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ABSTRACT

The Elastic Neutron-Proton Differential
Cross Section at 647 MeV.

(May 1976)

Michael Lynn Evans

The differential cross section for n-p elastic scattering in the
angular range 51° < 6

< 180° has been measured with high statistical

accuracy using the 647 MeV monoenergetic neutron beam of the Los Alamos
Meson Physics Facility.

A proton recoil magnetic spectrometer was used

for momentum analysis of the° charge exchange protons from the reaction
n+p-*p+n.

Absolute normalization of the cross section was established

to within 7% using existing cross section data for the reaction p+p-*7T +d.
The results differ significantly from previous Dubna and PPA cross sections but agree well with recent Saclay data except at extreme backward
angles.

XII

CHAPTER I

INTRODUCTION

A.

Background

Determination of the nucleon-nucleon interaction, of which the
neutron-proton interaction is a part, is one of the most fundamental
problems in contemporary physics.

It is fundamental to all of nuclear

physics in that it forms the base upon which are built the theories
describing more complex nuclear systems. At present there exists little
evidence of pure three-body interactions among nucleons in nuclei or
other nuclear systems.

If this situation persists in the future, then

it would be reasonable to assume that the forces acting in nuclear
systems can be synthesized from the superposition of nucleon-nucleon
forces.

That is, the pairwise interaction of nucleons could at least

in principle account for the forces observed in nuclear systems.
The neutron-proton interaction is fundamental in another sense.
As one component of the two-nucleon interaction, it comprises perhaps
one of the best known strong interactions at low energies (< 500 MeV).
It has been studied by a host of physicists since the discovery of the
neutron in 1932.

This great wealth of experimental information1 has

"often provided a test of concepts developed from both strong interaction

The citations in this dissertation follow the style of the
Physical Review C.

theories and particle physics.

It is not surprising, then, that the

theory has enjoyed its greatest success in describing certain features
of the nucleon-nucleon interaction.

Most notable was the triumph of

the Yukawa theory of nuclear forces in explaining the steep forward
and backward peaks of the n-p differential cross section caused by the
one-pion-exchange mechanism.

This success has led theorists to apply

the concepts developed from the study of the nucleon-nucleon problem
to the field of particle physics.

Thus, the formalism of the two-

nucleon interaction has served as a link between the nuclear disciplines.

B.

Motivation

The completeness and precision of existing proton-proton scattering measurements especially below 400 MeV have enabled physicists to
determine accurately the 1-1 N-N phase shifts in that energy region.2
This is not the case, however, for the 1=0 phase shifts.

Below 400

MeV, the incomplete nature of measurements of the n-p observables has
prompted use of the 1=1 phase parameters together with the assumption
of charge independence to obtain a rudimentary phase-shift solution
for the n-p system.

Specifically, the analyses typically use proton-

proton scattering data to determine the 1=1 scattering matrix.

Then,

the neutron-proton data are used together with the 1=1 matrix to determine the 1=0 scattering matrix.

The use of charge independence is not

always complete in that separate ^ g phases are frequently assigned
the (n,p) and (p,p) phases to facilitate a better fit to the (n,p)
data.
The phase-shift solutions for projectile energies above 400 MeV
are even more undetermined.

In the energy range 400-800 MeV, n-p

scattering measurements of the differential cross section, polarization,
and triple scattering parameters are either scarce or non-existent and
are also of poor accuracy.

There is almost no better case in point

than that of the n-p differential cross section near 640 MeV shown in
Fig. 1.

Discrepancies arise from normalization and shape differences

between data obtained at the Princeton Penn Accelerator and older
data from Dubna.^"5
An accurate determination of the n-p differential cross section
in the range 400-800 MeV would undoubtedly improve the phase-shift
analysis of neutron-proton scattering.

This analysis would serve not

only as a check on the phase parameters which have been determined at
energies below 400 MeV, but would also improve the determination of
the phase shifts at lower energy through an energy-dependent analysis.
These phase parameters would afford a better look at the "hard
core" of the interaction at energies higher than are presently available.

A continued trend toward more negative values for the singlet

and triplet S-wave phase shifts with increasing energy would be indicative of a "solid" hard core.

If, on the other hand, the phase shifts

become more positive, a "hollow" core or "hard shell" would be implied.
A set of n-p observables complete enough to yield a unique phaseshift solution for the n-p system (even at a single energy) would provide a new test of charge independence.

(Subsequent to this experi-

ment, measurements of the n-p polarization and the triple scattering
parameter C

will be made.)

