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NEUTRON PROTON ELASTIC SCATTERING FROM 1 TO 6 GEV*
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In this letter we are reporting the first high energy measurements ( 1 to

| 6.3 GeV kinetic energy) of neutron-proton elastic scattering extending from the
small angle, diffraction peak region to the region beyond 90° in the center-of-mass
system. Previous high energy measurementsl’ 2 have only concerned elastic
neutron-proton scattering near 180° in the so-called charge exchange backward
peak region. This experiment was carried out at the Bevatron of the Lawrence
Radiation Laboratory and used a neutron beam, spark chambers and a liquid
hydrogen target. There were three objectives in this experiment:

1. To verify the existence of the expected but hitherto unobserved dif-
fraction peak, to determine its parameters, and to investigate possible
shrinkage.

2. To examine the differential cross section at and beyond 90° in the
center-of-mass system, a region inaccessible in proton-proton

scattering.

o

To look for the secondary forward peak which appears in pion-proton
elastic scatteringg’ 4 but not in proton-proton elastic scattering,

The experiment involved a new technique using a neutron bearn containing
neutrons of all energies up to 6.3 GeV kinetic energy. Neutrons, produced by
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the external proton beam of the Bevatron hitting a beryllium target, were formed
into a beam by a 15 foot long lead collimator set at 1° to the proton beam direction,
Bending magnets removed charged particles from the beam and lead plates re-
duced gamma ray contamination. From analysis of the elastic events, the neutron
spectrum was found to peak at 5.0 GeV and two-thirds of the neutrons which gave
events had energies above 4.0 GeV. Thus, this is a high energy beam and in fact,
the spectrum was more favorable than expected.

The neutron beam with a diameter of 1. 25 inches interacted in a 12 inch long
hydrogen target as shown in Fig. 1. A system of thin plate spark chambers and a
magnet were used to detect the recoil proton from the elastic scattering and to
measure its angle and momentum. A set of seven spark chambers with 3/16 inch
thick stainless steel plates was used to detect the scattered neutron by its inter-
actions. The interaction or conversion of the.: neutron appeared as a neutron star
of one or more prongs. The proton detecting system and the neutron detecting
chambers were both on a circular rail centered on the hydrogen target. With
seven different settings of their positions all scattering angles at all energies
above 1 GeV were covered. The spark chambers were triggeréd when a set of
long, horizontal, scintillation counters interspaced among the neutron chambers
and two long, horizontal, scintillation counters, P1 and P o in the proton system
indicated an approximately coplanar event had occurred.

The angle of the incident neutron was known to + 0.2 degrees and the angle
of the scattered neutron, determined by the line from the interaction point in the
target to the conversion point in the neutron spark chambers was known to + 0.5
degrees. These angles, combined with the angle and momentum of the recoil
proton, overdetermined an elastic scattering, and yielded the incident neutron

energy. The energy dependence of the conversion efficiency of the neutron spark



chambers was measured by setting up the apparatus for small angle scattering
and triggering only with the proton system counters. At small angles the recoil
proton angle and momentum was sufficient by itself to determine an elastic scat-
tering. The fraction of events which showed neutron conversion in the neutron
chambers then gave directly the conversion efficiency. This efficiency was 62 per~
cent at 6 GeV and dropped to 45 percent at 2 GeV.

Corrections have been applied to the data for angular bias in the spark
chambers, multiple scattering in the hydrogen target, small angle cutoffs, and
inelastic contamination. The relative normalization between the different settings
was obtained by two sets of scintillation counters which measured the scattered
charged particle flux from the hydrogen target. No absolute normalization was
available from the experiment itself. We have normalized the data by fitting the
small angle regions with an exponential in t, the square of the four-momentum
transfer from the incident to the scatt.ered neutron, and by using the optical
theorem and the neutron-proton total cross sections. > We took the real part of
the forward scattering amplitude to be zero. 6

For presentation we have grouped the events into ranges of incident neutron
kinetic energy. The data presented is based on 6219 elastic events which repre-
sents about 15% of our availablé data. Figure 2 is a semi-logarithmic plot of the
differential cross sections do/d|t] versus 1 t | [[tl is expressed in (GeV/c)2 1,
and the data is shown in Table 1.

