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on the production of S"s, etc. , one requires
plausible models for production and decay, a com-
modity in rare supply these days. Data on mas-
sive-photon production would be even more use-
ful. 4
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We present results of measurements of then-p total cross section between 30 and 280
GeV/c. The measurements were carried out with a neutron beam by using the standard
transmission technique and a liquid-hydrogen target. A total-absorption calorimeter was
used to determine the neutron energy. Our measurements, which have an accuracy of

1%, indicate a smooth rise of approximately 1.5 mb between 50 and 280 GeV/c. The
oombinedn-p and p-p data above 20 GeV/c are well fitted by the expression o =38.4
+ 0.851 1n(s/95) I

~'47 mb.

In this article we present the results of a se-
ries of measurements of neutron-proton total
cross sections from 30 to 280 GeV/c. The mea-
surements were carried out in a neutron beam
at the Fermi National Accelerator Laboratory.
The standard transmission technique was em-
ployed with a 1.2-m liquid-hydrogen target. A

total-absorption ionization calorimeter was used
to detect the neutrons and measure their energy.

The neutron beam was taken off at an angle of
1 mrad from a beryllium target in the external

proton beam. Most of the data were taken with
an incident proton momentum of 300 GeV/c;
some data were also taken with 200-GeV/c pro-
tons. The beam was defined by a steel collima-
tor 1.58 mm in diameter, placed 198 m from the
production target. Sweeping magnets before and
after the defining collimator removed charged
particles from the beam. Two lead filters, one
5 cm thick ahead of the defining collimator and
the other 1.3 cm thick following the collimator,
removed most of the high-energy y rays. The
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FIG. 1. Schematic of experimental arrangement. ¹tto scale.

neutron spectrum peaked strongly near 230
GeV/c. Below about 100 GeV/c, the beam con-
tained a significant admixture of n's, K 's, a,nd

y rays. '
The experimental arrangement is shown sche-

matically in Fig. 1. Relative beam intensity was
measured by two monitor telescopes placed in
the beam just ahead of the hydrogen target. Each
telescope consisted of a veto counter followed by
a. 1.6-mm-thick Lucite converter and three small
scintillation counters in triple coincidence. The
liquid-hydrogen target was a flask 1.2 m long
and 5 cm in diameter operated near atmospheric
pressure. Mounted next to the target in the same
vacuum jacket was an evacuated dummy ta,rget.
During data taking the two targets were inter-
changed about once per minute. The length of the
target was found to be 121.53 +0.03 cm at liquid-
hydrogen temperature. ' The target pressure
was monitored continuously so that the hydrogen
density could be determined accurately. Suffi-
cient time elapsed between filling the target and
taking data to insure that the orthohydrogen-to-
pa, rahydrogen transition was complete. Hydro-
gen-density and vapor-pressure data were taken
from a recent U. S. National Bureau of Standards
compilation. ' The uncertainty in the final cross
sections due to uncertainties in the target length,
density, hydrogen purity, and other ta.rget prop-
erties is estimated to be &0.2%.

The ratio of the beam transmitted by the hydro-
gen target to that by the dummy target was mea-
sured by placing a 1.25-cm iron converter in the
beam, followed by seven circular transmission
counters and a total-absorption calorimeter (see
Fig. 1). The transmission counters D, D, ranged-
from about 1 to 5 cm in radius, compa. red to the
beam radius of approximately 0.2 cm. The small-
est counter was in contact with the iron converter
and the largest was about 1.3 cm away. Charged

.particles formed by neutron interactions in the
iron converter tend to go nearly along the direc-
tion of the incident neutron so that the transmis-

sion counters saw a charged-particle distribu-
tion which closely approximated the distribution
of transmitted neutrons at the iron converter. '

The calorimeter was placed just downstream of
the transmission counters and provided a mea-
sure of the energy of the incident neutron. The
calorimeter and its properties are discussed by
Jones et al. Briefly, it consisted of thirty iron
plates, each 30 g cm ' thick, interspersed with
thirty scintillators. The light output from the
scintillators was optically added and brought to
four RCA 8575 phototubes. The summed output
pulse from these was roughly proportional to the
energy of the incident neutron. Measurements
taken with a monoenergetic proton beam show
that the calorimeter had an energy resolution
(standard deviation) of 12 GeV at 200 GeV and
17 GeV at 300 GeV.

A total of 64 coincidences of various kinds were
scaled and recorded. Most of these were of the
type A.,&,D jD j+yC p, where A. o and A., are the veto
counters shown in Fig. 1 and C; represents a
pulse from one of seven discriminators which
were set to trigger only if the pulse height from
the calorimeter exceeded some minimum 6;. The
&; corresponded to energies deposited in the calo-
rimeter of approximately 14, 52, 104, 154, 206,
231, and 252 GeV/c. The neutron spectrum could
thus be divided into the seven momentum ranges
given in Table I by subtracting counts in succes-
sive momentum bins (e.g. , ADA, D, D, +,C;
-A,A, D;D, +,C;,). The other sealer channels
recorded the beam monitors, accidental coinci-
dences of various kinds, singles rates, proton
beam intensity, etc.

The sealer counts were recorded on magnetic
tape after every beam pulse. This allowed the
later editing of occasional bad beam pulses. Data.
were taken in "runs" lasting from 30 to 90 min.
For each run the pulse-to-pulse variations in
sealer-to-monitor ratios were checked. These
were consistent with expected statistical fluctua-
tions in most cases; if not, a larger error was
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TABLE I. Measured cross sections and corrections.