If the n-p 1=1 phase parameters could

be determined independently of the p-p parameters, then comparison
with the p-p phase shifts at the same energy would test conservation
of isotopic spin, state by state.0

-

10

• DUBNA (1963/67) 6 3 0 MeV
* PRINCETON (1969) 649 ± 8 0 MeV
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Figure 1. Differential cross section measurements for n-p scattering
near 640 MeV. 3 References: Dubna, 630 MeV, Ref. 4; and PPA, 649 MeV,
Ref. 5.

The opening of the inelastic channels near 300 MeV undoubtedly
increases the complexity and difficulty of determining a unique phaseshift solution for the n-p system.

The success of MacGregor et al.,

in obtaining a good solution at 425 MeV, 2 is encouraging with regard
to the prospect of determining an adequate phase-shift description
near 640 MeV,7 especially if high accuracy data in that energy region
become available.

Even though the presence of inelastic processes

raises questions in the theoretical treatment, the elastic phase parameters near 630 MeV appear to be suffering more from a lack of data
than from a proper inclusion of the effects of pion production.

C.

Reaction Mechanisms

In 1935, Yukawa made the fundamental assumption that the forces
acting between two nucleons are due to the exchange of certain particles called mesons.8

This hypothesis remains the basis of all

present attempts to formulate a theory of nucleon-nucleon interaction
that is consistent with experiment.

Despite the great diversity of

formalisms receiving attention today,9 all seem to describe very
similar physical models.
Fundamental to the models is the relationship between the kind of
meson exchanged and the range of the resulting force. 10

The observa-

tion was made early that the more massive the meson exchanged between
nucleons, the shorter would be the range of interaction.

Attempts to

formulate a theoretical description of the nucleon-nucleon interaction
have adopted different theoretical approaches for treating the interaction at various internucleon distances.

Typically, the interaction

has been divided into three regions in range according to the

reliability of the theoretical approach appropriate for treating the
meson contributions important in that region.11

The outermost region

(r ~ 1.5 F, where r is the internucleon separation) is dominated by
the exchange of a single ir meson, a pseudoscaler isovector particle.
This part of the interaction is the best known component of the strong
nuclear force and its successful description by means of the one-pionexchange potential (OPEP) is widely regarded as a triumph of the
Yukawa theory.

The intermediate region (0.7 i r i 1.5 F) is influ-

enced by the effects of two-pion exchange and exchanges of the heavy
mesons; i.e., the vector isoscaler w meson, the vector isovector p
meson, and the n, a pseudoscaler isoscaler meson.

The two-pion ex-

change mechanism is usually investigated by means of dispersion relations while the exchange of the heavy mesons is described by mesontheoretical methods such as the one-boson-exchange potential (OBEP).
In the innermost region (r ~ 0.7F), many particles contribute including multiple pion exchanges and heavier mesons. A phenomenological
treatment is usually attempted in this region owing to the very strong
forces involved and the highly relativistic nature of the interaction.
The chief merit of this classification is that it permits a
step-by-step study of the N-N interaction.12

By defining the several

components of the interaction, it is possible to isolate and subsequently to calculate the various contributions to the reaction.
Then it is an easy matter to compare the results of the calculation
for a particular region with an experiment displaying the effects of
that region, instead of attempting to obtain a solution to the entire
problem.

An example of this philosophy is the exploitation of the

outermost region of the interaction described by the well-known OPEP

to determine the pion-nucleon coupling constant from the n-p differential cross section (see Chapter VI).
The classification of the N-N interaction by the range of the
force also appears in the dispersion theory description of the interaction which is based on the study of the singularities of the scattering amplitude as a function of the kinematical variables analytically
continued into the complex plane. Although the specific singularities
depend on the particular model chosen to describe the interaction, the
gross features of the N-N interaction dictate the occurrence of certain
singularities in the amplitude.

Thus, the singularity structure for

scattering via direct and exchange Yukawa potentials as shown in Fig.
2a is basically the same as found in the relativistic N-N problem.
Figure 2a is a plot of the singularities of the scattering amplitude in the complex t and u planes for fixed values of k, where t =
-2k2(1 - cos0 cm ) is the square of the neutron four-momentum transfer
in the direct channel, u = -2k2(1 + cos0 cm ) is the square of the neutron four-momentum transfer in the exchange channel, k is the neutron
c m , momentum, and 9 c m is the neutron c m . scattering angle.

The

scattering amplitude in first Born approximation for direct Yukawa
potential scattering is of the form

where f_ is the first Born amplitude, g is the pion-nucleon coupling
constant, and u Q is the neutral pion rest mass.
f

The singularities of

as a function of t consist simply of a pole at t = u 2 .

