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We present results on the determination of a set of strong-interaction nuclear radii
using the photoproduction of neutral rho mesons. Analysis of 106 events from 13 com-
plex nuclei yields the Woods-Saxon radii B(A}= (1.12 +0.02)A» fm.

In recent years considerable theoretical' and
experimental '3 effort has been made using nu-
clei as a tool to study elementary-particle phys-
ics. Attempts have been made to study the prop-
erties of elementary particles (stable and un-
stable) interacting with nuclear matter, such as
the rho-nucleon cross section, the vector-dom-
inance model, etc. A knowledge of the nuclear
density distribution is essential in order to make
a quantitative comparison between theory and ex-
periment and to extract physical quantities from
the data. To date, the nuclear density distribu-
tions have been assumed to be those determined
from electron' or proton' scattering on complex
nuclei. When using the electromagnetic nuclear
radii, one assumes that the nuclear density dis-
tributions seen by strongly interacting particles
are the same as those seen by the electron, an
assumption which has not been justified. When
using proton-scattering data to determine the
radii, the problem of interference between the
proton and the Coulomb field of the nuclei arises.
Because of the importance of obtaining a reliable
set of nuclear density distributions for strong in-
teractions, we have performed an experiment
specifically designed to measure strong-inter-
action radii with neutral particles.

This experiment measured the photoproduction
of po from nuclei, 2

@+A-A+p -A+m'+7t

It was carried out at the 7.5-6eV DESY synchro-
tron using a bremsstrahlung beam and a mag-
netic spectrometer with a resolution of 4m=+15
MeV/c', 4p =+150 MeV/c, and 4t~=+0.001
(GeV/c)'. We have investigated 13 elements:
Be, C, A1, Ti, Cu, Ag, Cd, In, Ta, W, Au, Pb,
and U. The measurements cover 20 intervals in
the di-pion mass (m) from 400 to 1000 MeV/c',
six intervals in the momentum (p) from 4.8 to
7.2 GeV/c, and 20 intervals in the transverse
momentum transfer to the nucleus (t~) from 0.0
to -0.04 (GeV/c)'. These data form a four-di-
mensional matrix d'o'/dOdm with dimensions
(A, m, p, t~) = (13, 20, 6, 20) containing approxi-
mately 10 measured m'r events. A projection
of 2% of the data (shown in Fig. 1 of the preced-
ing Letter') shows that the spectra are dominated
by the p diffractively produced off the nucleus.

The slopes of the diffraction patterns measure
directly the nuclear density distributions. For
example, at t-0, the diffraction pattern behaves
as e" where a is a measure of the nuclear size.
More specifically, we take the nuclear density
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distribution to be the Woods-Saxon form p(r) = pp/(1+exp[r-R(A)]/s), where s is the skin-thickness
parameter taken to be 0.545 fm and R(A) are the nuclear radii to be determined from this experiment.

To measure R(A), the four-dimensional data matrix d'a(A, m, p, t~)/dQdm was fitted with a theoreti-
cal function of the form

d'a/dQdm = (1/w)p'2mR (m)(f, +f~) +fqo(A, m, p, t&).

The first term represents the main contribution from p photoproduction and the second term the
contribution due to a nonresonant background;

f, = (az/a)'~2vrf, f bdb f dzJp(bv'(t~[)exp(izPt~~ ()p(z, b)*,

az = a(1—gga)exp( ——,'oz(1 —iP)f p(z', b)dz'j(' ~ e".
Z t~ 0

Here f, is the coherent production cross section'
where the p meson, produced with an effective
forward-production cross section ~fp~' on a sin-
gle nucleon, is attenuated by exp[—,'o'z(1 —ip)
x f pdz] as it leaves the nucleus. The factor
p(z, b)Jp(bgt~~) comes from the nuclear shape,
and the difference between initial and final mass
produces a term exp(ized ~t~~ (). The p-nucleon
total cross section o =26.7+2.0 mb comes from
recent experiments. " The effective p-nucleon
total cross section 0& has taken into account se-
cond-order correlation effects between nucleons
inside the nucleus in terms of the correlation
parameters g and g. The ratio of the real part
to the imaginary part of the scattering amplitude
on a nucleon, P, was taken to be -0.2 from the
analysis of yp total-cross-section measurements
at 6.0 GeV. ' For the incoherent production cross
section f~ we used the formula of Trefil' which
was found to reproduce proton-nucleus data at
19 GeV in our t~ region. The incoherent con-
tribution is largest for low A (=10%) and be-
comes negligible for A & 100.

The following steps were taken to eliminate
possible systematic effects: (1) To minimize the
dependence on other variables in Eq. (2) (f;,fBa,

P, s, a), we selected the data in the region ~t ~

&0.01 (GeV/c)', 4.8&p &7.2 GeV/c, and 690&m
&860 MeV/c2, where most of the pion pairs
come from diffractive p production. More spe-
cifically, in the region defined above the max-
imum contribution of f; is &10 Ip for Be and C
and is negligible for the heavy nuclei. A change
of P of 50% changes R(A) by &1%. A change of
0'p pf from 2 5 to 30 mb changes the resul ts by
&2 /p. For A &27, a change in s =0.545 fm by
+10% changes the determination of R(A) by -2%.