In terms of the center-of-mass scattering angle 6" and the center-of-mass
momentum p*

It] = 2p*% (1 - cos 6%
and
x2 do

dpt] m/p ao*
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The cross sections as a function of cos §° were computed from do/dlt| using
the average values of p* for each incident energy range shown in Table II.

We first observe that, as expected by our general understanding of high
energy elastic scattering in the presence of a large inelastic cross section, there
is a strong diffraction peak at all energies. The peak has a roughly exponential
behavior,

‘We have fit the region 0.2 < |t]|<o0.6 (GeV/c)2 with the form do/dft| = A
exp (b|t]) and b is given in Table II. According to recent data of Clyde et al., 7
the values of -b for proton-proton scattering at 2.2, 4.1, and 6.2 GeV are

6.50+0.03, 7.44+0.04, and 7.69 + 0.04 (GeV/C)T-Z. The neutron-proton and
proton-proton diffraction peak slopes have about the same values except perhaps
at the lower energies. The slopes in the energy region from 2 to'6 GeV indicate
a shrinkage of the diffraction peak quite similar to proton-proton scattéring.

(The following observations may be made on the large angle region. The
differential cross section deviates from exponential and begins to flatten out as
o* = 90° is approached. It is roughly flat, that is, isofropic near 900‘ and the
minimum in the differential cross secitién is at or just beyond 900, This isotropy

. near 90° is predicted both by the statistical model8 and by the model of Wu and

' Yang.f9 Beyond 90° do/d |t] increases even though the values of |[t| ‘are very
large. This leads to the idea that t is no longer the meaningful parameter be-
cause the neutron and proton are exchanging their charges, and u (thé square of
four momentum transfer from the incident neutron to the recoil proton) is the rel-
evant parameter. Since |uf =4 p*2 ~ |t ‘, |u| is decreasing as 6™ approaches
180°. In this experimenf we used a slightly different technique to measure the
region near 1800, but that data is not completely analyzed yet. Comparison with

other datal’ 2 near 180O indicates that our differential cross section will rise



roughly monotonically into the charge exchange peak. However, in the backward
angle regions presented in Fig. 2, d [fn (do/d]ul )]/d]u[ is about 0.6 (GeV/c)_z
compared to 40 or 50 (GeV/c) -2 at 180°.

The statistical model predicts an exponential decrease with the center-of-
mass total energy W* of the form (do’/d.Q*)QOo = Aexp (-gW". We found g to
be 3.73 4+ 0. 38 (GeV) -1. If we fit the decrease with a power of w*, namely
(do/a2* ) 90° = cw* ™Y, then N =11.04+1.15. Finally, Clyde etal, ' give
the proton-proton differential cross section at 90° as 0.45 4+ 0.01, 0.016 +0.0009,
and 0.00078 + 0.00004 mb/(GeV/c)2 at 2.2, 4.1 and 6.2 GeV. 10 Interpolation of
our data yields 0.32+ 0.05, 0.017 + 0.006 and 0.0014 £ 0.0008 mb/(GeV/c)2 at .
these energies. | ‘

We find no clear evidence for a second forward peak in the neutron-proton
system. There are some ambiguous indications as can be seen from Fig. 2, which
should be resolved when the remainder of our data is analyzed.

We are very grateful to Mr. T.L.R. Elder, Mr. Orman Haas, Mr. James Moss,
Mr. Ronald Seefred, and to the Bevatron staff for their very valuable assistance dur-

ing the setup and execution of the experiment.
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Layout of experimental apparatus.