This pole

corresponds to the one-pion-exchange diagram shown in Fig. 2b,

t-PLANE

+t

P!ON POLE
BRANCH CUTS

u-PLANE
PHYSICAL
REGION

,PION POLE
BRANCH CUTS

-fc
• t + u=4 m

-s

t=O

(a)

n

Figure 2.

(a)

Singularities of the n-p scattering amplitude in the

complex t and u planes for scattering by direct and exchange Yukawa
potentials.

The "proton and neutron mass have been taken to be equal

(denoted by m) and s is the square of the total c m . energy of the n-p
system,

(b) One-pion-exchange diagram for n-p scattering in the

direct channel,
(d)

(c) Two-pion-exchange diagram for n-p scattering,

One-pion-exchange diagram for n-p scattering in the charge ex-

change channel.

+u

The second Born approximation gives a branch cut for positive
real values of t greater than the branch point t = 4y2.
corresponds to the two-pion-exchange diagram of Fig. 2c.

This cut
In general,

the nth-order Born approximation has a branch point at t = (ny 0 ) 2 ,
n 5s 2, arising from an n-pion-exchange diagram.

Since the heavy

mesons can be regarded as short-lived multipion resonances (e.g., the
p meson is a two-pion resonance with a mean mass of

5.5PQ

and a width

of about l y 0 ) , each singularity is associated with the minimum invariant mass of the exchanged particle (e.g., 2yQ for the p meson).

Thus,,

we see that the heavier the mass of the exchanged particle, the farther the corresponding singularity lies from the physical region.
That is, nearby singularities are to be associated with long-range
forces.
In a completely analogous fashion, singularities occur in the
complex u plane corresponding to scattering from a charge exchange
potential (i.e., a potential containing the space (Majorana) exchange
operator).

A simple pole occurs at u = y 2 corresponding to the di-

agram of Fig. 2d, where y is the charged pion rest mass.

Also, the

higher order Born terms produce, branch cuts for positive real values
of u greater than the branch points u = (ny) 2 , n > 2 (refer to Fig.
2a).
Therefore, the gross features of the n-p differential cross section at 647 MeV should resemble the following description in which
the quantities t and u are understood to be in units of [ (GeV/c)2].
There should be a sharp peak for -0.02 ~ t ~ 0 caused by the exchange
of the neutral pion.

This is reasonable owing to the proximity of

the pion pole to the physical region (see Fig. 2a). As t becomes

more negative, the one-pion-exchange contribution is known to decrease
rapidly so that the effect of the exchange of heavier mesons begins
to come into evidence.

The t dependence of the heavy meson contribu-

tions is not well known, but from high energy elastic scattering one
•would expect the cross section to continue to decline with increasingly negative t-as a result of simple diftractive scattering.

The

falloff is roughly exponential and has prompted fits of the form*^

to be made to the cross section in the region -0.1 ~ t ~ -0.02.

The

parameter b typically has values in the range 5 to 10 (GeV/c)~2 for
intermediate energies.
The diffraction region has no sharp boundary in t.

In the region

of t * -0.1 the simple diffraction picture begins to fail.

The be-

havior of the cross section for large, negative values of t is little
understood and will be discussed briefly later.

One feature of the

cross section for large j-t| is evident, however.

A point is reached

in t where the interacting nucleons prefer to exchange identities
(quantum numbers) rather than larger amounts of momentum.

Kinematic-

ally, this point should occur at a c m . angle of 90° where the proton
begins to be scattered in the forward direction instead of the neutron.
The scattering is then described more appropriately by the variable
u of the exchange channel.
The behavior of the cross section as u becomes less negative
(corresponding to more negative t) is nearly the mirror image of
the forward scattering behavior.

10

A backward "diffraction peak" is

a prominent feature together with an even sharper peak for -0.02 ~ u
~ 0 corresponding to the exchange of a single charged pion.

This

behavior of the backward peak is often parameterized in®terms of a
• o

-' .;'

two-exponential function in u (refer to Chapter VI).
o

Thus, the differential cross section may be divided into* a forward
peak region, a backward peak region, and a large |-«t|p large |-u|
region.

The region of large momentum transfer ewG^gsponds classically

to a violent collision of the nucleons tending to break them apart
and expose their internal structure.

The uncertainty principle pro-

vides the hope that large momentum transfer collisions I*8 10 (GeV/c)2]
will reveal the fundamental nature of nucleon-nucleon interactions at
very small distances * 0.1 F.

