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High-statistics measurements of the absolute differential cross section for n-p scatter-
ing have been made over neutron c.m. -system scattering angles 9.5'&0* &64.5 . The sta-
tistical error is 1.7 to 3.3% for 2'-wide angular bins, and the systematic error is 2.7 to
3.3%. The cross section is fitted by do/dQ*~A exp(bt), with A~10.27+0.36 mb/sr, b ~5.00
+0.05, and 0.01& t&0.3-9 (Gev/c)~. For the ratio of the real to the imaginary part of the
forward-scattering amplitude we obtained o,'„~-0.43 +0.04, consistent with other less pre-
cise determinations of Q„.

The data we present here are the first results
of a series of high-precision measurements of
the forward-angle neutron-proton differential
cross section at the Clinton P. Anderson Meson
Physics Facility (LAMPF) ~ These are the only
measurements of this kind above pion production
threshold that have errors of only a few percent
and extend to four-momentum transfers as small
as -t- 0.01. They should have immediate use in
the interpretation of proton-nucleus scattering
data at medium energies, since knowledge of the
p-m interaction (and the p-p interaction) is essen-
tial if the proton is to be used as a probe of the
nucleus. Accurate (& 2%%uo) forward n-p elastic
scattering cross sections have been found to be
important' to phase-shift solutions below 500
MeV. We expect that this will also be the case at
800 MeV and that numerous accurate measure-
ments such as these will be necessary to deter-
mine completely the fundamental neutron-proton
scattering amplitudes. Backward-angle n-p meas-
urements' at 800 MeV have been made which com-
plement these.

Below 400 MeV, phase-shift solutions have been
obtained and one-boson-exchange models give
reasonable fits to the data. This is not so above
400 MeV where there are fewer accurate data.
The problem is complicated by large inelastic
effects which affect elastic scattering through
unitarity. Phase-shift solutions for n-p elastic
scattering do not exist here and one-boson-ex-
change models are inadequate because they vio-
late unitarity. In spite of this, we have some
qualitative understanding in this energy region.

The pion production cross section rises from- 1 mb at 400 MeV to —10 mb at 800 MeV. This
is accompanied by a shift of the elastic angular
distribution from mainly backward to mainly for-
ward. The increase in forward scattering is due
to increased diffraction scattering around a pro-
ton target that appears blacker as the inelastic
channels open up with increasing energy. At the
relatively low energy of 790 MeV, we observe
that the elastic cross section has the exponential
dependence on t that is characteristic of diffrac-
tion scattering.

The experimental technique used to detect for-
ward scattering was neutron time of flight (TOF).
This was possible because of the existence of a
pulsed (40- or 80-ns period), almost monoener-
getic neutron beam at LAMPF (see Fig. 1)~ Elas-
tically scattered 790-MeV neutrons arrived at the
neutron detector at a unique time relative to the
primary beam burst from the accelerator. This
allowed elastic events to be identified without ob-
servation of the recoil proton and without the ac-
companying restrictions on momentum transfer
caused when recoil protons stop inside the target
flask. The fact that we were able to select elas-
tic events in this way had two very beneficial con-
sequences: (1) Neutron-proton scattering events
could be observed at very small angles, and
(2) absolute cross sections could be obtained with-
out knowledge of the beam flux or the detector ef-
ficiency, as shown below.

An 800-MeV proton beam of intensity = 2 p, A
with 40-ns structure incident upon a 10.6-cm
liquid-deuterium (LD,) target produced the neu-
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FIG. 2. Spectrum of the square of the recoil missing
mass at 4' lab angle. The lines are to guide the eye
along the background and the peak for elastic proton re-
coils.
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FIG. 1. Neutron beam and apparatus in Area B at
LA MPF.

tron beam. The spectrum at 0' consisted of a
peak ~ 15 MeV wide and a broad low-energy tail,
each with about 150000 neutrons/sec. A 1-in. -
diam, steel collimator directed the beam onto a
2B -in. -diam. x 12-in. -long liquid-hydrogen (LHB)
target. A second collimator was located on the
scattered-neutron side of the beam to prevent
particles produced in the first collimator from
reaching the neutron detector (N). The detector
consisted of a veto counter (V) to eliminate
charged particles, a carbon slab 4 in. thick~12
in. &&24 in. to convert neutrons into charged parti-
cles, four multiwire-proportional-counter (W,
-W4) to project charged tracks back to the con-
verter, and a TOF counter (N„) to measure the
neutron conversion time relative to the rf chop-
per time. A recoil-proton telescope was located
at the angle conjugate to the neutron scattering
angle. If a proton had sufficient energy to exit
from the LH„ its orbit was determined using
three helical proportional counters. Each of these
encoded an X-Y coordinate. Scintillation counters
in the proton arm were used to measure the time
of the recoil track. Helium bags in the beam re-
duced the neutron scattering from gas in the beam
line,

A trigger consisted of a count in the neutron
detector which had the logic N= VN„(W—, W,
W, W, )», (~3 of the four W counters fired). An

on-line computer system was used to sort and
write data on magnetic tape and monitor the ex-
per iment.