Neutron-proton differential cross sections versus |t| .
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TABLE [

|t |Range {tiCentral 4, 2 . do {t|Range {tiCentral 4 2 . * de
mb/{GeV /¢ cos B ~—= (mb/ar) T {mb/(Gev/e cos 2 (mb,
©ev/e)? Gev/ey® iy (mo/t0eV e} ) ast Gev/e)® Gev/ig? T ( %) s o/
1.0 GeV < T neutron £ 2.0 GeV__[732 event 4.0 GeV ST neutron < 5.0 GeV. {1548 events]
0.200 - 0.300 0.250 21.254 + 2.201 0.827 4.902 + 0,508 0.200 - 0.300 0.250 13,402 + 0.670 0,941 9.090 + 0,454
0.300 - 0.400 0.350 7.864 + 0.960 0.758 1.814 + 0,221 0.300 - 0.400 0.350 6.386 + 0,422 0,918 4.332+ 0,286
0.400 - 0.500 0.450 6.566 + 0.879 0.689 1.583 + 0, 203 0.400 - 0.500 0.450 3,956 + 0,407 0.894 2.683 + 0,276
0.500 - 0.600 0.550 2.579 + 0.559 0.620 0.595 + 0,129 0.500 - 0.600 0.550 0.844 +0.133 0.571 0.573 + 0,090
0.600 - 0.700 0.650 2,457 + 0.431 0,561 0.567 + 0,099 . 0.600 - 0.700 0.850 1.196 +0.163 0.847 0.811 40,111
0.700 - 0.H00 0.750 1.497 4 0. 340 0.482 0.345 + 0,078 0.700 - 0,800 0.750 0.446 + 0,085 0.824 0,303 + 0. 054
0.800 - 0.400 0.850 1,720 + 0. 479 0,413 0.397 + 0,110 0.800 - 0,900 0.850 0.632 +0.105 0.801 0.429 + 0,071
0.500 - 1. 000 0.950 0,781 + 0. 267 0.344 0.180 + 0,062 0.500 - 1.000 0.950 0,326 + 0.081 0,777 0,221 % 0,055
1,000 - 1,250 1125 0.701 +0.115 0.224 0.162 +0.027 1.000 - 1. 250 1.128 0.114 +0.027 0.736 0.078 + 0.019
1.250 - 1.550 1. 400 0,506 + 0.090 0.034 0.117 + 0. 021 1,250 - 1,500 1475 0.090 + 0.021 0.677 0.061 + 0.014
1.500 - 2.000 1.150 0,061 + 0.011 0.589 0.035 + 0,008
2.0 GeV < T neutron § 3.0 GeV_[982 events] 2,000 - 3.000 2.500 0,016 + 0,003 0.413 0,011 + 0,002
0.200 - 0. 300 0.250 24,398 + 1,855 0.896 9.1323 + 0.708 3,000 - 4.250 3.625 0.006 £ 0,002 0.149 0.004 + 0,001
0,300 - 0.400 0.350 15.562 + 1,803 0.854 5,947 % 0, 68D 4.320 - 5.000 4.660 0.005 + 0,003 -0.083 0.004 + 0,002
0.400 - 0,500 0.450 5,360 + 0,712 0.812 2.008 + 0. 272 5,000 - 6.000 5.500 0.006 + 0,003 -0.291 0.004 + 0,002
0.500 - 0.600 0.550 5.660 + 0.737 0,771 2,163 + 0, 282 6.000 - 7.180 6.590 0.008 +0.002 -0.548 0.006 + 0.001
0.600 - 0. 700 0.850 2,683 + 0. 481 0.729 1.006 + 0, 144
0.700 - 0.800 0.750 1138 + 0. 345 0,688 0.435 + 0. 132 5.0 GeV < T neutron £ 6.3 GV (1743 events]
0,800 - 0. 900 0. 850 1,181 + 0. 303 0.646 0.451+ 0,116 0.200 - 0,300 9,250 13.R72 + 0,636 0.952 11,472+ 0.526