However, the theoretical models for

these processes are besieged with problems of ultra-relativistic
effects and non-convergence of mathematical methods, and in general,
have a long way to go.
Fortunately, the measurement of the n-p differential cross section at 647 MeV involves momentum transfers with values only up to
about 1 (GeV/c)2.

This involves only a slight probing of the inner

part of the interaction (r * 1 F ) . As a result, it is likely that the
interaction can be adequately described by an existing theoretical
treatment or model.

Specifically, it is hoped that a one-boson-

exchange model will have considerable phenomenological success in
fitting the N-N phase shifts at 647 MeV.

11

CHAPTER II

DESCRIPTION OF THE EXPERIMENTAL APPARATUS

A.

General Method

In the past, the study of the neutron-proton interaction has been
hampered by the experimentally difficult task of producing a monoenergetic neutron beam.

Neutron source reactions have typically

yielded spectra with broad peaks and substantial low energy neutron
contamination.

This is true in the case of deuteron stripping reac-

tions where the high energy peak is broadened by the momentum distribution of the neutron within the deuteron.

Neutron spectra obtained

from the quasi-elastic scattering of protons on neutrons of complex
nuclei suffer both from the effect of the momentum distribution of the
neutron inside the nucleus and from multiple nuclear scattering of the
neutron during its exit from the nucleus.

In preparation for this

and other experiments, studies were made on neutron spectra obtained
from the proton bombardment of deuterium and other light nuclei.

The

neutron spectrum from deuterium yielded a most satisfactory monoenergetic source consisting of a very narrow high-energy peak well
separated from a low-energy neutron tail.

The incident neutron beam

will be discussed in greater detail at a later point.
Another problem traditionally confronting those studying the
neutron-proton interaction has been the attainment of an absolute
normalization of the differential cross section.

12

While it is feasible

to design and construct an adequate absolute neutron flux monitor,
it is no easy task, and one often looks for alternate methods. Particularly suited to our method of data taking was the approach of measuring concurrently with the flux of protons from the reaction
n+p •*• p+n ,

(1)

the deuteron flux from the accompanying reaction
n+p ->• Tr°+d .

(2)

Use of the deuteron yield to normalize a(6) was based on the fact
that cross sections for the reaction
p+p •* ir++d

(3)

are known to an absolute accuracy of about 5%llf and that isospin invariance implies that the cross section for reaction (2) must be half of
that for reaction (3), i.e.,

In addition to theoretical support, the concept of isospin conservation has been substantiated by the results of various pion-nucleus
experiments,15 and in many other reactions isospin appears to be a
good quantum number. Thus, by making use of isospin conservation and
existing data on reaction (3), we were able to obtain information on
the incident neutron flux. This in turn enabled us to fix the absolute
normalization for reaction (1) to a value that probably was reliable
within about 7%.
13

B. Accelerator Facility and Beam Optics
This experiment was performed at the Los Alamos Meson Physics
Facility (LAMPF) of the Los Alamos Scientific Laboratory. The structure of the linear accelerator is shown schematically in Fig. 3, along
with a pictoral view of the facility. The accelerator was designed
to produce proton beams of up to one milliampere in intensity over
the energy range 200-800 MeV. The design characteristics of the beam
are described more thoroughly in Fig. 4.
Figure 5 shows the general layout of the experimental areas at
LAMPF.

This experiment was carried out on the high-energy neutron

line in beam area "B", which is also named the Nucleon Physics Laboratory (NPL).

The high-energy neutron line is shown in more detail

in Fig. 6.
The 650 MeV proton beam used in this experiment was produced by
accelerating H~ ions to 650 MeV in the linac, diverting part of the
beam to line "X" (see Fig. 5 ) , stripping the H~ ions at the line "B"
stripper (LBSTO1), and then diverting the beam to line B (see Fig. 7)
before entering the NPL. The proton beam passed through the line B
current monitor (LBCM02) and was focused on a liquid-deuterium target
(LD2) by bending magnets (LBBM04 and LBBM05) and quadrupole magnets
(LBQMO1, LBQMO2, and LBQMO3) as shown in Fig. 7. The focus on target
was observed via wire scanner LBWSO6. The neutron beam was produced
by quasi-elastic p-n scattering in the deuterium target via the reaction
p+d -»• n+p+p .
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MESON

PHYSICS

FACILITY

805.00

Figure 3.

