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by
Smith Thompson Powell,III

Chairman: Michael J. Longo

The differential cross sections for neutron-proton
elastic scattering in the charge exchange region have
been measured for incident neutron momenta between 1.75
GeV/c and 7.20 GeV/c. A neutron beam with a broad energy
spectrum was produced by steering the external proton
beam from the Bevatron onto a beryllium target. After
collimation the neutrons were scattered off the protons
in a liquid hydrogen target. The momenta of the
forward-going protons were measured in a magnet and spark
chamber system, while the much less‘energetic neutrons
were detected by an:array of thick scintillation counters.
The detection efficiencies of the thick plastic scintilla-
tors were calculated. Several possible contaminating
processes were investigateﬁ'by"Monte Carlo techniques,
and were shown to be effectively eliminated by the cuts
made on the data. The data indicate the existence of an
energy dependent structure in the differential cross

sections.
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I. INTRODUCTION

A. General Comments

The neutron-proton charge exchange experiment described
here was a part of a more encompassing experiment designed
to measure the n-p differential cross sections over a large
range of the center-of-mass scattering angle and as a
function of energy. Despite its fundamental importance,
very little was known about the n-p interaction above 1 GeV
at the time of the conception of this experiment. The only
existing data were, in fact, charge exchange data at 2.04
GeV and 2.85 GeV.l The lack of data could be attributed,
in part, to the difficulty of working with neutron beams.

The experiment, which was performed in 1964, was
divided into two parts as dictated by the energies of the
ccattered neutrons. That is, for scattering angles <150°
in the center-of-mass system, the scattered neutrons had
energlies greater than 0.5 GeV and could be detected by
their interactions in an array of thick-plate spark chambers
and scintillation counters. 1In the charge exchange region
(scattering angles »150° in the center—of-mass) the scattered
neutrons did not have sufficient energy to trigger such a
detecticon system. The charge exchange data were taken with
an array of thick plastic scintillation counters as neutron
detectors in place of the steel chambers. Otherwise, the
two parts of the experiment employed essentially identical

equipment and techniques.



Only the charge exchange data will be discussed in
this report. For the details and results of the other
phases of the experiment, the reader is referred tc the
published aocounts.2

Previous charge exchange experiments detected only the
recoil proton. Below 1 GeV it was possible to produce
monochromatic neutron beams or to use time-of-flight
techniques to determine the energy of the incident neutrons.
Above 1 GeV a double charge exchange technique was used to
set the energy of the experiment. 1In this technique a
proton beam was directed at a target and a neutron beam
taken off at zero degrees with respect to the proton beam.
The neutron beam scattered off a second target which was
composed of liquid hydrogen, and the protons which recoiled
at small angles were detected. Charge exchange processes
in both targets gave recoil protons with the full energy
of the initial proton beam. By accepting only such protons,
the experimenter could be assured that the n-p interaction
were elastic.

This experiment employed a new technique to measure
simultaneously the charge exchange cross sections over a
large energy range. The idea was to use a neutron beam
containing a broad range of neutron energies (up tc the
accelerator energy) and to use the kinematics of the elastic
events to determine the energy of the incident neutron on
an event by event basis. To this end, both the recoil

proton and the scattered neutron were detected. This



provides a powerful means of rejecting inelastic events
since it is possible to measure the neutron angle and,
somewhat crudely, its energy by time-of-flight. The
efficacy of this technique is illustrated in Figure 1 which
compares the kinematics for n-p charge exchange with those
for the reaction n+p4A+(1236)+n. Figure 1 also shows the
kinematical limit for neutrons produced by any inelastic
process. (The process nip+n+(p+m) in which the pion and

the proton go off together gives neutrons most nearly like
those produced in the elastic scattering.) We see there is
a rather large range of neutron lab angles (which covers the
extreme backward peak in the cross sections) from which the
inelastic neutrons are excluded. It seemed, therefore, that
the elastic and inelastic events could be sufficiently
separated so that the differential cross sections for n-p
charge exchange could be measured simultaneously for several
energies. The experiment was thus of an exploratory nature
in that a principle goal was to test the technique.

The neutron beam used for both phases of the experi-
ment was produced by steering the Bevatron external proton
beam onto a beryllium target. The protons, which had
kinetic energies of 6.3 GeV, produced neutrons with a broad
energy spectrum which peaked in the vicinity of 5 GeV.
Downstream from the beryllium target a large magnet swept
the remaining protons and other charged contaminants from
the beam. After passing through a defining collimator the

neutrons struck a liquid hydrogen target. The charge
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exchange interaction produced a proton which carried nearly
the full energy of the beam particle and which proceeded at
a small angle with respect to the beam line. 1In contrast,
the scattered neutron carried very little kinetic energy
(1-200 MeV) and its flight path was at approximately right
angles to the beam line.

The momenta of the forward-going protons were measured
in a spectrometer composed of a bending magnet and four
thin-foil spark chambers. If it were assumed that the
interaction was n-p elastic, knowledge of the proton
momentum allowed one to solve the kinematical equations for
the incident neutron momentum.

The scattered neutrons were detected by an array of
thick plastic scintillators. In addition to indicating
the presence of a neutron, the neutron detectors provided
a coplanarity restriction and a crude determination of the
neutron scattering angle. Further, the detectors provided
time-of-flight information which was displayed on an
oscilloscope and photographed. The information supplied by
the neutron detecters was used in the later analysis to

weed out inelastic events.

B. Kinematical Preliminaries

The Mandelstam variables are particularly useful for

3

connecting experiment with theory.” For the purpose of
developing these Lorentz invariant variables we restrict

the discussion to two-body nucleon-neucleon collisions in



which we neglect the neutron-proton mass difference. We

define the Mandelstam variables s, t, and u by:

P P 2
3 4 s=-(Pl+P2)
t=-(P,+P,)° (1)
173
2
u=-(P,+P, )
174
Py Fs
*in which the four-momentum is defined by
P=(D,1F) (2)
and
szpQ—EQ:-m2 (3)

where P 1s the ordinary momentum, E is the total energy,
and m is the rest mass. As we have drawn all of the
four-momenta pointing in, we have not specified a scattering
process. The fundamental hypothesis is that a single
scattering amplitude, A(s,t,u), will describe any two-body
nucleon process which one can represent by reversing the
directions of any two of the four-momenta. In the case of
n-p elastic scattering the processes could be represented
as shown in Fig. 2.

The interaction under study is usually referred to as
the "s channel". It should also be noted that the s, t,

and u are not independent, but rather are constrained by
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the equation
2
s+t+u=lm (L)

in which m is the mass of the nucleon.
We now consider an n-p scattering in the center-of-
mass system and label the four-momenta of the particles

as shown.

n+p-+n+p

P, P, P

123%

P4

Tn the center-of-mass system it can be shown that

_ 2
s~(E1+E2)

t:—2p2(l—cose) (5)

u=-2p~(1+cosh) .

The differential cross section can be expressed'as dg/dt
for foward scattering and dg/du for backward scattering.
Neutron-proton charge exchange scattering is backward
elastic scattering. However, it should be noted that many
authors reverse the definitions of t and u when discussing

backward scattering so that they can express the backward



differential cross section as dg/dt. Another useful
relation may be obtained by evaluating u in the lab system

in which case
u=-2mT (6)

where T is the kinetic energy of the scattered neutron in
the lab system. Finally, the differential cross section
as a function of angle in the center;of—mass system is
related to the differential cross section as a function

of four-momentum transfer by

2

d d
- (7)

:ll"d



II. SURVEY OF EXPERIMENTAL DATA AND THEORY

A. Experimental Data

In 1962 Palevsky et gi.l published the results of
their n-p charge exchange experiment at beam kinetic
energies of 2.04 GeV and 2.85 GeV. Although, as we shall
see, quite a bit of n-p charge exchange data existed at
lower energies, the attention of the physics community
was focused on the multi-GeV experiments. Palevsky and his
colleagues noted that the n-p backward cross section at
u=0 was an order of magnitude less than the p-p forward
cross section at t=0. The charge exchange data also
exhibited a very much sharper peak than that found in p-p
scattering. The sharp peak indicated an interaction range
of the order of 2 Fermis rather than the accepted nuclecn
size of 1 Fermi. And finally, the data posed a problem as
to which particles mediated the interaction. The one-pion
exchange contribution varies as the square of the four-
momentum transfer and should, therefore, give a dip at
u=0. However, the exchange of higher mass particles
would have been inconsistent with the narrow peak.

