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this result shows that there is a well-defined
radio shower front. This front may precede the
particle front by about 15 m, on the average
(Fig. 2), but the possible systematic error is al-
so 15 m.

Although we used the particle arrival directions
to study the background, the identification of
radio showers can be made without reference to
it. Thus, we do not need the HAS JE fast-timing
array. We do need some particle detectors, how-
ever, to provide the trigger pulse and the timing
reference pulse.

We also attempted to trigger on a coincidence
of radio pulses in three antennas without a parti-
cle requirement. In addition to interference
triggers, we obtained several good triggers per
hour, most of which showed not only elean pulses
in the three required antennas but also coincident
pulses in one or more other antennas. All pulses
were consistent with production by a single elec-
tromagnetic wave front. We are now studying
the possibility that these events were in effect
produced by extinct, near-horizontal showers.

The first three conditions for using radio pulses
to measure large air showers can be met, ac-
cording to the above results. On the other hand,
no good correlation was found between pu1. se
heights and such shower parameters as size and
core distance. Thus, at present we can deter-
mine neither the core location nor the size of a
shower from radio-pulse data alone. However,
for some studies these data are not necessary.

For example, the celestial arrival directions of
large radio showers can be measured with our
present radio-pulse techniques.

On the other hand at sea level, Vernov et al. '
have evidence for a dependence of radio pulse
heights on muon numbers and also on the distance
from shower axis, promising a possible solution
to part D of the problem of radio-pulse measure-
ment of air showers.

At sea level, Allan, Jones, and Neat' have
found increases in the proportion of radio show-
ers both as a function of shower size and as a
function of zenith angle, similar to our results.

This experiment wou1d not have been possible
without data from the HAS JE group whose efforts
in Bolivia were directed by Dr. K. Kamata, Dr.
M. Lapointe, Dr. K. Murakami, Dr. S. Shibata,
Dr. K. Suga, and Dr. Y. Toyoda.
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Using Glauber multiple-scattering theory, the Inissing-mass spectrum for protons
scattered off a deuterium target is computed. The relatively clean separation of the sin-
gle- and double-scattering peaks offers the possibility of determining the high-energy
proton-neutron differential cross section.

Experimental data on proton-proton elastic scattering at high energies show angular distributions
with interesting structure. It is therefore natural to ask if similar features are present in the neu-
tron-proton case. Unfortunately, cross-section measurements with neutron beams' are very impre-
cise, especially at the larger angles [~t~ &1 (GeV/c)']. In the absence of a free-neutron target, it has
recently been suggested that the proton-neutron cross section can be deduced from observations of
quasielastic scattering in proton-deuteron collisions.
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FIG. 1. Spectrum of protons scattered from deuterium (incident momentum P =18.29 GeV/c, t =-1.2 (GeV/c)2) .
The dashed curve joining the experimental points (Ref. 4) is meant only to guide the eye. The solid curve is our
theoretical prediction neglecting experimental resolution and meson production.

Figure 1 shows a typical momentum spectrum of protons scattered from a deuterium target [inci-
dent momentum p = 18.29 GeV/c, ~t

~

= 1.2 (GeV/c)'j. In addition to a rising continuum associated with
meson production, there are two distinct peaks. The second of these occurs at a momentum loss
=~t~)/2m, that is at about the same position as for the scattering from free protons. Since this can be
thought of as elastic scattering from a single nucleon in the nucleus, it is called quasielastic. The
binding energy of the deuteron is unimportant because of the poor experimental resolution (+50 MeV/
c), but the quasielastic peak is broadened considerably by the deuteron Fermi motion. The other bump
lies close to the edge of phase space, ~P =

~(t ~/4m, where the two target nucleons are recoiling with
low relative energy. The vast majority of these pairs cannot be deuterons since the elastic proton-
deuteron cross section is too small. ' The effect can be explained in classical terms as a kinematic
enhancement arising from a double scattering. ' If the proton hits both the neutron and proton in the
target then, because the nucleon-nucleon amplitudes fall so fast with momentum transfer, the most
likely event is that both scatterings will lie in the same plane and be of essentially the same angle. In
this case the proton and neutron will come out together, as is observed.

We want now to present a more careful investigation of the spectrum on the basis of Glauber theory. '
This allows us also to estimate the importance of interference between single and double scattering.
If we neglect spin dependence and final-state interactions between the recoiling nucleons, then in the
notation of Bertocchi' the amplitude for the scattering of a proton from deuterium is the coherent sum
of single- and double-scattering contributions:

p=f (t)q (k„) f„(t}q(k~)+
&

fd qq(q k)f (—'(q-2 /) f „-(q+-& t) )l,

where g is the deuteron wave function, f are the nucleon-nucleon amplitudes, k~& &

is the recoiling
proton (neutron) momentum, and p' is the momentum of the scattered proton;

a =p' —p= —(k +k ), k= ~(K~ —k„), s= (kp+k~), t= (P' —P)'. (2)

The integration in Eq. (1) is over the plane perpendicular to the beam direction (subscripts l and t will
denote the components of vectors parallel and perpendicular to p).

To get a simple estimate of the relative effects of these terms, let us take a Gaussian deuteron wave
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function

g(P)=&e '"
with bz = 66 (GeV/c) ', and purely imaginary (and equal) proton-nucleon amplitudes

fop
= fp = (zPv/4zz)e (4)

with b, = 9.4 (GeV/c) . A more accurate parametrization of the amplitudes will be used later. With
these assumptions the q integration becomes trivial.