Elastically scattered 790-MeV neutrons ap-
peared as a peak in the neutron TOF spectrum,
where the N„counter time minus the rf chopper
time defines the TOF. Clean separation of these
events is shown in Fig. 2. Most of the nonelastic
events were removed by keeping only events with-
in 1.2 ns from the center of the neutron peak. An
additional cut rejected events outside a fiducial
region 20 cm&&56 cm centered on the carbon con-
verter. A correction to the number of elastic
neutrons was made to account for y-ray contami-
nation. Neutral-pion production by 500-Me V neu-
trons made y rays which arrived at the neutron
detector with the same total TOF from the LD,
as 790-MeV elastically scattered beam neutrons.
This (6 to 20Fo) contamination was measured and
subtracted, causing & 1.5% error in our cross
sections. The relative neutron flux was moni-
tored by counters upstream (left-right monitor)
and downstream (neutron monitor) of the LH,
flask. The beam flux through the flask was moni-
tored using charged-particle counter telescopes
at 10 and 45'. These monitors all tracked to bet-
ter than 1%.

Absolute differential cross sections depend on
the ratio of the rates for the neutron detector in
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the beam (R;„) and out of the beam (R,„,):

It,„, ezt a pt do/dQ &
&

do'

where R~ is the beam flux per monitor counts,
pt = (1.227 + 0.012) && 10"protons/cm', R,„, and Rh
are the count rates per relative monitor count
for the detector at 0" and 0', respectively, &, is
the efficiency at the center of the neutron spec-
trometer, and & is the efficiency for neutrons
averaged over the appropriate angular bin in the
laboratory.

The ratio e',/e is equal to 1 if the detector has
no energy dependence and a flat response across
its face. The true spatial response varied less
than 25% when the beam was moved to different
points within the fiducial region (20 cm&& 56 cm)
of the converter. This mapping determined &, /&

to about Ho. e was found to have an energy de-
pendence that was linear and had a slope of (9.6
+ 0.6)%%uo/(100 MeV). This gives the largest error
on e, /c of 1~ 5% (at 0 '"). The slope was meas-
ured in a special geometry (see Fig. 1) using the
proton arm as the event trigger. The fraction of
neutrons converting at the predicted location in
the neutron detector equals the efficiency.

Other errors and corrections such as ortho-
hydrogen-parahydrogen fractions, target density,
error due to TOF cuts, floor scattering, monitor
dead time, charged particles misidentified as
neutrons, double scattering, fiducial area, etc. ,
are estimated to each be & 1%. The (systematic,
random) error is estimated to be (2.7%%uo to 3.3%%uo,

2% to 4%%uo), depending on angle, for 1'-wide bins in
the laboratory.

The differential cross sections were measured
at nine different detector laboratory angles cover-
ing 3.5' to 29.5'. The carbon converter was divid-
ed into four bins 1'wide in the laboratory (about
2' wide in the c.m. system). These bins over-
lapped with neighboring laboratory-angle detector
settings. The exponential form is fitted with a X'
of 55 for 34 degrees of freedom when only statis-
tical errors are included. Inclusion of systematic
errors gives

dv/dQ* = (10.27 + 0.36) exp[(5.00 + 0.05)t] mb/sr,

where the intercept error is mainly due to sys-
tematic errors and the slope error is mainly due
to statistical errors. This plot is shown in Fig.
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FIG. 3. Differential cross section and exponential
fits (see text).

FIG. 4. Differential cross section compared to other
experiments.
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3. At high energies h is about 8, because of the
greater absorption.

Figure 4 shows our measurements plotted with
data at the two nearest energies, '" for qualita-
tive comparison. The optical theorem gives the
value of the imaginary part of the square of the
forward-scattering amplitude to be 8.68+ 0.05
mb/sr. ' Using a simple exponential model for
extrapolation' we have

do/dQ*= If'&tl'(1+ a„'+ P„')e",

where f,z, =ho'«, /4w is the mean value of the
imaginary part of the spin-dependent amplitudes,
e „ is the rms value of the real part of the spin-
dependent amplitudes, and P „ is the rms devia-
tion of the imaginary part of the amplitudes from

f,z,. From this we obtain

(a„'+P„')~'= 0.41+ 0.04, a„~ —0.43+ 0.04,

where we have assumed that the sign is negative
as determined by other methods. 6'7

Using a small-angle p-d scattering technique,
Dutton and van der Raay' obtained a„and P „at
four-momenta from 1.29 to 1.69 GeV/c. We have
averaged their results to obtain (a„'~48„')"'
=0.56m 0.18, a„=-0.48+0.16, and P„=0.26
+ 0.26. Using dispersion techniques Bugg and
Carter' obtained n„= —0.32+ 0.20. Our result is
consistent with these values, but because of the
large error bars on a„an improved value of P „
cannot be obtained. Since backward-angle n-p
scattering' shows effects due to m' exchange for
-u & 0.01 (GeV/c)' the possibility exists' that w'

exchange at -t & 0.01 (GeV/c)' would change the

slope and intercept from our values. This effect
has been ignored in past publications and will be
the subject of further investigation by us.
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Vacuum polarization at long distances for confined heavy-quark —antiquark (QQ) pairs is
considered. The vacuum-polarization —corrected static potential is shown to have a radi-
al dependence which should allow interpolation between charmonium, upsilon states, and
other heavy QQ systems. It is argued that the static, confining potential cannot grow fast-
er than a linear potential at large distances, within the framework of this analysis.

Heavy-quark-antiquark (QQ) spectroscopy is
generally regarded as being well described phe-
nomenologically by a nonrelativistic potential
model, with a static, quark-confining potential. '

Along with the model, one has the understanding
that there are (at least) two importnat regions of
coordinate space, roughly described by x& (n, m) '
~a„where quantum-chromodynamic (QCD) per-
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