In 1965 the same group extended their measurements to
2.2 GeV.4 They combined their new data with their data at
2.04 geV and plotted do/du versus -u. In this plot the
extreme peaking of the data was more apparent. They
parameterized the data as

5‘1% - 6.9 4 )16

by
3 .

10
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Shortly thereafter Manning et §£.5 published data
for n-p charge exchange at 8 GeV/c. When plotted against
-u their data showed a somewhat sharper peak than that
observed at the lower energies. Further the u=0 differen-
tial cross section was found to decrease rapidly with
increasing energy. The data of Friedes et al. and that of
Manning et al. are shown in Fig. 3.

In 1965 Wilson6 redirected attention to the low
energy data in an analysis of the energy and the
four-momentum transfer dependence of n-p charge exchange
data. He plotted the data against -u for all energies and
observed that a single curve, normalized to the u=0 values,
fitted the data reasonably well from 91 MeV to 2850 MeV.

He simply drew a smooth line through the data at 350 MeV

to obtain the curve to which he compared all of the data.

He also noted that dg/du(u=0) was a strong function of
energy. He concluded that, over a large energy range, the
variation of the cross section with energy and the variation
with four-momentum transfer were independent.

In 1969 Mischke et EE'T measured the charge exchange
differential cross sections for beam momenta between 600
MeV/c and 2000 MeV/c. They divided their data into fifteen
momentum bins and fitted the data in each bin to

0= (3) o™ (9)

du u=0

in which they restricted the range of u to cover the sharp

peak. Combining their data with those of other experi-
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menters, they showed that g8 increased from about 20 (GeV/c)"2
at an incident momentum equal to 0.3 GeV/c to a maximum

of 110 (GeV/c)'2 in the neighborhood of 0.8 GeV/c. B8 then
decreased to about 20 (C—eV/c)'2 at momenta around 2 GeV/c
before increasing to 70 (GeV/c)"2 at 8 (GeV/c momentum.
Thus the behavior at small u was considerably more compli—

cated than that suggested by Wilson.

B. Theory

The nature of the nucleoﬁ—nucleon force has always
presented many difficulties for theorists. Yukawa first
conjectured that the force was mediated through the exchange
of a particle—later identified as the pion.8 During the
following years attempts were made, with some success, to

9

write down a potential involving pion exchange. However,
as the energies under consideration increased the validity
and usefulness of the concept of a potential became more
anhd more questionable. In recent years the emphasis has
been on an S-matrix approach which relies heavily on
phenomenological inputolo

Implcit in the S-matrix approach is the fact that a
theory of n-p charge exchange has many constraints placed
on it. For instance, as discussed 1n Section I-B, the
amplitude which describes np-np must also describe pp-nn
and npanp. Further, isotopic spin invariance leads to

connections between np and pp cross sections. And finally,

completely different reactionsmay involve some of or all
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of the same Regge exchanges. Adjusting the exchange
parameters to fit n-p charge exchange has consequences
for other reactions.

In 1958 Chewll

gave a prescription for extrapolating
n-p charge exchange data to the pion pole and thereby
determining the pion-nucleon coupling constant. At
energies less than 1 GeV several experimenters performed
the extrapolation. 2 ¥ iith some difficulty they all
were able to obtain values for the pilon-nucleon coupling
constant which were in good agreement with the values
obtained from pion-nucleon scattering experiments.
Therefore, it was somewhat surprising that the early
papers, in the main, ignored the one-pion exchange when
attempting to explain the data of Palevsky et al.
However, Drell15 had pointed out that the exchange
of a single pion gave an amplitude which was proportional
to u, and that the amplitude should therefore vanish at
u=0. Consequently, following the publication of the data
16-19

of Palevsky et al., several authors attempted to fit
the data with exchanges of various -combinations of
elementary particles or of Regge poles, but in which no
attempt was made to include u=0 pion: effects. These
theories were not able to fit all of the relevant data.
An exception to these attempts was found in an early
paper which was written by Phillips.eO He noted that
one-pion exchange, through interference with a large,

broad background due to other processes, could lead to



15

a sharp backward peak. He chose the background amplitudes

to fit the data.

With the realization that absorptive effects could
drastically alter the effects of oné;particle exchange,21
theorists reconsidered one-pion exchange. It was noted
that absorption corrections could change the oné-pion contri-
bution at u=0 from a dip to a peak. Unfortunately, the
many attempts to fit the n-p charge exchange data with
absorptive corrections indicated the presence of a
secondary maximum which was not evident in the data022-24
Another difficulty was that, as noted above, the charge
exchange peak persisted to very low energies—even below
the threshold for any inelastic processes. Thus absorp-

ive effects could not explain the low energy data.

Other schemes to alter the u=0 contribution to the

scattering amplitude involved consplracies and daughter

25-27

trajectories. A conspiracy requires two trajectories

with opposite parities which coincide at u=0. Daughter
trajectories form an infinite series of trajectories whose
spin values at u=0 are depressed by 1,2,3,..., units from
the parent trajectory. However, 1t was recognized that

these mathematical constructs represented weaknesses in

26,28

the theory and were not well motivated physically.

A more physically motivated model was developed by

9

. )
Byers and Yang ~ and was applied to n-p charge exchange

30

by Byers. Their "coherent droplet" model combines
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absorptive effects for small impact parameters with
one-pion exchange for longer range interactions.

At the present time several theorists are attempting
to fit a large number of processes, including n-p charge
exchange, using Regge pole exchanges and Regge cuts.28’31
The cuts are due to absorptive effects. The processes
and exchanges which they consider are summarized in Table
I. Their efforts seem to be meeting with some success.

One difficulty which remains is that of explaining
the presence of the sharp peak at low energies where
absorptive effects can play no role. At high energies
absorptive effects modify the low partial waves the most.

It has been suggested32

that for low energies the elastic
unitarity requirement modifies the lower partial waves in
qualitatively the same way as do absorptive effects at
higher energies.

In concluding this survey it should be noted again
that the attempt to understand the nucleon-nucleon force
has been beset with many difficulties. However, progress
has been made. It now seems clear that one-pion exchange
effects must be considered in attempts to describe the
n-p backward peak. Further, it seemsclear that absorp-
tive effects must somehow be included. Finally, the

realization that many diverse processes must be considered

simultaneously presents an exciting challenge to theorists,
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Processes Exchanges
5 +
Charged Yp * T n
_ T, p, A
Photoproduction Yyn + T p
Neutral Yp + mp
P W
Photoproduction Yp + n°Dp
Nucleon-Nucleon np + pn
b P m, py A
Charge Exchange pp -+ nn
Backward Pion n+p - p”+
Scattering mp =+ pT N, A
n—p-*nrr°
+
Backward Yp *mn
N, A
Photoproduction Yp # m°p
31

Table I Processes and Exchanges




ITIT., EXPERIMENTAL APPARATUS AND PROCEDURES

A. Neutron Beam

Neutrons were produced by focusing the Bevatron
external proton beam onto a beryllium target. Approxi-
mately 5—7xlOlO protons with 6.3 GeV kinetic energy were
supplied during each 300 msec flat-top beam spill. The
repitition rate was about nine pulses per minute. The
beryllium target presented a cross section to the proton
beam of 1/4 inch by 3/8 inch and was 8 inches long, or
about 0.68 collision lengths, so that approximately 50%
of the protons scattered in the target. Figure 4 shows
the layout of the neutron beam production area.

The proton beam size and position were monitored in
two ways. For the first method, a mask composed of two
thin scintillation counters mounted on 53AVP photomulti-
plier tubes as shown in Fig. 5 were placed immediately
upstream of the beryllium target. The outputs from these
counters were displayed on an oscilloscope. For the
second method, a thin piece of clear plastic scintillator
was placed directly in front of the target and viewed
through a closed circuit TV system. The target, the counter
mask, and the beam spot could be seen. With these two
methods, shifts of the beam spot of about 1/16 inch could
be detected, and the beam size could be monitored. The
structure in the beam spill was also monitored with the

oscilloscope display of the outputs from the mask counters.

