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NEUTRON-PROTON ELASTIC SCATTERING FROM 8 TO 30 GeV/c *
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The differential cross section for neutron-proton elastic scattering was measured in
the diffraction region with incident-neutron momenta between 8 and 80 GeV/c. The ex-
periment was a spark-chamber-counter experiment, conducted at the alternating-gra-
dient synchrotron. Results are presented and compared with currently available lower
energy nP data and comparable energy pp data.

This Letter reports results of an experiment
to study neutron-proton elastic scattering in the
diffraction region for incident-neutron momenta
between 5.4 and 29.4 GeV/c. This experiment,
performed at the Brookhaven National Laborato-
ry alternating gradient synchrotron (AGS), is a
continuation of work done previously at the Beva-
tron' and employed t'he same techniques.

The experimental arrangement is shown sche-
matically in Fig. 1. The internal AGS proton
beam, at a momentum of 29.4 GeV/c, was steered
onto a small beryllium target. A neutron beam
was taken off at an angle of 1' with respect to the
circulating proton beam. This beam was care-
fully collimated so that at the hydrogen target it
had a diameter of 1.3 in. with a negligible halo
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surrounding it. The defining collimator was a
1.0-in. -diam aperture located 125 ft from the
internal AGS target.

Charged particles were removed from the beam
by means of several sweeping magnets. Lead
filters, each 0.5 in. thick, placed ahead of the
first two sweeping magnets effectively removed
y's from the beam. The contamination of K"s
and n's in the beam was negligible. The estimat-
ed flux in the beam was approximately 10' neu-
trons per 10" interacting protons with a nominal
neutron-momentum range from 5 to 29.4 GeV/c.

The neutron beam was incident on a 12-in. -
long hydrogen target (Fig. I). The scattered
neutron was detected by its interaction in an ar-
ray of thick-plate spark chambers. The array
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FIG. 1. Experimental arrangement.
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contained a total of 130 g cm ' of steel, corre-
sponding to about 1.3 collision lengths. The
chambers were interspersed with scintillation
counters to provide a trigger corresponding to a
neutral-particle interaction in the array. The
neutron angle was determined with an accuracy
of about +2 mrad by connecting the vertex of the
neutron-initiated shower in the chambers with
the proton track extended into the hydrogen tar-
get.

The momentum and angle of the recoil proton
were measured in a spark-chamber spectrome-
ter. The proton spectrometer was mounted on
rails to facilitate changing its position. In the
course of the experiment the proton spectrome-
ter assumed four positions covering overlapping
angular ranges while the neutron detector as-
sumed two positions. Relative normalization be-
tween the various settings was accomplished by
means of several monitor telescopes in the neu-
tron beam.

The neutron and proton spark chambers were
viewed with separate cameras. The triggering
requirement was a fast coincidence between
counters P„P„P„and any two successive
counters in the neutron array with no vetoing
pulse from either of the anti counters, A, and A,
(Fig. 1).

There was no attempt to make an absolute
normalization internal to the experiment. The
data presented are normalized to the optical-
theorem point, neglecting the contribution from
the real part of the forward-scattering ampli-
tude, so that

V - ~ O'T

djtj, , w 4h

The total cross section OT was taken to be con-
stant at 38 mb between 5 and 30 GeV/c. ' Since
each incident-momentum range was independent-
ly normalized, a knowledge of the incident-neu-
tron spectrum was not necessary. For the same
reason, the only thing which need be known about
the neutron-detection efficiency was that, for any
single incident momentum, it did not change ap-
preciably over the range of four-momentum
transfers studied. In this experiment the differ-
ence in energy between the incident and scattered
neutron was at most 0.7 GeV so a constant effi-
ciency could be assumed.

Approximately 350000 event candidates were
scanned. All of the neutron film and 15'%%uo of the
proton film was scanned and measured on a con-
ventional focal-plane digitizing machine. The re-

Table I. Cross sections and their uncertainties in
mb/(GeV/&)2 as a function of jt j in (GeV/c) for var-
ious ranges of incident momentum.
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maining 85% of the proton film was scanned and
measured by the Michigan Automatic Scanning
System. ' The good-event yield of the film ranged
from as high as 45%%u& at the small-angle setting
to as low as 0. 1'%%uo at the large-angle setting.

