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There is currently great interest in the phase
of forward elastic-scattering amplitudes at
high energy. In a simple diffraction picture,
one expects a purely imaginary amplitude.
However, recent Coulomb interference mea-
surements' ' in PP and rP scattering have shown
that the real part is substantial, of order 20
to 30 /0, up to 26 GeV/c. Various dispersion-
relation calculations' ' have confirmed that
something of this order may be expected, but
they do not explain what mechanism produces
it.

The present note points out that simple Regge-
pole models predict a substantial real part at
the energies in question, in surprisingly good
agreement with experiment. We employ the
latest nN, NN, and NN total cross-section da-
ta'"0 from 6 to 26 GeV/c to fix the parameters
of the forward-scattering amplitudes, taking
three Regge poles for mN and four for NN.
The ratio of the real to the imaginary part of
the forward-scattering amplitudes is illustra-
ted and compared with experiment in Figs. 1

and 2. Now Mandelstam" has shown that there
are probably also branch points in the complex
angular-momentum plane, which cannot be

ignored asymptotically. Nevertheless, there
appears to be a good chance that over a wide
range —perhaps up to 100 GeV —these branch
points are not yet important and the Regge
poles dominate. ' Our models assume this
1s so.

Let us define and normalize the spin-aver-
aged forward elastic amplitude A(0) for each
process, such that the optical theorem reads

v = lmA(0),

where aT is the corresponding total cross sec-
tion. Then in a high-energy approximation
each Regge pole contributes to A(0) a term
of the form"

A.(0) = B.{flx exp( faro. ,-)]/sinn'o. ](E/8 ) i . . (2)
2 2 i 0

Here i labels the Regge pole, ni is its trajec-
tory at squared momentum transfer t =0 8.i
is a real coefficient measured in millibarns,
F. is the total laboratory-system energy of the
bombarding particle, and Eo is an arbitrary
scale parameter which we choose to be 1 GeV.
Note that the phase of A&(0) is determined by
a;, through the "signature factor" (in braces),
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FIG. 1. The ratio of the real to the imaginary part of
the forward amplitude for m p and n p scattering. The
curves are Regge-pole predictions. The data are from
reference 1: The inner error flags are statistical; the
outer ones are estimated limits of systematic error.
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FIG. 2. The ratio of the real to the imaginary part of
the forward spin-averaged amplitude, for pp and pp
scattering. The curves are Regge-pole predictions.
The data refer only to pp scattering. %'here double er-
ror flags are shown, the inner ones are statistical and
the outer ones are estimated limits of systematic error.
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and is therefore directly related to the energy
dependence.

For TrN scattering, at least three Regge poles
are needed. The Pomeranchuk pole P gives
the asymptotic limit; a second vacuum pole
P' and the p pole give the differences of the
n -p amplitudes from the asymptotic limit and
from each other. The signature + in Eq. (2)
is + for P and I", —for p. Let us take the
coefficients Bz above to refer to ~ p elastic
scattering (for w+p, Bp changes sign). Since
the fit to data is not very sensitive to the pre-
cise values of the n~, we fix them at suitable'~
values a&=1, n& =0.5, n =0.6. Then by a
least-squares fit to the total cross sections, '
the 8; are determined: 8~=19.9~0.1 mb,

Bpi = 1S.1 + 0.2 mb, and 8 = 2.4 + 0.4 mb.
The predicted ratios ReA(0)/ImA(0) for v -p

scattering are shown in Fig. 1. They agree
with the experimental determination in sign,
in magnitude, and in giving a larger value for
r+p than for ~ p; however, the experimental
uncertainties are rather large. The disper-
sion calculation of reference 9 agrees close-
ly with our v p curve but gives a w+p curve
displaced upwards.

For NN and NN scattering, at least two more
poles are usually invoked. One is the negative-
signature cu pole (which is supposed to include
any contribution from the cp pole, lying near,
with the same quantum numbers). The other
is the 8 pole, proposed by Pignotti. " How-
ever, the experimental uncertainties in the
data we use are such that the R contribution
that is determined is not significantly differ-
ent from zero, and we ignore this term. Let
us take the coefficients 8; in Eq. (2) to refer
to pp elastic scattering; for np the p term
changes sign; for pp the co and p terms change
sign; for np the ~ term changes sign. We fix

=0.5, with n&, a&I, and np as before;
then by a least-squares fit to the total cross
sections, '~" we determine 8~ =36.2+ 0.2 mb,
8& = 33.8+ 0.6 mb, 8 =1.0+ 1.2 mb, and 8
=21.0+ 2.3 mb.