18
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The beryllium target was also viewed by a
three-counter telescope, called monitor B, which was
placed about 7 feet below and aimed at the target. The
telescope B, in conjunction with others to be described
later, was used to monitor the intensities of the neutron
and the proton beams.

A broad energy spectrum of neutrons was produced at
the beryllium target. In addition, unwanted particles
were produced copiously. The charged contaminants were
removed by the large bending manget, M4UD, which immedi-
ately followed the beryllium. M4D had a field gap that was
84 inches long, 15 inches wide, and 4 inches high.
Nominally run at 1000 amperes (14 kilogauss at midfield),
M4D deflected the proton beam away from the neutron
collimator and into the shielding.

Three pieces of 1/8-inch thick lead were placed in
the gap of MUD as shown in Fig. 4 to serve as converters
for gammas. Separating the lead allowed an electron-posi-
tron pair to be swept aside with less chance of radiating,
thereby increasing the efficiency of the converter. MUD
was followed by a 9 inch by 12 inch C magnet which further
swept the charged pairs from the beam.

The shielding wall was composed of 5 feet of steel
followed by 10 feet of "heavy" concrete. The neutron
beam was defined by a three-piece collimator imbedded
in the wall. The first two sections had inside diameters

of 5/8 inch while the final section had an inside diameter
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of 1 inch. All sections were 5 feet long. The exit from
the second section, which formed the defining aperture,

was 23 feet from the beryllium target. The inside diameter
of the final section was not directly illuminated by the
beryllium target; it served to reduce beam halo by stopping
many of the particles which underwent small-angle scatter-
ing in the defining collimator. The solid angle subtended
by the collimator was 4x10_6 steradians. An angular

spread of about 2 milliradians was expected. A prelim-
inary survey indicated increasing neutron flux for
decreasing angles with respect to the proton beam line;
however, for safety reasons the collimator was aligned at
1° with respect to the proton beam. This was done because
the Radiation Control Group at the Bevatron did not want

a magnet failure to allow the full proton beam into the
experimental area.

The size, spread, and position of the neutron beam
was determined by placing Polaroid 3000 film at the
collimator exit and at the back of the experiment cave.
The Polaroid at the collimator exit was exposed during
some test runs by placing some polyethylene immediately
in front of the Polaroid. Neutrons which scattered in
the polyethylene produced charged particles which exposed
the film. The downstream Polaroid was exposed during
the course of the experiment. It was placed downstream
from the M monitor telescope and from the 3-inch aluminum

block. Thus many charged particles were generated which
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could expose the film, Sample Polaroids are shown in Fig.

6 and a plan view of the experiment is shown in Fig. 7.

The back of the experimental cave was 184 inches downstream
from the collimator exit. At the collimator exit the beam
was found. to be about 0.9 inch in diameter and very sharply
defined. The downstream Polaroid showed the beam size to

be about 1.2 inches which gives a full angular spread to

the beam of about 2 milliradians as predicted from the
collimator dimensions.

An anticounter, Al, was placed at the collimator exit
to insure that the beam particles were neutrally charged.
The counter was 3 inches on a side and 1/8 inch thick. The
anticounter also marked the entrance to the main experi-

mental area as shown in Fig. 7.

B. Liquid Hydrogen Target

The liquid hydrogen target was placed in the beam with
its center 1 foot from the collimator exit. The target was
4 inches long and 2 inches in diameter. Figure 8 shows the
target assembly. The liquid hydrogen was contained in a
Mylar flask with 0,005 inch-thick walls. The flask was
wrapped with 10 layers of aluminized Mylar and 10 layers of
aluminum foil, Fach layer of the wrapping was 0.00025
inch thick. The flask was enclosed by an 8 inch diameter
vacuum jacket. The beam entrance port was made of 0,020
inch Mylar, the sides through which scattered neutrons

passed were made of 0,040 inch aluminum, and the forward
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(b)
Fig. 6 Beam Exposures of Polaroids
(a) Collimator Exit

(b) Back Wall
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exit dome was made of 0.020 inch aluminum. Liquid hydrogen
was supplied from a nearby reservoir and allowed to boil
off at atmospheric pressure. The flask could be readily
emptied to make "target empty" runs.

The liquid hydrogen target was viewed by three moni-
tor telescopes: G, H, and M. The G and M telescopes
consisted of three small counters in coincidence, while
the H telescope consisted of two counters. The G and H
telescopes were about 1 foot from the target and viewed
it from below. The M telescope was in the neutron beam
line and about 184 inches downstream from the target. A
three-inch thick block of aluminum was placed just in
front of the M telescope to increase its counting rate and
decrease its dependence on the charged beam contaminants
which were generated during passage of the neutron beam

through the system.

C. Proton Spectrometer

A charge exchange collision in the target volume
resulted in a neutron with kinetic energy from 1 to 250
MeV coming off at nearly 90° in the lab, while the proton
moved forward with nearly all of the energy of the inci-
dent particle. Two thin-foil spark chambers immediately
following the target gave the proton recoil angle and
established its direction as it entered the momentum
analyzing magnet. Two more thin-foil chambers after the

magnet provided the remaining parameters needed for the
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momentum determination., Scintillation counters Pl’ P2,
and P3 indicated the passage of a charged particle through
the system. The slow neutron was detected in an array of
thick scintillation counters.

The front spark chambers had an active area of 22 inches
in the horizontal direction by 6 inches in the vertical
direction; while the corresponding dimensions for the back
chambers were 39 inches by 11 inches. FEach chamber had four
active 3/8-inch gaps. The plate material was 0.001 inch
aluminum foil, The frames were made of Plexiglas. 1In
general, it is desirable to have the Plexiglas as thin as
possible in order to minimize displacement of the track
images due to misalignment of the frames. For thls reason
the frames on the short sides (through which one viewed the
length of the chambers) were made 3/4 inch thick; however,
the long frames at the top and the bottom of the chambers
were made 1,5 inches thick in order to provide extra strength.
Mylar windows which were 0,005 inch thick were glued to an
extrs frame which, in turn, was connected to the spark
chamber proper by a Mylar diaphragm, or hinge as we labeled
it, which went all the way around the frames. A cross
sectional view of the hinge is given in Fig. 9. The chambers
were filled with a 90% neoﬁ-lo% helium mixture at a pressure
slightly greater than atmospheric. The excess pressure
ballooned the Mylar windows outward. The hinges 1solated the
foil plates from the stresses due to the ballooning so that

the foils did not wrinkle,
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Fig. 9 The Hinge Construction of the Spark Chambers
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The chambers were constructed in a 48° F environ-
ment and were operated at about 70° F. Plexiglas has a
larger coefficient of expansion than does aluminum.
Therefore, the aluminum foil was stretched taut when the
chambers were warmed to operating temperatures. The
aluminum foil was glued to the frames with Silastic RTV
891.33

Three counters in triple coincidence were used to
detect the passage of a proton through the system. The
first of these, Pl, was placed between the front pair of
chambers and the magnet. Because of its proximity to the
magnet the photomultiplier for this counter was protected
by a 3/8-inch thick steel tube in addition to the standard
mu-metal shield. Counter Pl was 1/8 inch thick and 8
inches long. It was tapered from 1.75 inches near the
beam to 3.6 inches at the light pipe. Counters P2 and P3
were placed immediately downstream from the last spark
chamber. Both counters were 1/2 inch thick. P2 was
9-1/8 inches high and 39 inches long, while in an effort
to cut down on accidentals, P3 was made 35 inches long
and tapered. It was 2.5 inches high at the beam end and
11.5 inches high at the light pipe.

Note that the neutron beam traversed the proton
spectrometer. Therefore, special precautions had to be
taken in order to minimize the material in the beam's
path and, consequently, in order to minimize the acci-

dental rate. Counter Pl, for instance, was made thinner
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than the other counters in the system. Further, counters
Pl and P3 were shaped to give a coplanarity restriction
in the trigger.