MHz

EXPERIMENTAL AREA

Pictoral view of the LAMPF accelerator with a schematic

representation of the major components.
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ACCELERATOR CHARACTERISTICS
800 MeV. Continuously Variable
Beam Intensity.
Average Current: I mA
Extraction Efficiency: 100%
Pulse Lenath : 500 /i.sec-1000 ftsec
Repetition Rate : 120 CPS
Beam Quality.
Energy Spread : jh 0.4%
Beam Area in Transverse Phgse Space: v mrad-cm
Macro Duty Factor 6%-12%
r f microstructure '• 0.25 ns pulses separated by 5ns

Figure 4.
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Design characteristics of the proton beam.
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17

4m

Figure 6.

18

High-energy neutron line of the NPL.
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Protons from reaction (4) together with the transmitted incident proton
beam were deflected toward the proton beam stop by bending magnets
LBBM06, LBBM07, and LBBM08.

The 0° neutrons and y rays emerging from

the liquid-deuterium source target were collimated by a steel collimator of length 3.66 m.

Any charged particles emerging from the

collimator were swept away by the bending magnet EURYDICE (Mj in
Fig. 6 ) . The neutrons proceeded unaffected and were incident upon
a liquid-hydrogen target.

Protons from reaction (1), deuterons from

reaction (2), and positive pions from the reaction
n+p -*• n+n+ir+

were all momentum analyzed by a multiwire proportional chamber (MWPC)
magnetic spectrometer system to be described later.

The neutron beam

was then buried in a concrete and steel dump in the NPL.

C.

1.

Target Systems

Liquid-Deuterium Target

In the past, medium-energy accelerators seldom produced proton
beams of sufficient intensity to require special consideration for
heat removal from liquid-hydrogen or liquid-deuterium targets.

It

was found, however, that relatively small beam intensities (on the
order of 1 ua) could cause a substantial temperature increase in
reaction volumes of several liters.

The problem was solved (as in

this experiment) through the use of a forced convection liquid-deuterium
target system.16

The system was capable of dissipating up to 200

watts of beam power.
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The refrigeration was provided by a Collins

unit model CHC-14 helium refrigerator (see Fig. 8 ) . Briefly, the
operation of the refrigerator was as follows. Helium gas was compressed to high pressure and moderate temperature and then progressively cooled within the main heat exchanger by both cool helium gas
returning from the target and by liquid nitrogen in a precooling coil.
Subsequently, the helium gas lost energy by doing work in rotating a
turbine against a braking force.

Upon expansion, the gas attained

its final temperature (approximately 14° K ) . The cold gas was piped
to a heat exchanger in the circulating liquid-deuterium target where
it absorbed the heat deposited in the deuterium by the incident proton
beam, and then returned to the refrigerator.

After passing through

several heat exchangers where it cooled the incoming helium gas, the
returning low pressure helium was compressed and the cycle repeated.
The circulating liquid-deuterium target flow loop is depicted
schematically in Fig. 9.

The chief components of the target were the

LH2-GHe counterflow heat exchanger, the LD 2 blowers, a target cell,
and three heaters used to provide a heat load for balancing the beam
load with the refrigeration capacity.

Additional equipment and instru-

mentation included a microphone to monitor the blowers producing the
LD, flow in the loop, various loop pressure guages, carbon resistor
temperature sensors, and carbon resistor level sensors. The flow
loop was made of stainless steel and had a volume of approximately
13 liters.
The curved target windows were hydro-formed from flat 1100 aluminum sheets to a final thickness of 0.008 cm each.

The window aperture

was rectangular in shape, of 13 cm length and 2.5 cm width.

The

distance between the windows along the direction of the incident

21

Figure 8.

Helium refrigerator of the liquid-deuterium target system.

(The top of the LD 2 target is visible in the lower left-hand corner
of the photograph.)
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He
HEATER
VB=PARAHYDROGEN
VAPOR BULB
LP=LOOP PRESSURE
SENSOR

He= HELIUM FLOW
| IN HEAT
EXCHANGER

LD

2

LD = LIQUID DEUTERIUM
FLOW IN LOOP

WINDOW f

Figure 9.

Flow loop of the circulating liquid-deuterium target.
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10 cm

Schematic representation of the LH

target.

to monitor the vapor pressure of the LH 2 and carbon resistor level
sensors.
The target flask was hydro-formed from 0.13 mm mylar into a
cylinder of 10.2 cm diameter approximately 13.2 cm in length (as
measured under the usual operating condition of slightly greater than
atmospheric pressure in the target flask).

When full the target con-

tained approximately 1 liter of liquid hydrogen.

