 9 22. 3
2. 9 86. 1

2. 9 159
2.8 263
2. 9 282

ES

.420
?.98
29.0
118
260
612
.402
4.93
8.56
27. 6
122
252
510
546

.454
8.71
34.0
150
352
938
.436
5.38
9.36
32. 5
'1 57
345
785
849

.420
7.98
28. 9
117
255
589
.402
4.93
8.56
27. 6
121
244
483
516

.454
8.71 (2.35 rms) (2.37 rms)
33.7 3.14 2.86
147 4. 48 4. 28
334 5.44 5.15
839 6.99 6.46

.43
5.38 (2. 50 rms)(2. 52 rms)
9.36
32. 3
152
322
690 6.91
745

6.38

~(e=0) ~(t=0) ~(e=0) dt(t=0)
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ters the average q& determined by our aperture
was 29 MeV (47 MeV) and the average photon en-

ergy was 6.5 GeV (6.2 GeV). They are in reason-
able agreement. As well as the values of d'o/
dQ„„dmvv at the p peak and the value of dv/dt,
both averaged over our finite aperture, we show
the inferred 8& =0 cross sections. Also shown
are the inferred t =0 cross sections. [This high-
energy limit is obtained by setting

q~~
= 0 in Eq.

(2).] We can see that for lead a change from the
GM radius to the Es radius yields a 10% change
in the t = 0 cross section. The dependence on
radius becomes negligible for small nuclei. We

also investigated the dependence on nuclear-skin
thickness [a in Eq. (3)] and found it to be unim-
portant. Also a real pN amplitude as large as
309o does not significantly affect the analysis.

Our t =0 cross sections agree within the errors
(-10%) with those of Blechschmidt et al. Our
copper cross section agrees with Lanzerotti et
al. but their carbon cross section is about ~0%

larger than ours.
In the remainder of this Letter we concentrate

on extracting from our data the p-nucleon total
cross section 0~~ and the p-photon coupling con-
stant y&.

' Since the former determination does
not depend on the assumptions of vector domi-
nance, we do that first. To determine 0'&~ from
the A dependence we need to know Ao in Eq. (2).
If the p-production amplitude is purely diffrac-
tive with only I= 0 exchange, &0 can be deter-
mined from the hydrogen cross section. But our
data' from protons and deuterons suggest that the
I= 1 exchange is not quite negligible, contrary to
previous assumptions. For all targets but hydro-
gen, however, the ~=1 amplitudes from the neu-
trons and protons approximately cancel. Hence,
we determine &0 from the t = 0 deuterium cross
section using a Glauber correction as described
in the preceding paper. This yields

cleus, &, we can write that

dv(A, 8 =0')/dt
P

do (A = 1, t = 0)/dt
=h1 '(A, R, o, k )

(4)

(0)

Z
b

30-

I.2-

C Mg
I I

t
Cu

I

t
Ag

(b)
~ P

I a

Al
~CL. i I

I.O-

I I

30,0.45
(c)

50O

400C
~a

300
O
II

mls 200

7P

,086

er doto

er doto

where jeff the effective number of nucleons for
any nucleus 4 depends upon the nuclear radius R
upon &&~, and weakly upon 4&. Thus, for a par-
ticular value of R, we can determine the value of
& & to use in Eq. (2) in order to obtain the mea-
sured ratio. In Fig. 2(a) we plot the values of

0&~ using BGM and the small-counter data.

C
dv 1T

r

= 124 pb/'GeV nucleon.

loo

ff ft
HD BeC Mg

o' I

I 2 4

Cu
I

8

A
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I

Io l2

f f
AuPb

I
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In this form we explicitly exhibit the energy de-
pendence expected of diffraction models, and
substantiated in the previous paper.

We determine a value of 0&~ from the measure-
ments on each nucleus in the following way. If
do(A, OP

= 0')/dt is the 0' cross section for a nu-

FIG. 2. (a) Values of vp& computed from the ratios
of cross sections for particular nuclei to that of deu-
terium. (b) Values of pp /4& computed from Eq. (5)
using ap& =38 mb and GM radii. (c) t = 0 cross sec-
tions, as a function of A. The smooth curves are de-
rived from Eq. (5) for various values of yp /4m. and

~p¹
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These measurements were made during a single
run, with frequent target changes, and with par-
ticular care taken to obtain reliable measure-
ments of the relative cross sections for the vari-
ous nuclei. The value of o&~ we determine is"
&p~=37.5+ 1.4 mb. The error is statistical. If
we use RES we determine a value of o&~= 35.0
~1.5 mb.