The analyzing magnet, Bev II, had an 8.25-inch gap
with pole tips which were 36 inches long and 29 inches
wide. The Lawrence Radiation Laboratory Magnhet Test Group
produced a series of maps of the vertical component of the

34

magnetic fields. In particular, maps were obtained for
each of six currents (392,588,855,960,1084, and 1203
amperes). A map consisted of 7 elevations (0., 2., 2.8,

and +3. inches about the gap midplane) At each elevation

there were 2800 measurements distributed over an inch grid.
The field was measured at each point to +0.2%. For the
charge exchange experiment the magnet was operated at 523
amperes which provided a nominal field integral of 4.77x105
gauss-inches. The current was monitored using a 33 micro-ohm
shunt and a potentiometer. A 2 GeV/c particle was bent

about 10 degrees and a 7 GeV/c particle was bent about

3 degrees.

D. Qptics

Front-surface mirrors were used to view all chambers.
Figure 10 shows the placement of the mirrors and the complex
foldings of the light path required toc reduce the images to
a single 35 mm frame and to equalize the optical path lengths
from all chambers to about 400 inches. Two views of each

chamber, a "direct" view and a "stereo" view, were obtained.
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Each view of each spark chamber was delimited by
fiducials which were made by masking plastic electro-

35

luminescent panels”” with a machined aluminum plate. The

panels were driven by a 500 volt, 5 khz square wave of

36

10 msec duration. In addition to the fiducilals described
above, "see-through" fiducials were provided for each
view. These fiducials, powered with ordinary llO volt
ac, were turned on for a few frames at the beginning of
each roll. Because they were viewed through the entire
chamber and the Plexiglas frames, the "see-through"
fiducials aided in mirror alignment and were particularly
useful in later analysis.

The camera also viewed a supplementary information
bank which contained several important elements. First
of these was a pair of large fiducilals designed primarily
to aid in automatically scanning the film. There was also
a mechanical decimal frame counter and a neon flash-lamp
binary frame counter. Neon lights also indicated which
neutron counter fired for that event.

The camera used was a fast, pulsed camera which could
take up to 5 pictures during the 300 msec beam spill.37
A 240 mm lens was used at an f/8 aperture. The demagni-

fication was about forty.

E. Neutron Detector

In contrast to the high energies of the recoil protons,

the scattered neutrons had energies in the MeV range,
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that is, from 1 MeV to 250 MeV. Because of these very
different energies and because of the neutral charge of the
neutron, very different techniques were employed for the
detection of the neutrons. The heart of the system was an
array of five thick scintillation counters. In crder to be
detected a neutron had to scatter in the scintillator and
transfer enough energy to a charged particle (or particles)
that it might produce sufficient light.

Each plastic scintillator was 4 inches wide, 6 inches
thick, and 12 inches high. The light pipes were mounted on
the tops of the counters as shown in Fig. 11. The front
face of the array was about 53 inches from the center of the
hydrogen target, and a line drawn from the center of the
array to the center of the target made an angle of 80.1
degrees with respect to the beam line. Thus the array
extended beyond the 90 degree limit for neutrons and down to
angles of about 67 degrees. Kinematics restricted inelastic
neutrons to counters 4 and 5 (those nearest 67 degrees).
However, gammas which resulted from m® decay could count in
all of the counters.

The photomultipliers used were RCA 6810A's. They were
operated at approximately -2100 volts. The threshold for
nentron detection, that is, the discriminator levels and the
tube veoltages for each counter, was set by using a 49 micro-
curie TlZOM source. The discriminators were set to a thres-
hold of 0.5 volt. 1In order to set the tube voltage for a

counter the thallium source was centrally attached to the
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NEUTRON COUNTER

/UVT Lucite Light Pipe

A—Scinfillotor\*

|2Il

Fig. 11 A Diagram of a Neutron Counter
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counter at which spot the light-tight wrapping was held to
a minimum. The tube voltage was adjusted until the system
counted 5000 triggers per second. This trigger rate was

far above noise levels and at the same time, was far below
the thallium decay rate. Thus we felt we were counting only
the upper portion of the beta energy spectrum. In other
words we set the threshold for each counter to detect 0.76
MeV betas, which was the maximum energy of the betas
produced by the thallium. Because of saturation effects in
the scintillator the 0.76 MeV betas simulated 2 MeV protons.
The threshold settings were frequently checked by the same
procedure.

As noted above, information denoting the counter or
counters which detected a neutron was displayed in the main
experimental area and photographed along with the spark
chamber tracks for each event. 1In addition, timing signals
were displayed on a Tektronix 517 oscilloscope and photc-
graphed with a separate camera.

Two anticounters, A2 and A2', were used to insure that
the particle entering the neutron counters (or their light
pipes} was neutral. Counter A2 was 13 inches high, 21
inches long, and 1/2 inch thick. Counter A2', which
shielded the neutron counters' light pipes, was also 21
inches long, but was only 6 inches high and 3/8 inch thick.
The light pipes for A2 and A2' were placed as far as
possible from the neutron beam in order to minimize the

number of particles which scattered into them.
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The neutron counters were shielded from the accel-
erator background and from particles scattered out of
the neutron beam by an arrangement of paraffin, boron,
and lead which surrounded the counters on the top and
bottom and all sides save that facing the target. Boxed
paraffin formed the bulk of and outer perimeter of the
shielding. Three-inch borax bricks served as the second
ring of defense. Boron has a high cross section for
thermal neutrons and gives off a low energy gamma.
Three-inch lead bricks formed the innermost ring of

shielding.

F. Electronics

The fast electronics logic is shown in block form
in Fig. 12. The 100 megahertz circultry was composed, in
the main, of commercially available modules from General
Applied Science Laboratories.

At the start of the beam spill the circuitry was
gated on by a timing pulse from the accelerator. The
neutral charge of the beam was assured by the anticounter
Al. Counters Pl, P2, and P3 recorded the passage of a
charged particle through the proton spectrometer. A null
signal from anticounters A2 and A2' plus a signal from
any one of or any combination of the neutron counters
indicated the presence of an associated neutral particle.

An event trigger, then, was defined as

AL pl P2 P3 A2 E2' N (i=1,...,5).
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A sub-coincidence, here called the P-coincidence,
was formed by placing the proton spectrometer counters,
Pl, P2, and P3, in coincidence; and by placing the counter
at the collimator exit, Al, in anticoincidence. The
P-coincidence signal was split for use in other logic
units. The P-coincidence signals, with the proper delays,
were fed into a coincidence module for each of the five
neutron counters along with the signal from the appropri-
ate neutron counter. The signals from the two counters,
A2 and A2', in front of the neutron detecter array were
combined and placed in anticoincidence with each neutron
counter. The coincidence widths were separately set for
each neutron counter. They were calculated to be wide
enough for each counter to accept all of the charge
exchange events which could physically reach that counter
with energies above threshold. The outputs of the five N
coincidences defined above were added so that a signal
from any one (or any combination of counters) defined
an event.

Once an event had been defined the signal was split
to initiate several actions. The first of these was to
gate off all coincidences including the beam monitors for
60 msec to allow time to record the event, advance the
camera, etc. before the advent of a new event. During that
time interval a spark gap was triggered to pulse the spark
chambers. The fiducilals were flashed, as were the frame

and pulse counters and the neutron counter display. Then
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the film in the fast camera was advanced.

In the meantime, the 517 oscilloscope trace was also
triggered so that the timing information might be recorded.
If the event were the first of the several that might be
detected during a beam pulse, a delay gate was triggered.
The delay gate triggered a push-pull amplifier that was
connected to the vertical deflection plates of the oscill-
oscope. This had the effect that the timing information
for the first event of a beam pulse was recorded at the
top of the film; while subsequent events had their timing
information displaced downward on the same frame. The
reason for placing on a single frame the timing informa-
tion for all events which occured during a beam spill
was that the oscilloscope camera had a slow advance
mechanism. After about 1/2 second delay, that is, after
the 300 msec beam spill was surely over, the delay gate
reset the push-pull amplifier, advanced the film in the
oscilloscope camera, and flashed the binary frame counter
for the next beam pulse. The timing information consisted
of signals from the P-coincidence and from each of the
neutron counters.