The measured quantities for each event are
the neutron angles, the proton angles, and the
proton momentum. The momenta of the incident
and scattered neutron are unknown. This allows
a two-constraint fit to an ela'stic scattering.
Events that gave satisfactory fits were binned ac-
cording to the incident-neutron momentum and
four-momentum transfer. The effective solid
angle for each setting, incident-neutron momen-
tum, and four-momentum transfer was deter-
mined from a Monte Carlo calculation.

Corrections to the data were made in the form
of target-empty and inelastic-background sub-
tractions. These corrections range from 0.6%
target-empty and (1.4 + 0.3)% inelastic-background
at small jtj to 0% target-empty and (2S +11)%%uo

inelastic-background at large jt j. The uncer-
tainties assigned to the cross sections include
estimated errors in the Monte Carlo, the target-
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FIG. 2. Cross sections and fits by e ~( ( with (t)-0.8 (Gev/c)2.

empty subtraction, and the inelastic-background
corrections, as well as statistical errors.

Our results a.re summarized in Table I. In
Fig. 2 the cross sections are plotted as functions
of (t ( along with curves for the least-squares
fit by e ('~ for that portion of the data where
(t( - 0.5 (GeV/c)'. These cross sections are con-
sistent with comparable energy proton-proton
and meson-proton elastic cross sections in that
they are smoothly falling in t and show no struc-
ture at least out to (t ( =1.0 (GeV/c)'.

In Fig. 3 we compare nP and PP results'4 ' for
b in the parametrization do/dt =e' ('(. The
values for b obtained from this experiment agree
well with the values obtained from both the low-
energy Bevatron data and the intermediate-ener-
gy CERN data. Over the energy range of this
experiment, the values obtained for b from PP
data appear to be equal to or slightly greater
than those from our np data. The np data, in
addition, show a shrinkage in the diffraction
peak (an increase in b) with increasing energy
which is similar to that of PP. It is possible to
fit our data with the expression suggested by the

single Regge-pole model,

do/dt =f(t) exp('2[re(t)-I] insj.

IO—

8—
Ol
I

tt

O
co 6—

Clyde et ol

D Horting et ol

0 Foley et ote

8 Perl et ol

A Engler et ol

~ This Espertment

0 0 8 12 20
P ( GeVic)

(

24 28
(

32 36 40

FIG. 3. Parameter b from the parametrization
e ~( ( as a function of incident-particle momentum
for np and pp data, . Fits were made for It[-0.5 (GeV/
c)2 except for the data of Engler et al. vrhich had an in-
sufficient number of small- )t] points. In that case the
authors' own fits for 0.8- (t]-0.8 (GeV/cP were used
at the larger incident momenta where the diffraction
slope is constant to larger it(.
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Here s is the center-of-mass energy squared in
(GeV/c); that is, the Regge parameter conven-
tionally called s, is taken to be 1.0 (GeV/c)'.
f(t) is assumed to be essentially constant for

~
t

~

& 1.0 (GeV/c)', and n(t) is taken to be a linear
function of t. This expression serves as a useful
parametrization to study shrinkage. For the mo-
mentum range 5.4 to 29.4 GeV/c and I t ~

& 1.0
(GeV/c)' the results are, for np,

n(t) = (l.08 + 0.06)-(0.86 + 0 18)I t I;

for pP,

n(t) = (1.05 + 0.02)-(0.69 + 0.05) ( t (

(Ref. 4); for PP,

n(t) = (0.90 + 0.08) + (0.91 + 0.38) i t i

(Ref. 4). On the basis of this parametrization
the np shrinkage appears to be the same as the
pp shrinkage within the errors.
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Currently available electropion-production data near threshold have been analyzed ac-
cording to the soft-pion theorem which expresses the threshold cross section in terms
of the vector and axial-vector form factors of the nucleon. We determine the axial-vec-
tor form factor for q2 up to -7 (GeV/c)2.

As is well known, the condition of partial con-
servation of axial-vector current (PCAC) and
current algebra predict that the amplitudes for
electropion production at threshold, ' ' that is,
for

e+P -e+P+wo,

e+P -e+n+w',
are expressible in terms of the vector and axial-
vector form factors of the nucleon in the ideal

soft-pion limit. This enables one to determine
the unknown (isovector) axial form factor Gz (q')
which could otherwise be obtained only from high-
energy experiments. Difficulties arise because
one has to work with small cross sections along
the limits of phase space, taking account of the
radiative correction and the deviation from the
soft-pion limit due to the finite pion mass. Ear-
lier attempts' to determine Gz (q') from electro-
production data have been restricted to small
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