The predicted ratios ReA(0)/ImA(0) for PP
and pp scattering are shown in Fig. 2. The
experimental points refer only to pp. Below
10 GeV/c there is a marked divergence between
prediction and experiment; the former becomes
steadily more negative while the latter (in a
region not illustrated) finally becomes positive
below 1.5 GeV/c. Above 10 GeV/c, however,
the agreement with experiment is surprising-

ly good. There have been several dispersion
calculations which agree roughly with one an-
other and with experiment. Soding's calcula-
tion, ' for example, gives roughly 70k of our
pp values (above 10 GeV/c); it also agrees
rather closely with our pP values.

Regge-pole models are designed for high en-
ergies. As the energy is lowered, the various
correction terms play more and more impor-
tant roles. We may expect the real part of the
forward-scattering amplitude to be especial-
ly sensitive to these corrections, since it is
in a sense a correction term itself —coming
wholly from the secondary trajectories. Thus
a divergence of the prediction from experiment
is to be expected at lower energies.

Our Regge-pole parameters B~ have been
fixed by total cross sections only. A complete
Regge-pole model should also fit elastic angu-
lar distributions; this seems to present no
serious difficulty, "&"but the best fit to this
wider range of data generally gives slightly
different parameters. However, in the cases
we have studied" the change is small; the curves
in Figs. 1 and 2 should be little altered by a
more complete fit to data.

After this work was completed we received
a preprint from Bialas and Bialas, "who have
made a closely related analysis in more gen-
eral terms, without appealing explicitly to
Regge poles. In terms of their analysis, the
value of the Regge-pole hypothesis seems to
be that it unites and makes plausible many as-
sumptions that have to be introduced to get
practical results: e.g. , that the total cross
section is given by a sum of powers of E, that
the sum contains few terms, that there are
no logarithms, that no "odd-signature" terms
with n close to 1 are present, etc.

We thank Professor Geoffrey F. Chew for
useful discussions, and Dr. David L. Judd for
the hospitality of the Theoretical Physics Group
at the Lawrence Radiation Laboratory, where
this work was done.
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High-energy neutrino experiments in progress
at the Argonne zero-gradient synchrotron (ZGS)
employ a wide-angle focusing device' to enhance
the neutrino or antineutrino flux. Existing da-
ta' on particle production by nuclear inter-
actions of high-energy protons are dispersed
over a range of primary energies, target ma-
terials, production angles, and secondary en-
ergies. In order that the resulting flux may
be accurately known, a precise measurement
of meson production by 12.5-BeV protons on
Be has been completed. Pion-production cross
sections have been measured over the angular
range from 2' to 16', and at pion momenta from
1 to 12 BeV/c. Data on kaon production were
also obtained in a narrower momentum range.
Scattered proton fluxes were measured, and
are presented here for their value in pratical
beam design.

A slow extracted proton beam, -100-msec
duration and 12.5-9eV kinetic energy, was
focused onto a Be target of 2.8-cm diameter
and 10-, 20-, or 40-cm length. For beam
extraction, ordinary internal targets, rather
than a jump target, were used, resulting in

about l%%uo extraction efficiency and allowing a
"parasitic" mode of operation. The beam was
focused to a spot of 1.2-cm diameter and con-
stantly monitored by a closed-circuit TV view-
ing a plastic scintillator placed just before
the target. During this experiment, the extract-
ed intensity was about 10 -109 protons per pulse.

An absolute intensity calibration was performed
by two independent foil (Al, Au) activation mea-
surements. The relative intensity was moni-
tored during runs by means of three triple-
scintillation-counter telescopes viewing the
target from 15', 25', and 135' laboratory an-
gles. Internal consistency of these monitors
was better than 0.1%, and the foil-activation
measurements agreed to less than half their
quoted error of 10%.

Figure 1 depicts the external proton-beam
layout. The secondary particles produced in
the target were deflected in a simple magnet-
ic spectrometer placed 20 feet away. Two small
scintillators (1, 2) defined the production an-
gle. Two more scintillators (3, 4) and a single
or tandem gas Cherenkov counter at a bending
angle of 3.5' behind the magnet served to de-
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