Scalers recorded the number of events, as well as
the P- and N-coincidence counts, and the counts from the
monitor telescopes B, G, H, and M. Accidentals rates
were also recorded. The accidentals rate was monitored
by forming two coincidences with neutron counter 5. One

coincidence had the proper delays while the other, Nacc’
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had the P-coincidence signal delayed an extra 100 nano-
seconds.
The lengths of the various timing delay cables were
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set by using a system of corona lamps. A lamp was
centrally attached to each scintillator required to define
an event. All lamps were driven by a common source, but
calculated relative delays were inserted to simulate the
time sequence of a real event. The photomultiplier outputs
were viewed on an oscilloscope and delays were inserted in
the fast logic to properly align the signals forming each

coincidence. The light pulsers were also used to frequently

monitor the performance of the electronics.

(G. Data Collection

Approximately 5—7xlOlO protons struck the beryllium
target during each 300 msec beam spill. Two to three
pictures were taken during each beam spill for a total
of about 66000 pictures with liquid hydrogen in the target.
Periodically the target was emptied and a "target empty"
run was made. Over 7500 plctures were taken in this mode.
The "target empty" trigger rate was about 1/3 of the
"target full' rate.

The Lawrence Radiation Laboratory Photographic
Services Group developed each roll of film within an hour

or two after exposure. A quick check could then be made

of the performance of the spark chambers, the fiducials,
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and the other components of the system.

A number of pictures were taken with the magnet
turned off. The purpose of these pictures was to estab-
lish a straight line through the system. A number of
pictures were taken with the B monitor telescope serving
as the sole trigger. Presumably these pictures had nothing
to do with real events in the target, so these pictures
were used to determine the frequency of spurious tracks
in the spark chambers.

Periodically the thresholds of the neutron counters
were checked and were reset with the thallium beta source.
The fast electronics logic was checked by pulsing the
corona lamps. The light pulser timing was recorded on
the oscilloscope film as an aid to later analysis. A 50
megahertz sine wave was recorded on the same film to
provide sweep calibration.

During the run the accidentals counting rate averaged
about 15% of the neutron counter N5 rate. Presumably the
accidental events did not:reconstruct as elastic events
and therefore, their only effect was on the data collection

rate.



IV, ANALYSIS

A. Spark Chamber Film

A typical frame of the spark chamber film is shown
in Fig. 13 and the various elements of the scene are
labeled in Fig. 14. The condensing and folding effects
of the mirrors make it somewhat difficult to follow the
path of the proton except in the stereo views.

The spark chamber film was prescanned to determine
which events should be measured. Events were rejected
for any of the following reasons.

a) There were no tracks in any one view.
About 7% of the frames fell into this
category.

b) There were multiple tracks in any one
view. About 42% of the frames were
rejected for this reason.

c) More than two neutron counters were
triggered or two non-adjacent counters
were triggered. Approximately 2% of the
frames were rejected by this criterion.

d) The proton obviously scattered off the
magnet pole tips (as seen in the stereo
views), or the sparks were of very poor
quality. Only 2% of the frames fell into
this category.

A missing track would have introduced large errors in the

43
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solutions for the proton momentum and the scattering angle,
if indeed, solutions would have been possible. Similarly,
criterion c¢) limited the errors allowed in the scattered
neutron angle and in the timing. A scattering of the proton
in the magnet would have obviously destroyed the credibility
of the event reconstruction.

Approximately 80% of the frames rejected were rejected
due toc the presence of extra tracks. Multiple track events
were rejected because of the difficulties in correlating
tracks and because we felt most of these events were
inelastic. This feeling was based on a scan of the film
taken by triggering on the B moniter telescope which looked
at the beryllium target in the proton beam. Since such a
coincidence should have been uncorrelated with events,
elastic or inelastic, which occured in the liquid hydrogen
target, the spark chambers should not have shown tracks. The
paucity of tracks observed in the test run confirmed the
idea that most of the multiple tracks observed in the regular
runs were assoclated with inelastic processes and were not
random in nature. In any case, no u-dependent blases
should have been introduced by ignoring multiple track
frames. About 22000 frames were measured for further
analysis.

The film was measured on a semiautomatic scanning
machine. The film was placed on a moveable stage and
projected onto a glass viewing screen. The film was

magnified about twenty times. The stage could be moved
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to align the point of interest with a cross hair on the
viewing screen. Encoders translated the position of the
stage into a form which was automatically punched onto IBM
cards. The least count of the device was l.25x10—4 inch
on the film which was 0.005 inch in event space.

A master fiducial set was measured at the beginning of
each roll. Twenty-eight fiducial points were measured
several times on a single frame to obtain an excellent
master fiducial set. Four widely spaced fiducials were
chosen from this set and measured for the other frames of
interest on that roll of film. Three of the fiducials were
used to solve, via a least-squares technique, for the
translation, rotation, and magnification parameters required
to fit each frame to the master fiducial set. The fourth
fiducilal was used to check on measuring errors. Events with
excessive measuring errors were discarded.

The point in the middle of each tfack in each of the
elght views was measured. Punched onto cards along with the
fiducial and spark locations, were the frame number, the
neutron counter (or counters) number which fired, and a code
indicating the person performing the measurements. The cards
were recad onto magnetic tape for computer processing.

Fach event was mapped onto the master fiducial set
and then the real-space positions of the sparks were
determined. Figure 15 1s an example of the special fidu-
cilal pictures taken at the beginning of each roll of film.

It shows the "direct" fiducials which were flashed for
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15 A Special Fiducial Exposure

Fig.
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every picture taken and the "see-through" fiducials which
were illuminated only for the special exposures. By using
both sets of fiducials one could determine the position of
the optic axis for each view. Figure 16 shows that simple
projection revealed the real-space coordinates of the sparks.
Corrections were made for the passage of the light through
the Plexiglas frames.

Minor adjustments were made in the real-space coordi-
nates of the tracks. The first of these was obtained by
projecting small angle tracks from the front chambers to the
hydrogen target centerface. We considered only tracks which
made a small angle ( with tangents <0.05) with respect to the
neutron beam line; thus, the actual interaction point could
be disregarded and a good beam profile at the target center-
face could be obtained. Slight adjustments (x0.050 inch)
had to be made in the solutions for the spark positions in
the front chambers in order to center the beam profile in
the known beam position. Figure 17 is a scattergram of the
adjusted beam profile. The dashed circle outlines the
expected beam position. Events were expected at a radius
0.1 inch larger than the beam radius because of the projec-
tion angles of the events. However, about 6% of the events
fell out of this region and were persumably due to interac-
tions in material other than the hydorgen. The data cuts
described in Sect. IV-E reduced the fraction of events which

originated outside of the beam area to less than 1%.
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A second correction involved the relative positions of
the front and back spark chambers. A:number of pictures
were taken with the magnet turned off, thereby producing
"straight-throughs". These tracks defined a set of straight
lines through the system. These pictures were measured and
the real-space track coordinates were determined in the usual
manner. Then the tracks in the frort two chambers were
connected by a straiglt line which was extended into the
regions of the back chambers. The positions of the sparks
in the back chambers were compared to the position of the
extended line. Figure 18 shows the horizontal component of
the error in the third chamber. The positions of the sparks
in the back chambers were adjusted accordingly. The cause of
the large shift was unknown, but after the adjustment no
significant error in the measured angles is thought to occur.
Cne of the reasons for thinking that no significant track
positioning errors remained, was that the distribution of the
differences between the calculated and measured times-of-
flight for the neutrons which triggered counter N1 was
centered at zero. The calculated time-of-flight was a
function of the proton scattering angle and the proton
momentum. An investigation of the width of the peak in
Fig. 18 indicates the measurement errors in each spark
chamber were slightly less than 0.030 inch in the horizontal
plane. Similar errors were made 1in the vertical plane
measurements.

Figure 19 i1s a scattergram of tracks projected from
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the front two spark-chambers into counter Pl. The outline
of the counter is shown by the dashed line. The counter was
designed to be slightly oversize. Such scattergrams serve

as good checks on the measurements and corrections used.