The flask was ori-

ented with its cylinder axis along the incident neutron beam axis.
The flask was shrouded by a radiation heat shield of 0.013 mm aluminized mylar and was surrounded by a vacuum of about 10~ 6 torr.

The

vacuum environment was enclosed by a mylar jacket of 0.13 mm thickness.
The aluminum bracket supporting the vacuum jacket was designed to
allow for proton scattering angles greater than 90 degrees.

When

filled with LH 2 , the target had a hydrogen areal density of about
0.94 gm/cm2.

D.

1.

Beam Flux Monitors

Proton Beam Monitor and Proton Beam

The proton beam used in this experiment had an energy of 653±3
MeV, an average intensity of 0.5 ya, a macropulse width of 400 usec,
and a duty factor of 0.05.

The location and size of the proton beam

was monitored by a "harp" style wire scanner (LBWSO6 in Fig. 7)
mounted to the vacuum container of the LD 2 target.

During the data-

taking runs of this experiment, the average location of the proton
beam was at the center of the aluminum window of the LD 2 target within
±0.05 cm both horizontally and vertically.

The width of the beam was
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0.5±0.1 cm FWHM in both vertical and horizontal directions.

The beam

flux was monitored by an inductive-pickup toroid current monitor/
integrator system (LBCM02 of Fig. 7) located on line B, 5.18 m upstream of the LD 2 target.

Beam passing through the 100 turn loop of

the toroid induced an IMF, the amplitude of which was proportional
to the flux of the passing protons.

This signal was amplified by a

linear preamplifier and transmitted via a twisted-pair cable to a
signal-processor module.
nents.

The signal at that point had several compo-

In addition to the micro- and macro-structure inherent in the

beam, there also existed a DC offset and 60 Hz noise picked up by the
toroid, preamplifier, and twisted-pair cable.

The DC offset and 60

Hz components were deleted from the composite signal by the signal
processor module in preparation for input to an ORTEC 439 current
digitizer.

The digitizer produced a digital pulse train, the fre-

quency of which was proportional to the beam current.

The system

could be calibrated by passing a pulsed current of known intensity
through the single calibration loop on the toroid.

This simulation

of beam current passing through the toroid was accomplished with a
variable intensity current calibrator module that duplicated the
macro time structure of the actual proton beam.
The system proved to be reliable and independent of the duty
factor.

It provided three outputs:

(1) a beam gate (macropulse

time structure) monitor signal; (2) an analog monitor signal showing
relative peak intensities; and (3) a sealer output proportional to
the integrated current.
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2.

Neutron Flux Monitor and Neutron Beam

The neutron beam was collimated at an angle of 0° with respect
to the primary proton beam direction.

The collimator was a modified

155 mm gun barrel 3.66 m in length, the bore of which could be modified to any smaller diameter by placing into the barrel cylindrical
sections of steel with cylindrical holes of the chosen diameter.
In this way, a steel collimator of 3.66 m in length with a 2.54 cm
cylindrical hole was constructed.

The steel collimator was followed

by a cylindrical steel section of 15.2 cm diameter and 40.6 cm length,
with a cylindrical hole of 3.175 cm diameter along its axis.
section was intended to reduce the beam halo.

The

The defining aperture

(the collimator exit) was located 7.57 m from the center of the LD 2
target.

Thus the neutrons emerged from the collimator within a half-

angle of 0.096° and a solid angle of 8.8 y-steradians.

A proton

beam of average current 0.5 ya incident on the LD 2 target produced
* 2x10 5 neutrons per second in the momentum range 500-1500 MeV/c at
the location of the LH 2 scattering target.
The energy spectrum of this neutron beam as measured by the MWPC
spectrometer was nearly ideal for n-p scattering experiments.

The

prominent feature of the spectrum was a narrow, high-energy peak of
nearly monoenergetic neutrons (Fig. 12). The peak was well separated
from the broad, low-energy tail of the distribution.
istics are given in Table I.

Its character-

The "background" of low-energy neutrons

was relatively small in the region of the high-energy peak and presented no problems in the data analysis.
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Figure 12. Neutron spectrum from the bombardment of 653 MeV protons
on deuterium.
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TABLE I.

Neutron beam characteristics.

Ap/p = 1 . 2 %
FWHM = 15 MeV/c •*• 12 MeV
F»i-M = 33 MeV/c + 26 MeV
10
Peak to valley ratio = 60
Integrated peak to valley ratio = 22

Neutron beam profiles were generated by tracing the trajectories
of events detected in the MWPC spectrometer back to the midplane of
the LH 2 target.