0,900 - L0600 0.950 1,086 + 4,257 0.604 0.415 + 0,098 0.300 - 0.400 0. 350 6.639 + 0.397 0.933 5,481+ 0.328
1.000 - 1,250 1125 0,800 + 0. 153 0,531 0.306 + 0, 058 0.400 - 0.500 0.450 3.237 4 0.317 0.913 2.677 + 0.262
1.250 - 1.500 1. 375 0,391 + 0.103 0.428 0,149 + 0, 040 0.500 - 0.600 0.550 1.298 + 0. 202 0.894 1,073+ 0.167
1,500 - 2,000 1750 0,391 + 0.006 0.271 0.150 + 0.022 0.600 - 0,700 0.650 0.975 + 0,136 0.875 0.806 + 0,113
2,000 - 3. 060 2.500 6167+ 4. 024 .04t 0.064 + 0. 008 0,700 - 0. 500 0,750 0.842 4 0,116 0.856 0.696 $ 0. 096
2.000 - 3,430 3,915 0.157 + 0.038 .0.338 0.060 + 0.015 0.800 - 0.900 0,850 0.402 + 0,074 0.836 0.339 + 0,063
0.900 - 1.000 0.950 0.252 + 0.082 0.817 0.208 + 0,051
1.000 - 1.250 1.125 0.100 + 0.025 0.784 0.083 + 0,021
3.0 GeV < T neutron < 4.0 GeV {1154 evental
1.250 - 1.500 1,375 0,040 + 0,013 0,735, 0,033+ 0.011
0,200 - 0. 300 0.250 18,390 + 1,105 0.926 9.609 + 0,582
1.500 - 2.000 1. 750 0.027 + 0,008 0.663 0.022 + 6,006
0,300 - 0.400 0.350 8,762 + 0.796 0.894 4.619 4 0.420
2.000 - 3.000 2.500 0.013 + 0,003 0.519 0,011 + 0,002
0,400 - 0.500 0.450 4.289 + 0,606 0.H04 2.461 +0.119
- 3.000 - 4.000 1.500 0.004 + 0.001 0,326 0.003 + 0,001
0.500 - 0.600 0.550 2.684 + 0. 354 0,434 1.420 4 0, 187
4.000 - 4.860 4,430 0.004 + 0,002 0.147 0.003 + 0.002
0.600 - 0.700 0.650 1,315 + 0230 0.804 0,693 + 0,121
- 5.640 - 7.000 6,320 0.002 + 0,001 0,216 0.002 + 0,001
0.700 - 0.800 0.750 0.918 + 0,143 0.774 0,44 + 0,086
7,000 - 8,000 7,500 0.004 + 0,002 -0.443 0.003 + 0. 001
0,400 - 0.900 0.850 0.588 + 0,143 0,743 0,310 +0.075
H.000 - 9.050 8,525 0.008 + 0,002 -0.641 0.006 + 0,002
0.900 - 1,000 0.950 0,345 + 0,109 0.Mn3 0.182 +0.038
1,000 - 1.250 1125 0.:132 + 0,061 0.660 0.175 + 0.032
1.250 - 1.500 1.375 0.307 + 0,060 0.585 0.162+0.032
1,500 - 2. 000 1.750 U.DHL + 0,020 0.472 0.043 + 0, 011
2.000 - 3.000 2.500 0.055 + 0,009 0,245 0.029 + 0.005
3,000 - 4.000 3,500 0.037 + 0.009 -0.057 0.019 + 0,005

4,000 - 5,300 4,650 0.033 + 0,007 -0.404 0.018 + 0,004



TABLE II

Incident Kinetic P* Average b

Energy Range (Momentum in Center-Of-Mass) -2
(GeV) (GeV/e) (GeV/e)
1.0 - 2.0 0.851 - 6,321 = 0.647
2.0 - 3.0 1. 096 -5.527 = 0.463
3.0 - 4.0 1.287 - 6.655 £ 0.432
4.0 - 5.0 1.460 - 7.720 = 0.411
5.0 - 6.3 1.612 -7.562 = 0.391