B. Timing Film

Figure 20 shows a picture of the oscilloscope screen
which displayed the timing information. 1In fact, the top
trace belongs to the event for which the spark chamber film
is shown in Fig. 13. The other traces correspond to events
which occured later during the same beam pulse. They were
displaced downward with the push-pull arrangement described
in the section on electronics. The neutron pulses are the
smaller pulses which occur to the left of the frame, and the
proton pulses are the larger pulses near the right-hand side.
Because of the manner in which the oscilloscope was triggered,
faster neutrons produce longer distances between the neutron-
proton pulses. The blobs at the base of the picture are
the binary lights.

A1l of the measurements were made by projecting the film
onto a glass screen. A special centimeter rule was aligned
with the trace base line and the measurements were made from
the leading edge of the neutron pulse to the leading edge of
the proton pulse at about 2/3 the height of the pulses.

(The velocities of the protons were essentially the velocity
of light. Therefore, the measured timing was directly

related to the neutron time-of-flight.) The measuring
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system was calibrated and the uniformity of the sweep rate
was checked by similarly measuring the signal from a 50 mHz
sine wave generator. The sweep rate was found to be unifbrm.
The distance-to-time conversion factor was found to be 5.01
nanoseconds per centimeter. The errors on the distance
measurement resulted in errors of about +3 nsec in the
timing. An additional error of perhaps +4 nsec was intro-
duced because the N signal came from a discriminator rather
than directly from the photomultiplier. Large pulses from
the photomultiplier would appear to arrive at the discrimin-
ator earlier than small pulses.

Each neutron counter was exposed to neutrons with a large
range of energies. Light pulsers were attached to each
counter and were timed to simulate events with energies
corresponding tc the middle of the energy acceptance of each
counter. Timing pictures were made of the signals generated
by the light pulsers as shown in Fig. 21. From the left,
cointer N5 1s represented by the first pulse, and so on to
counter N1, and finally at the far right is the broad pulse
from the P-coincidence. The light pulser timing was measured
for each counter. Since the light pulser delays were arranged
to eimulate events in the middle of the timing range for each
neutron counter, it was possible to calculate a real time-of-
flight and associate it with the proper light pulser. The
target to counter time-of-flight for an event was then
calculated by using the following formula.

T = (Teentral T Tpulser>i B Tscope
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Tcentral is the time-of-flight associated with the light

pulser. is the light pulser timing as measured from

Tpulser
the oscilloscope trace. The subscript, 1, indicates which
neutron counter fired. TScope is the timing measured for

the particular event under consideration.

The proton scattering angle and momentum completely
determined the kinematics of the scattering if one assumed
that the scattering were n-p elastic. Therefore, the time-
of-flight of the neutron could also be calculated and
compared to the measured value. Distributions of the differ-
ences between measured and calculated times-of-flight were
plotted for each neutron counter. In some cases the distri-
butions did not center on zero so small empirical corrections
were made to the above formula. These corrections varied from
-4 to +1 nsec. Figure 22 shows these difference distributions
for each of the neutron counters after the corrections have
been made. Figure 23 shows the measured time-of-flight
distributions for the counters. In the difference plots a
neutron which was faster than calculated would give a positive
point on the graph. In Fig. 23 photons should give a peak
centered at 5 nsec. This can be seen clearly in the distri-
butions for counters 2 and 3. Photons were timed out for

counter 1, and the photon peak merges with the neutrons for

counters 4 and 5.

C. Proton Momentum Determination

The momentum of the proton was determined through the
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usual equation p=eBr/c. For a uniform field B of length L

this can be written in the form

B-L
(1.3lx106)(2sin9/2)

p = (11)

in which the momentum, p, is given in GeV/c and B-L is given
in gauss-inches. Figure 24 illustrates the derivation of the
above formula. The uniform field approximation was used as

a starting point to determine the proton momentum by a method
of iteration. As mentioned, the Magnet Test Group provided
maps of the vertical component of the magnetic field for
various currents. (The horizontal components of the magnetic
field were neglected in this experiment since these provided
only a small vertical focusing.) Since at these currents

the magnetic fileld varied linearly with the current, a map
was generated for the operating current, 523 amperes, by

using the following formula

= (523 \
Boes = \392/P392 (12)

for which a map was provided at 392 amperes. This new map
was folded about the three orthogonal planes which inter-
sected at the center of the magnet gap and averaged. This
procedure yielded a map containing only 1/8 as many points as
in the original, and thus was of a size more easily handled
by computers. No errors were introduced by this procedure
since the magnetic field was symmetric (within a few tenths
of a percent) about the gap center.

The actual calculation of the proton momentum proceeded
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by the following steps. A first guess of the momentum was
made using Equation (11) where B'L was replaced by the
integral [B-dl through the center of the magnet. The integral
was 4.77x105 gauss-inches. The angle, @, was the angle
between a straight line drawn through the sparks in the front
chambers and a line drawn similarly in the back chambers.

The initial parameters for the computer stepping procedure
were the first approximation to the momentum, the angle ¢,
and a position which was the spark location in chamber three.
The proton was stepped from the back to the front through

the magnetic field in 1.7-inch steps. The direction of the
steps was parallel to the 36-inch sides of the gap. At each
step position the magnetic field was calculated by interpo-
lating from the known fields at the nearest eight points
which defined a surrounding box. The proton was then
projected along a straight line to the next step position

and a new angle determined with the aid of Eq. (11). This
procedure gave a series of chords to the real curved trajec-
tory.

In this way the proton was projected from the back
chambers tc each of the front chambers and an aiming error
obtained for each. Using the aiming error in one of the
chambers, the computer performed an appropriate modification
to the first approximation value of the momentum and repeated
the stepping procedure with the new momentum. This procedure
was repeated until two values of the momentum were

obtained—<corresponding to momenta which gave 0.005 inch,
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or less, position errors in each of the front chambers. The
two momenta were averaged and corrected for the finite step
size. The correction for the step size was determined in
test calculations by varying the step size from 1.7 inches
to 0.085 inch. Typical results are presented in Fig. 25.
The top line represents the momentum found by projecting into
the front chamber; the bottom line is the similar thing for
the second chamber, and the dotted line represents the
average. Presumably the fact that all three lines do not
coincide can be traced to the effects of measurement errors.
The value of the momentum for zero step size could be found
by multiplying the 1.7-inch value of the momentum by 1.018.
This factor was found to be independent of the momentum. An
insignificant correction was made for energy loss in the
liquid hydrogen and other material through which the proton
passed before entering the magnetic field.

The error in the proton momentum determination was due,
in the main, to spark measurement errors. Coulomb scattering
effects were less significant. The proton momentum errors
ranged from about 2% to about 7% as shown in Fig. 26. Actually

the errors varied slightly with angle.

D. Kinematics

If one assumes that the interaction were n-p elastic,
then the proton momentum and scattering angle completely
determine the collision kinematics. This can be seen if we

restrict the discussion to the plane of the interaction.
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Then the conservation of energy and momentum supplies three
equations for which there are three unknowns: the incoming
neutron momentum, the scattered neutron momentum, and the
angle of scatter for the neutron. The three equations

were cast as

-am— [T, [T

wPpeam T My T Iy Jpn tmy TP g
Poeam ~ Pn €080, F P, OB, (13)
pn Slnen = pp SlnGp.

Once these equations were solved all other quantities of
interest could be calculated. 1In particular, the
four-momentum transfer squared, u, could be calculated as a
function of pp and ep.
The incoming:: neutron momentum was essentially the same
as the scattered proton momentum, and so the errors were
identical for the two. The errors for the four-momentum
transfer were a function of the beam momentum. Representative
errors are shown in Fig. 27. For beam momenta above 5 GeV/c
and for four-momentum transfers less than 0.03 (GeV/c)2
the four-momentum transfer was recalculated from the neutron

time-of-flight. The errors for this procedure are given by

the dotted lines.

E. Data Cuts and Subtractions

Three cuts were independently made on the data in order
to weed out inelastic events. The cuts were a coplanarity

cut, a counter cut, and a timing cut.
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The size of the neutron counters and their placement,
together with the size of the beam, combined to give the
system a +7.5 degree maximum planar - acceptance about the
horizontal plane. No coplanarity information other than
the trigger requirement was available from the neutron
counters. A coplanarity "chi square" term was calculated

according to
[0 if |p| = 7.5°= 0.1325 radians

o (0

(1ol - 0-1325>2 if |p| > 0.1325 radians
\
A o)

\

where ¢ was determined from the tracks in the two front
proton spark chambers. The expected error, g, was a
function of the proton momentum and angle. It contains the
effects of Coulomb scattering of the proton and measuring
errors in the spark locations. Events were kept for which
Xi was less than or equal to one.