The horizontal beam distribution had a width of

approximately 1.58 cm FWHM and 2.05 cm FWj-gM (see Fig. 13). The
vertical distribution was virtually identical.

The beam profiles

were in agreement with what would be expected from the collimator
geometry.
Located at the downstream end of the 0° collimator was a dual
neutron-flux monitor (see Fig. 14). It consisted of a polyethylene
radiator viewed by two horizontal counter telescopes, hereafter referred to as "left" and "right" from the viewpoint of the particles
emerging from the collimator.

Each telescope was composed of two

scintillation detectors (Li, L2 and R j , R2) separated by a copper
absorber.

The physical characteristics of the scintillation counters

of the dual neutron monitor (together with the other scintillators
of this experiment) are summarized in Table II.

The construction

details of all the monitor counters are given in Appendix A.
The centers of the scintillators in each arm of the neutron
monitor defined a line making an angle of 25° with respect to the
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target.

Neutron beam profile (horizontal) at the tnidplane of the

10

Figure 14. Details of the dual neutron monitor and the hydrogentarget monitor.
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TABLE II. Physical characteristics of the various
scintillation counters used in this experiment.

Counter

A

34

Dimensions (cm)
(Heightxwidthxthickness)

25.4x 15.2x0.16

Material

Pilot

U

Ll

7.6x

7.6x0.16

Pilot U

L2

7.6x

7.6x0.16

Pilot

u

Rl

7.6x

7.6x0.16

Pilot

u

R2

7.6x

7.6x0.16

Pilot

u

Hi

15.2x 10.2x0.16

Pilot

u

H2

15.2x 10.2x0.16

Pilot

u

H3

15.2x 10.2x0.16

Pilot

u

H4

25.4* 15.2x0.16

Pilot

u

So

10.2x 10.2x0.08

Pilot

u

Si

15.2x 15.2x0.08

Pilot

u

S

30.5x101.6x0.48

Pilot

F

2

0° neutron beam axis.

A cylindrical CH2 radiator was placed at the

projected Intersection df the monitor arms with the beam axis.

The

radiator was 2.54 cm thick with a diameter of 3.175 cm, 0.635 cm
larger than the collimator diameter.

A charged-particle "veto" scin-

tillation counter (A) was placed immediately upstream of the radiator
to provide discrimination against charged particles emerging from the
collxmator.

Sufficient copper (4.572 cm) was placed between the two

detectors of each arm of the dual neutron monitor to stop a 210-MeV
proton generated by the neutron beam in the CH2 radiator.

This served

to monitor the intensity of neutrons with energies greater than 250
MeV and tended to reduce the number of events due to low-energy gamma
rays.

The electronics for the dual neutron monitor defined an event

as acceptable if it satisfied the criterion ApLi«L2 or A*Ri'R2.

In

addition to providing information about the incident neutron flux,
the dual neutron monitor was somewhat sensitive to changes in the
direction of the neutron beam as it emerged from the collimator.
This was due to the placement of the arms of the monitor at an angle
of 25° with respect to the beam axis—a region of the n-p differential
cross section that varies significantly with angle.

3.

Hydrogen-Target Monitor

The first scintillator (Hj) of the hydrogen-target monitor was
located approximately 40 cm from the center of the liquid-hydrogen
scattering target with its axis on a line subscribing an angle of 45°
with respect to the neutron beam (refer to Fig. 14). The monitor
was a differential range telescope consisting of four scintillation
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detectors (Hi, H2, H3, and H O

(see Table II). The criterion for a

valid event was Hj •H2«H3*H",t. All the detectors were constructed in
a manner identical to those of the dual neutron monitor (see Appendix
A).

The detectors were arranged so that the monitor was very direc-

tional, being sensitive only to events originating in the LH 2 target
and not "seeing" protons created in the CH 2 radiator of the dual
neutron monitor or charged particles swept out of the neutron beam
by the sweeping magnet EURYDICE (Mj in Fig. 6 ) . The copper degrader
between detectors H 2 and H 3 was 3.43 cm in thickness and that between
detectors Hg and H^ was 3.81 cm in thickness.

These thicknesses were

chosen so that the range telescope detected protons whose energies
were greater than 175 MeV and less than 360 MeV, bracketing the proton
recoil energy expected for neutrons incident on the LH

target with

energies near the 647 MeV mean energy of the peak of the neutron
spectrum.