We now calculate the invariant mass spectrum of the neutron-proton pair':

= fd'u! F!'6(s+~'-([m'+ (k+ 2~)']"'+ [m'+ (k--,'Z)']' j').
d Qds

The purely single-scattering term can then be evaluated in terms of the error function. At high ener-
gies and away from the forward direction this can be approximated by

( dv peru '
zl 1/2

exp b, t —~ 6- s —4m' 1+—
8~~,

which shows the expected quasielastic peak at the point where one of the nucleons takes all the recoil
momentum. The width (-1/bz) is determined by the Fermi motion.

As they stand, the integrals for the double scattering cannot be done analytically. Now the value of
A' is greatly restricted,

s 4m' ~-i'z' ~ (s 4m') (1-+a'/s);

and furthermore the double scattering is strongly enhanced towards the lower value (the momentum Z
of the pair is then equally divided), and so we can replace the argument of the delta function in Eq. (5)
by s-4m -4k'. The same result is obtained by expanding the argument in k @ and keeping only the
lowest term. The same approximation is sufficient for the interferenee term since this turns out to
be quite small. With this simplification, the purely double-scattering contribution becomes

(
der 'l pvN& ', zl

"' 2(b, +by. ) "' rb, t b,b~(s-4mz), (s-4m')b~'
dMs I double 2zz J 4 bf 2 2(b, + bi) 2(b, + bq)

where

D = o/16lz(b, + bq).

(8)

For the interference term, there remains one integration which is done numerically:

x f dZ cosh[ —,'b~a~z(s —4m')"'] Io(~bfa, [(s—4m') (1—X')]"')exp —— (s —4m')X, (9)
0 4b +b

d'o/d Gal ' =4md'0/d Qds.

The double scattering rises extremely rapidly
from threshold because of the argument in the
error function of Eq. (8). The single- and dou-
ble-scattering peaks are well separated and hence
it is not surprising that the interferenee term
turns out to be so small. The integrated single-
and double-scattering contributions are at this
value of t very comparable, whereas the inter-

where I, is the modified Bessel function of zeroth
order. differential cross section

At the energy and momentum transfer of the
data shown in Fig. 1, it is not a good approxima-
tion to take just one exponential in the nucleon-
nucleon parametrization (4). However, for the
single-scattering amplitude we can easily take a
more complicated form, e.g. , that of Krisch";
for the double scattering we mainly need the nu-
cleon amplitudes at momentum transfer I/O and
for these a one-exponential fit is very reasonable.
In Fig. 2 we show the three contributions to the
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We calculate (1) incoherent photoproduction of p mesons, (2) total photon-nucleus
cross sections, and (3) incoherent photoproduction of positive pions within the frame-
work of simple vector dominance. Comparison is made with experiment.

The multi-GeV elastic scattering of photons
by nuclei and the incoherent photoproduction of
p and m mesons provide interesting tests of vec-
tor dominance. There have been calculations of
these processes using eikonal methods which
will be referred to below, and now a consider-
able amount of experimental data has become
available. Although there are no photon elastic-
scattering results from nuclei, there are total
photon cross-section measurements, which can
be simply related to the forward-scattering am-
plitude through the optical theorem.

The object of this Letter is to make calcula-
tions of these processes in some detail, assum-
ing simple vector-meson dominance. We will
need vector-dominance coupling constants, cer-
tain scattering and production amplitudes on nu-
cleons, and nuclear size parameters. All these
we take from other experiments. Our calcula-
tions have no free parameters then.

Incoherent photoproduction of p' mesons. —In a
recent Letter' we have calculated the incoherent
production of p mesons on nuclei under the as-
sumption of vector dominance using eikonal
methods. " The process is calculated as a com-
bination of (a) a one-step process corresponding
to diffractive photoproduction of a p' meson on a
nucleon accompanied by nuclear excitation, and
(b) coherent photoproduction of a p' meson on a,

nucleon (no nuclear excitation) followed by inco-
herent scattering of the p' meson (nuclear excita-

tion occurs). Appropriate diagrams are shown
in Fig. 1(a). Since the detailed formulas have
been written down before, "'we only note here
that we can write the incoherent cross section in
the form

do'( )(yA p A')/dQ = jf&&(t) ~
N ii,

where N, ~& is an effective nucleon number and

f& ~(t) is the two-body photoproduction amplitude,
assumed spin and isospin independent.

We have redone the calculation for incoherent
p photoproduction allowing for a nonzero real
part for the p'-nucleon forward-scattering am-
plitude, taken from pion-nucleon scattering' us-
ing the quark-model relation

f,o~(0) =~alf, p(0)+f, -~(0) f

to determine the real part off~oz(0). The total
cross section for a p' meson on a nucleon vppf,
related by the optical theorem to the imaginary
part of the forward-scattering amplitude f ~o~(0),
has been determined using the vector-dominance
relation'

Y 0 0 o 2(] +P2)
t=o

where p = Re f„,~(0)/Im f,N(0) and y '/4m=0. 5,
taken from the compilation of Ting. ' The values
of do& ~/dt are taken from a fit to data of p' pho-
toproduction on hydrogen. ' These values and oth-
er parameters for the calculation are listed in
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