Each counter had a certain angular acceptance due to the
counter size and the target length. If upon solving the
kinematics, the angle of the scattered neutron did not lie
within the range of acceptance of the neutron counter which
had been triggered, the event was thrown out. If twc
adjacent neutron counters fired the angular limits were
taken for the counter for which the difference between the

measured and the calculated times-of-flight were a minimum.
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A final cut was made by constructing a "chi square"

term for the timing information as follows

2 _. (measured timing - calculated timing\2 1
Xtiming ~ \ o4 ) (15)

As was explained in an above section, the measured timing
was taken from the oscilloscope trace and the calculated
timing was obtained from the kinematical reconstruction of
the event. The expected error, 04> contained terms which
reflected timing measurement errors, pulse height effects,
and the neutron counter traversal time. Only events were
kept for which X%iming was less than or equal to one.

From an analysis of the data generated by the Monte
Carlo program which 1s discussed in Sect. IV-F, it was
estimated that about 25% of the elastic events were removed
by the data cuts described above. The fraction of elastic
events cut was found to be independent of beam momentum and
of four-momentum transfer.

Figure 28 demonstrates the effect of these cuts. It
shows the distribution of the difference between the measured
and the calculated timing for events with |u| = 0.025 (GeV/C)%
Each event is represented by a number which indicates which
neutron counter was triggered. As can be seen, each of the
three cuts independently discriminated strongly against the
obviously inelastic events under the secondary peak. The
inelastic events were presumably gammas from n°decay.

However, two points should be made. First, the efficacy of

the timing cut 1s reduced in the larger |u| bins as can be
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seen in the uncut distributions in Fig. 29. As |u| increases,
the inelastic peak moves under the elastic peak. Thus, for
large |u| we are forced to rely on the counter and the
coplanarity cuts to reduce the inelastic background.
Secondly, in all |u| bins after the counter and coplanarity
cuts were made, a background persisted which extended under
the elastic peak. Consequently, a background subtraction
was made to the data.

The cuts described above throw out individual events.
The subtraction was made to the cross sections as a whole, but
as a function of beam momentum and four-momentum transfer.
The subtraction was determined by binning the data—after
the coplanarity and counter cuts had been made—in bins of
incident momentum and four-momentum transfer as shown in
Fig. 30. An effort was made to extend the tails of the
background distribution under the peak by drawing a smooth
line as shown. The events under that line and within the
limits of the timing cut were counted and then the appropri-
ate fraction subtracted from the cross section. The subtrac-
tions ranged from about 5% for the highest momentum bins to
15% for most of the rest of the data. As the statistical
errors in the data were 210%, uncertainties in the subtractions

were not considered significant.

F. Geometric Detection Efficiency

In order to determine cross sections from the numbers

of events it was necessary to know the detection efficiency
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of the neutron counters and the solid angle of the system.
The neutron detection efficiency will be discussed in another
section. The solid angle, or geometric efficiency, of the
experiment was investigated via Monte Carlo techniques.
Appropriate random number generators were used to simulate
the experiment. For a given computer run, the incident
neutron momentum and the center of mass scattering angle,

or four-momentum transfer, were fixed. With these quantities
fixed, many events were generated with randomly chosen

planar angles, random secondary scatterings, and so forth.
All important features of the experiment were simulated on
the computer. The ratio of accepted events to generated events
was calculated for each range of u and of beam momentum.

This fraction was then used to correct the data. A descrip-
tion of the sallent features of the Monte Carlo program
follows.

The beam size, the beam divergence, and the beam
attentuation in the liquid hydrogen target were simulated.
The plane of the scattering was randomly chosen with the
restriction that the neutron always be scattered to the side
on which the neutron counters stood. (Restricting the planar
angle to an hemisphere saved valuable computer time as a
little investigation had shown that no events were accepted
from the other hemisphere. The detection efficiency found
in this way had to be divided by two when computing the
absolute cross sections.) Once the interaction point and

plane had been set the directions of the scattered neutron
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and proton were determined.

The fate of the scattered neutron was investigated
next. Random rescattering of the neutrons in the liquid
hydrogen were generated according to a parameterization of
the low energy n-p cross sections prepared by Clements and
Winsberg.39 Most of the rescattered events did not strike
the neutron counters. Further attenuation in the target
dome, the air, and the anticounter Al were simulated. In an
‘effort to save computation time, scattered neutrons with
kinetic energies =1 MeV were rejected. This could be done
since the neutron detection efficiency of the neutron
counters was zero for such low energy neutrons. If the
neutron did not strike a counter a new event was generated;
otherwise, the counter which was struck was recorded and the
fate of the proton was then investigated.

Cbulomb scattering effects and energy loss effects for
the proton were gsimulated in the liquid hydrogen, the target
flask, the target dome, the spark chambers, and the scintilla-
tors. The proton was stepped through the magnet in 0.097-
inch steps. The coordinates of the proton in each of the
spark chambers were recorded. Tests were made to insur. that
the proton passed through each of the three scintillators in
the proton spectrometer. If not, a new event was generated.
If the neutron went into a neutron counter and the proton
passed properly through the spectrometer, the event was
considered as having been recorded on film.

From this point on the Monte Carlo program simulated the
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analysis of the real data. That is, measurement errors were
randomly generated and were tacked onto the spark chamber
coordinates. The kinematics of the event were then recon-
structed as for the actual data. Further, the counter,
coplanarity, and timing cuts were made. If the event
survived all of these it was considered accepted and was
properly binned. At the end of the run the ratio of accepted
events to generated events was calculated. This ratio,
called the "geometric detection efficiency", is presented in
Fig. 31 for two beam energies and as a function of four-
momentum transfer. The errors are based on the statistics
on the number of Monte Carlo accepted events. The dashed

line is a smooth curve drawn through the data.

G. Neutron Detection Efficlency

The thick plastic scintillator, the photomultiplier, and
the associated circuitry constituted a system whose detection
efficiency had to be calculated. That is to say, only a
fraction of the neutrons striking a scintillator scattered
in such a way as to produce charged particles with encugh
energy to produce pulses above the threshold of the system.
The ratio of detected neutrons to neutrons striking the
counter is called the neutron detection effiéiency and was
calculated with the aid of a FORTRAN program developed
by Knrz.qo

Kurz's program treats both initial and secondary

scattering effects on both hydrogen and carbon in the
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scintillator. Saturation effects in the production of
scintillation light are considered as well. The program
assumes a cylindrical shape for the scintillator with the
neutrons uniformly and normally illuminating the circular
face. The results of the program have been experimentally
verified for several counter systems.uo_ul

Our counters were each 15 cm long and, for the purposes
of the calculation, were assumed to be 9.2 cm in radius.
This value for the radius gives the area of the face of each
counter. As the detection efficiency was a weak function of
the counter radius, no significant errors were introduced by
assuming a circular cross section for each counter. The
detection threshold was taken to be 0.7 MeV for electrons.
The threshold energy was taken to be slightly lower than the
0.76 MeV maximum energy carried by the betas produced by
'1‘12011L decay in order to reflect the actual beta energy
spectrum and the counting rates at which the thresholds were
set. Because of saturation effects these electrons simulated
2 MeV protons.

The results of the calculation are presented in Fig. 32.
The first peak is due to the rise from threshold and to the
falling n-p cross sections, while the second peak is due to
the onset of n-C interactions. FErrors in the detection
efficiency of +10% of the calculated value are associated
with the uncertainties in the cross sections used in the

calculations. Somewhat smaller errors are involved in

determining the threshold and in neglecting edge effects.
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It is important to note that all of the counters were set at
the same threshold, and therefore, the detection efficiency
was the same for all counters. Since the neutron energy is
related to u by Eq. (6), errors in the efficiency would

cause u-dependent errors, but these would be independent

of the beam momentum. The statistical errors in our measured
cross sections are typically >10% so the uncertainties in the

neutron detection efficiency are not expected to be important.