If we now take the assumption of vector domi-
nance we can extract y& and also redetermine

&&~ by a slightly different prescription. The ba-
sic formula supplied by the vector-dominance
model' is

da a.' 4n 1
, i=0 =—, a ' a,A).

dt ' 4 y '16m T p&'
p

This gives the forward photoproduction on any
nucleus in terms of the p total cross section on

the same nucleus. In the absence of a measure-
ment of this total cross section we calculate it
using an optical-model integral resembling that
in Eq. (2). Again apl' is a free parameter and
the integral will depend on the choice of nuclear
radius. But recall that the GM radii were deter-
mined to yield a fit to measured nucleon-nucleus
cross sections on the basis of the same optical
model. To the extent, then, that p-nucleus scat-
tering resembles nucleon-nucleus scattering, Eq.
(5) is independent of the optical model and the nu-
clear size.

In Fig. 2(b) we plot the values of yp'/4w calcu-
lated from Eq. (5). We have assumed a&~=38 mb
and have used the RGM radii to calculate the to-
tal p-nucleus cross sections. The values used
for these cross sections were O'T(H) = 38 mb,
aT(C) 0 328 b~ aT(Mg) 0 620 b~ aT(Cu) = 1.34 b,
aT(Ag) =1.95 b, &rT(Au) =3.09 b, and aT(Pb) =3.26
b. We obtain the result yp /4m= 1.10+0.04. The
error is statistical. If we use the electron-scat-
tering radii &Es rather than &GM we find yp'/4m
= 1.01~0.04.

In Fig. 2(c) we plot& "2da/dolt=0 for various
nuclei, assuming GM radii. Here, all the mea-
surements, including both the small and large
counters, are included. The factor & "' permits
a manageable scale. The smooth curves are de-
rived from Eq. (5) for various choices of the two
free parameters op~ and yp. It is interesting to
note that the predictions become less sensitive to
0'p~ for very large nuclei. This is, of course,
because such nuclei are almost black as long as
&&~ is sufficiently large. From analysis of the
data of Fig. 2(c) we obtain the values (GM radii)
&ppf = 39.0+ 2.0 mb and y&2/4~ = 1.15 + 0.10. These

are in serious contradiction to the values quoted
by Asbury et al. ' of apl'= 31.8+ 2.3 mb and yp'/4v
= 0.45 ~ 0.1. The nature of the discrepancy is il-
lustrated in Fig. 2(c) by the theoretical curve
with essentially their values (30, 0.45). This
curve does not fit at hydrogen, where Asbury et
al. had no measurement. Our measurement
there is in agreement with other experiments. "
In Fig. 2(c) the curve with parameters (30, 0.66)
presumably approximates the results of renor-
malizing the data of Asbury et al. to give agree-
ment at hydrogen. This still disagrees badly
with our data.

The reason we obtain a value of op~ nearly
equal to the proton-nucleon cross section &p~
can be understood by comparing the left side of
Eq. (4), evaluated from our data at t=0, with the
experimentally determined value of o'tot2(P, A)/
a@~' for protons on the same nucleus. The ra-
tios for p photoproduction (proton-nucleus scat-
tering) are, for Be, 43.4+ 1.8 (47+ 1.6); for C,
70+2.4 (70+ 1.1); for Cu, 1185+50 (1140+18);
for Pb, 6750 + 2000 (6760 + 205). These same ra-
tios measured in m-nucleus' scattering are, for
Be, 60 + 3.4; for C, 85 + 8; and for Cu, 1700 + 85.
We conclude that &p~ is greater than 0&~ and ap-
proximately equal to op~.

In summary, we have analyzed our data using
the optical-model result of Eq. (2) and nuclear
radii, ~ES, determined from electron scatter-
ing. This analysis relies on no information from
strong interactions. We have also done the analy-
sis using the nuclear radii RGM determined from
proton-nucleus cross sections. This latter anal-
ysis is based on the experimentally observed
cross sections of Bellettini' and Engler" and de-
pends only very weakly on the validity of the op-
tical model or on the choice of nuclear radii.
The two methods yield nearly the same result.

In consideration of the various uncertainties
and the sensitivity to them, our best determina-
tions are apl'= 38 + 3 mb, yp'/4~ = 1.10 +0.15. We
have, as discussed previously, assumed no non-
resonant background in arriving at this result.
Subtraction of such a background would increase
the value of y&'//'4r which we obtain.

This determination of y& raises a serious ques-
tion about the validity of the vector-dominance
model since determinations of y&'/4& in other
processes are generally about 0.6." Just how
difficult it would be for the theory to accomodate
to our determination is not yet clear to us.

*Work supported in part by the National Science
Foundation.
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