(2) To be independent of R (m), the p —vm mass
distribution (for which there is no unique theory),
separate fits were made to the t~ dependence of
each of the six mass intervals between 690 and
870 MeV/c for each element. Thus six indepen-

dent determinations of the radius were obtained
and the need for explicit assumptions for R (m)
was avoided. The first six rows of Table I list
the results of the fits to the six mass bins for
the case where the background was taken to be
zero. As seen, for elements A&27, the radii
determined from each of the individual mass bins
are in good agreement with each other. This in-
dicates that in the restricted kinematical region
and for A &27 almost all the pairs are from rhos
diffractively produced off the nucleus. The non-
resonant background is either very small or is
also diffractively produced off the nucleus. For
light elements Be, C, and Al, the measured
radii vary from one mass bin to another indicat-
ing that even within the restricted kinematical
region above there still exists significant back-
ground. To ensure that our results are indeed
insensitive to the background, checks were made
by explicitly assuming various forms of back-
ground. We list four examples: (a) Background
independent of p and t~. For every element and
for each mass bin we made a fit with one posi-
tive parameter corresponding to the background.
(b) Background f~G(A, m, p, t~) dependent on p and
t~. For every element and each mass bin, four
positive parameters (for each element, 24 pa-
rameters) were fitted with each corresponding to
the background in a small region of (p, t ~) space.
(c) A smooth background function f~o(A, m) which
is a power series in m, and all mass bins fitted
simultaneously with a mass distribution R, (m)
=r(m)(m~/m) The fa.ctor r(m) is the relativis-
tic p-wave resonance formula proposed by Jack-
son' and (m~/m) is the phenomenological Ross-
Stodolsky factor" to account for the shape dis-
tortion and mass shift of the photoproduced rho
spectrum. (d) A smooth background f&G(A, m)
which is a power series in m, and all mass bins
fitted simultaneously with a mass distribution
R2(m) =r(m) + I(m). The function l(m) repre-
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sents the interference of the p amplitude with a
part of the background where the nonresonant
pairs are diffractively produced off the nucleus. "
R, (m) represents another procedure to fit the
spectrum with the mass shift and shape distor-
tion accounted for by the interference term I(m)
whose magnitude is determined by the fit.

The results of (a), (b), (c), and (d) are listed
in Table I in rows 8, 9, 10, and 11, respective-
ly. For A &27 they are consistent with each
other and with the values determined from each
individual mass bin with fBG=O.

Using the weighted average of the individual
mass-bin values and taking into account the sen-
sitivities to f„s, P, and v, we list our best
values in row 12 of Table I. These results are
shown in Fig. 1. The last column in Table I
lists the fits to the scaling law R(A) =xQ"'.

We can now calculate the rms radii corres-
ponding to our best values for R(A) as follows:
(R'), , = 0.6R'+ 1.4wzs'. '~ They are also listed
in Table I.

Comments on the results. —(a) For heavy nu-

clei, A & 27, typical errors on R(A) are =2%.
These results, obtained from the weighted aver-
age of individual mass bins, are independent of
mass distributions and, as discussed before, they
are insensitive to parameters f;, s, P, and o and
the background. (b) For light nuclei, A&27, typ-
ical errors on R(A) are =10%%uo. This comes from
the facts that (1) for light nuclei the fitted R(A)
are sensitive to background and skin thickness,
and (2) EIl. (3) was derived from Glauber multi-
ple-scattering theory for heavy nuclei; contribu-
tions from terms of order 1/A, as well as in-
dividual nucleon form factors, have been ignored.
(c) For all nuclei the fitted rms radii are insen-
sitive to the skin-thickness parameters used,
even for A &27. This was verified in further fits
using s =0.5 and s =0.6 fm. (d) Our results,
obtained from neutral mesons, are free from
complications of Coulomb interference terms.
(e) From Eq. (3) it follows that the total hadronic
cross sections can be expressed as

o, = 2m fbdb(2 2exp[-2o-z T(b)] cos[zIozT (b)p] j,
T(b) = f p(z, b)dz,

~=(Zo +(A-Z)~ )yA, (4)

where o is the average nucleon-nucleon cross
section in the nucleus. oz and 0 are the proton
and neutron total cross sections, respectively,
for the incident hadrons. With our best value
for R(A) and with Eq. (4) we can evaluate o, and
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FIG. 1. Results on R(A) and the best fit with R=roA i.
compare directly with measured data. " We list
those cross sections where measurements of P
at the same energy exist, and where the effects
of possible inelastic shadowing" are small.
This comparison is listed in Table II. The er-
rors in the calculated 0„ include uncertainties
in R(A), p, and $ (+0.2 fm). As seen, the cal-
culated values agree with the experimental val-
ues from 5.7 to 20 GeV. This is an indication
of the consistency of our radii and Eqs. (3) and

(4). (f) Our result R = (1.12+ 0.02)A'i' fm is com-
patible with the earlier determination by Glauber
and Matthiae, ' the latter being a 10% determina-
tion. They are to be compared with the electron
scattering value' of R(A) = 1.07A"' fm. "
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right-hand side should read dv() p —pp)/do,
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