Momentum Range
(Gee/c)

Min. Max. Mean

252 300 273

231 252 240

206 231 215
154 206 180
154 206 l75
104 154 131
104 154 133b

52 104 80

52 104 80

14 52 34
14 52 34b

o (D, D2)
(mb)

40. 20y0. 22

39.58+0.23

39.71+0.23

39.55+0.19
39.17y0. 36
38.78~0.22

39.10+0.30

37.56+0.25

38.30@0.34

34.52y0. 38
35.09+0.60

Typx, cal
Rate
Correction

{-0.8+0.06)
(0+0.05)
{+0.2y0. 06)
(+Q. 3y0. 06)
(-0.4yo. 22)
(+0.25+0. 06)
(+0.25y0. 20)
{+0.3y0. 07)
(+0.25+0. 20)
(+0.20+0. 10)
(+0.15+0.41)

Extr ap.
to zero
solid angle

(mb)

+0.12y0. 06

+0.08y0. 04
+0.08+0.04
+0.07+0.04
+0.04+0.02

+0.09+0.05
+0.06y0. 03
+Q. lly0. 06
+0.22y0. 07
+Q. 37+0.15
+1.5y0. 35

Beam
Contam.
Corr.

(mb)

+0.27+0. 08
+0.05&0.04

+1.35+0.37
+0.43y0. 20

+2.95+0.81
+2.23y0. 84

Tota' Cross
section

(mb)

Aver age

40. 32yo. 23

39.66y0. 24

39.7940. 24

39.62~0. 20) 39.52+0. 1839.21+0.36

39.14y0. 24

39 2 1 0 30 39.17+0.1939.21+0.30.

39.02+0.45

3 8 95y Q 4 Q ) 3 8 .98+0 .33

37.84+0.91
38.82+1.09 ~

~Corrected for rate effects. b Taken with a 200-GeV proton beam.

assigned or the data were rejected. The fina, l

sample includes data from 80 runs with 300-GeV/
c incident protons and 40 runs with 200-GeV/c
protons. Over the course of the measurements,
which spanned about 10 months, accelerator per-
formance (in particular, duty cycle and beam sta-
bility) improved markedly. Despite the wide
range of conditions the measured cross sections
showed a high degree of consistency after small
corrections for a rate effect were made as dis-
cussed below. Corrections to the cross sections
were -1% except for the lowest momentum bin.
These are described below and numerical values
are given in Table I.

Bate effects.—Because we are making cuts on
the neutron pulse-height spectrum to determine
the neutron energy, any shift in the pulse-height
spectrum between target empty and target full
will cause a systematic error in the cross sec-
tions. Some variation of the cross sections with
beam rate was observed. This was due to pileup
of pulses from the calorimeter' which occurs
more frequently with the target empty. This ef-
fect is expected to give an error which is a near-
ly linear function of beam rate. Corrections
were made by extrapolating the cross sections
linearly to zero rate. Table I gives typical val-
ues for this correction.

Finite solid angle. —The measured cross sec-
tions were extrapolated to zero solid angle in the
usual way. The smallest counter subtended an
extremely small solid angle so that this correc-
tion was quite small as shown in Table I.

Beam contamination. —The lowest three energy
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FIG. 2. n-p and p-p total cross sections. Not all the
data below 60 GeV/c are shown.

bins contained a nonnegligible admixture of K"s.
The procedure for determining the fraction of
K"s in the beam and the E' total cross sections
is described in Ref. 1. The lowest energy bin
a,iso contained a significant admixture of y rays
and 8's. The h/n ratio was assumed to be the
same as the p/p ratio in a similar charged beam. 7

Because this assumption is open to question, a
large uncertainty was assigned to this correction.

The final cross sections are given in Table I.
The assigned errors include the statistical errors
and the uncertainties in the rate corrections, the
extrapolation to zero solid angle, and the beam
contamination, all combined in quadrature. Our
results are compared to available n pdata' and-
p-p data in 'Fig. 2. Our data connect smoothly
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to the lower-energy n P-data. They indicate a
smooth rise of about 1.5 mb in the n-P total cross
section between 50 and 280 GeV/c. In general,
the n-P and P-P total cross sections seem to be
approximately equal over the range 30 to 300
GeV/c. Our highest-energy n-P points agree
farily well with the P-P total cross sections at
200 and 300 GeV/c measured previously by our
group ".The combined n Pand -P-P data above
20 GeV/c can be well fitted with the expression
0 = 38.4+ 0.85lln(s/95)l'" mb.
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We suggest a form of the off-shell pion-nucleon amplitude which is motivated by simple
field-theoretic considerations. This amplitude contains a momentum-dependent form fac-
tor v(k) which we determine by solving an inverse scattering problem, using the experi-
mental phase shifts and inelasticities as input.

Phenomenological pion-nucleon interactions have been of the form of zero-range interactions, of
separable energy-independent potentials, ' and of separable energy-dependent potentials. ' Each ap-
proach yields a different off-shell two-body T matrix, even though the on-shell data may be reproduced.
The sensitivity of the pion-nucleus cross sections to the off-shell behavior has been explored by var-
ious authors. '

Here, we attempt a somewhat more fundamental view. We seek as much guidance as possible from
an underlying field theory, even though such guidance may be incomplete. We use a nonrelativistic
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