H. Data Contaminants

Contamination of the data from inelastic collisions was
investigated via Mont Carlo techniques. The program which
was used to calculate the geometric detection efficlency
was modified for these calculations. The three processes

in this category that were investigated were

n+p- A+(1236) + n
2 e p

(]

™ Ay ty,

n+p=p+na°(1236)
A »n +7°
meoay oy
and
n+pa+d+n°
m° o4y oy,
The total cross section for each of the above processes was

assumed to be about ten times as large as the elastic charge

exchange cross section. No energy dependence was considered.
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The total cross sections did not enter in the Monte Carlo
program directly, but were used in estimating the absolute
background. The four-momentum transfer dependence of the

production was taken to be elou.42

The incident neutron
momentum was randomly chosen, but was constrained to reflect
the distribution shown in Fig. 33.2 This beam spectrum was
obtained from an analysis of the data from the other phase
of this experiment. The width of the resonance was taken to
be 160 MeV rather than 120 MeV in an attempt to include the
background under the resonance peak. In the same vein,
isotropic decay of the resonance was simulated. Isotropic
decay of the plon into two gammas was required. The gammas,
as well as the neutrons, were tracked to the neutron counters.
Events which triggered both the neutron counters and the
proton counters, i.e., simulated events for which pictures
were taken during data collection, gave distributions in
four-momentum transfer which tended to peak at u=0. However,
the three cuts made on the data eliminated the peaking and
reduced the background to a level that was estimated to be
~20% of the elastic events. This was further justification
for the background subtraction which was discussed in Sect.
E above. The process n + p - A+ + n was found to be the most
serious source of contamination. It accounted for about 75%
of the background.

Processes involving beam contaminants were investigated

and found not to contribute to the background. The reactions

considered were
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E+p-+E+p
and

Yy +p-=+y +p.

I. Target Empty Correction

Finally, the target empty events were investigated.
The target empty trigger rate was 1/3 of the target full
trigger rate. However, the cuts made on the data discrim-
inated more heavily against the target empty events. The
few remaining target empty events assumed the appearance of
a broad background when examined as a function of incident
momentum and four-momentum transfer. They represented
something under 10% of the cross section under the elastic
peak. Therefore, it was assumed that the background subtrac-
tion described above removed the target empty contribution

to the cross sections.



V. RESULTS AND CONCLUSIONS

A, Differential Cross Section Formula

The formula which was used to calculate the differen-

tial cross sections is

do

Tu - [PIN/M) (IB)

in which the

do
du

€ /2
g/

XY 7Z z A (16)
M > (eg/2) (&) (F/8p) Bp 4u

sum is over all events and in which

%%(p,u) = the differential cross section as
a function of beam momentum and of
four-momentum transfer squared.

film scanning efficiency correction = 1,12
correction for events not measured due to the
presence of extra tracks = 1.2

Z(p,u) = background subtraction factor
density of liquid hydrogen = 7.O8xlO_2 g/cm3
length of liquid hydrogen target = 10.2 cm
Avogadro's number = 6.02xlO23 protons/mole
molecular weight of hydrogen = 1.008 g/mole
Uf.33xlO'LL protons/millibarn

A(p,u) = correction for (p,u) bins for which
the ranges of p or u are restricted by kine-
matics or detection efficiencies to be less

than the bin sizes. A = 0 or from 1 to 2.

solid angle or geometric detection efficiency.

86
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The factor 2 comes from the fact that the
Monte Carlo calculation was restricted to
one hemisphere.

€ = neutron detection efficiency. Events were
not considered for which the product

(eg/Q)(en) was less than half the maximum

value.

F/8p = F(p)/8p = fraction of the beam spectrum per
momentum bin. The beam spectrum was deter-
mined in the forward scattering portion of
the experiment. The results are presented
in Fig. 33.

Ap = incident momentum bin size for which the

cross section was being calculated.
Au = four-momentum transfer bin size for which
the cross section was being calculated.
B = number of counts on monitor B.
I = neutrons in beam per count on monitor B.
The determination of this number is discussed

in the next sectilon.

B. Normalization

Normalization refers to the process of determining the
numbers in the above formula or of fixing absolutely the
scale of the differential cross section in some other way.
In practice the difficult quantity to determine 1is

usually the beam flux. It is always difficult to determine
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the flux of a neutron beam. It 1s especially so when the
beam spectrum encompasses a wide range of energies as in this
experiment. Consequently, no effort was made to directly
determine the flux. 1Instead, the forward-scattered data

were normalized to the n-p total cross sections via the
optical theorem.2 The plan was to normalize the charge
exchane data to the forward data.

The original hope was to make the connection between the
forward data and the charge exchange data in one of two ways.
One possibility was that the ranges of the four-momentum
transfer for the two phases of the experiment would overlap
so that the differential cross sections could be smoothly
joined. The detection efficiencies were such that no overlap
existed. The second method involved a convoluted calculation
which depended on the target sizes, the monitor rates, the
detection efficiencies, and other physical parameters of the
two experiments. This method also did not work.

We felt that it was not appropriate to normalize the
data to the data of Friedes et g;.u or that of Manning et Qi.B
since their normalizations are not certain. Therefore, our
data are not normalized. However, the relative normali-
zations between incident momentum bins are fixed since the
neutron beam spectrum was known. Again the reader is
referred to Fig. 33. Above 6 (GeV/c, uncertainties in our
beam spectrum introduce errors in the relative normalizations

of about +50%. Similar errors are introduced in the
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relative normalizations of the data for momenta below

2.5 geV/e.

C. Results and Conclusions

The differential cross sections are given in tabular
form in Tables II-XI and in graphical form in Figs. 34-41.
The cross sections were not plotted for 1.75 GeV/c to
2.25 GeV/c as they did not possess enough points to present
interesting plots. The errors quoted are statistical
errors only.

Several points should be made about the data. First
of all, the normalization is not determined; however, that
fact in no way effects the u dependence of the data.
Secondly, the neutron detection efficiency limits the
range in four-momentum transfer to |u| > 0.01 (GeV/c)2
which is outside most of the sharp backward peak seen in
other data. Evidence for a sharp backward peak does
exist in the data however. Thirdly, the data from 2.25
GeV/c to 3.00 GeV/c show a strong energy dependence in
the shape of the cross sections. The data from 2.25 GeV/c
to 2.50 GeV/c and from 2.75 GeV/c to 3.00 GeV/c show
backward peaks, while the data in the 2.50 GeV/c to 2.75
GeV/c bin show a dip. Fourthly, the data above 3.25 GeV/c
indicate the existence of a plateau in the differential
cross sections at a four-momentum transfer of about 0.08
(GeV/c)Q. And finally, the data for large |u| may be

characterized as
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do . G5u

du * (17)

The strange energy dependence of the differential cross
sections between 2.25 GeV/c and 3.00 GeV/c, and the
existence of a plateau in the differential cross sections
at |u| = 0.08 (GeV/c)® are the most striking features of
the data. Future experiments should carefully investigate
the n-p charge exchange differential cross sections in
these regions.

Our data, together with that of Mischke et 23.7

show
that the behavior of the charge exchange cross section
between 1 and 7 GeV/c is much more complicated than
previously realized. Not only does the slope of the sharp
peak vary rapidly with energy, but the shape of the cross
section just outside of the peak varies in an apparently
complicated way.
In conclusion, we offer a critique of the techniques
employed in this experiment. The advantages of this
technique are given below.
1) This technique offers a higher data taking rate.
The data were taken in 100 hours of running time.

2) The ratio of events to triggers 1is much better. Our
ratio was ~10"%, while the ratio for Manning et al?
was 1075,

3) The technique can be easily extended to higher

energies. Experiments employing this technique

are currently being performed at the AGS and at the
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ZGS.

L) with some refinements of the technique a recent
experiment used this technique to study polarization
in n-p charge exchange.

5) This technique measures simultaneously the cross
sections for a large range of neutron energies.

There are two principle disadvantages to the technique.

1) The neutron counter detection efficiency must be
known.,

2) It is difficult to measure the cross sections for
small u. In particular, the u=0 values of the

differential cross sections cannot be measured.
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