The monitor was placed at an angle of 45° with respect to

the neutron beam axis so as to be insensitive to small changes in the
neutron beam direction (the n-p differential cross section is slowly
varying near 45° lab). The JM

target monitor served two purposes:

to monitor the product of incident neutron beam intensity and the
number of hydrogen atoms in the beam path; and to provide a check on
the "emptiness" of the target during background runs.
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E.

1.

MWPC Spectrometer

General Overview
A magnetic spectrometer system17 was employed to measure the

scattering angles and momenta of recoiling charged particles originating from n-p interactions in the LH 2 target.

The system, shown

schematically in Fig. 15 and photographically in Fig. 16 was comprised
of four multiwire proportional chambers (MWPC's) Wj-Wij used to obtain
information on the particle trajectory, three scintillators S o -S 2 ,
and the spectrometer magnet M 2 .

The scintillation counter SQ served

to veto any events caused by residual charged particles incident
on the liquid-hydrogen target.

Scintillators Sj and S 2 were used to

determine the time-of-flight (TOF) of the analyzed particles.

The

four MWPC's and the spectrometer magnet M 2 were used as a momentum
analyzer for charged particles recoiling from the LH 2 target.

Helium-

filled plastic bags were placed between all four MWPC's to reduce
multiple scattering effects.

Chambers Wj and W 2 determined the inci-

dent particle trajectory while W 3 and W^ determined the outgoing
particle trajectory.

Both trajectories, together with the mapped

magnetic field of the spectrometer magnet were used in an off-line
analysis program to reconstruct the event and determine the momentum
and scattering angle of the particle.
The spectrometer components were mounted to the yoke of magnet M2
and the entire assembly could be rotated as a rigid entity about the
liquid-hydrogen target via the use of air pads under the magnet support
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Schematic representation of the MWPC magnetic spectrom-

v
Figure 16.

Photograph of the magnetic spectrometer system.

stand.
anglr

The spectrometer could be positioned at laboratory scattering
as great as 90° before space limitations in the NPL became

critical.
The sensitive area of the MWPC's was 20x40 cm 2 (height * width)
for W 1 , W 2 , and W 3 , and 40*60 cm 2 for W^.

The distance between Wj

and W 2 measured along an average particle trajectory was 1 meter,
the same as between W 3 and W^.

The distance between W2 and W3 was

approximately 2 meters, giving the spectrometer an overall effective
length of about 4 meters.

The solid angle of the spectrometer for

a single momentum was of the order of 5 millisteradians.
Magnet M 2 was an "H" frame magnet that produced a magnetic field
strength of about 16.6 KG in a 15.24 cm gap when drawing 600 amperes.
This resulted in a bend angle a = 22° for 650 MeV protons.
The geometrical resolution for the four wire chambers of the
spectrometer was estimated (see Appendix B) by considering the uncertainty in the location of an event "hit" in a MWPC of a given wire
spacing.
±1.15 mm.

The root-mean-square deviation was found to be approximately
With the inter-chamber spacing used, the uncertainty in

angle determined by the four MWPC's was ±1.15 mrad.

The average

uncertainty in the bend angle due to multiple scattering in the MWPC's
and helium bags (see Appendix B) was of the order of a few milliradians
for nucleons of 650 to 120 MeV (energies corresponding to proton
scattering angles in the range 0° to 60° in the laboratory).

Adding

quadratically the uncertainties due to multiple scattering and geometrical resolution yielded values of the uncertainty in the bend
angle, Act, ranging from 1.5 to 4.3 mrad depending on the proton
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momentum.

Thus, the angular resolution, Aa/ot, was always better than

4.3/384 = 1.1%, and since Ap/p ** Aa/a, the momentum resolution had
the same value.

The energy dependence of the momentum resolution re-

sulted in a widening of the elastic proton peak as the spectrometer
was moved to larger angles. Also contributing to the increasing
width was the multiple coulomb scattering of the charge exchange
protons in the LH 2 target (discussed in Chapter V ) .

2.

Spectrometer Scintillators

a)

Physical Description of the Scintillators

The SQ scintillation counter, located just upstream of the liquidhydrogen target, consisted of a 104 cm 2 sheet of Pilot U scintillator
material (see Table II) glued on edge to a 10.2 cm adiabatic light
guide, which in turn was glued to the face of an RCA 8575 photomultiplier tube (PMT).

The scintillator and light pipe were wrapped with

one layer of 0.025 mm aluminum foil and two layers of 0.04 mm black
electrical tape.

The light collected from the thin edge of the scin-

tillator proved adequate to allow the counter to detect and subsequently veto events due to charged particles from the LH 2 target.
The S^ scintillation counter was located about 15.3 cm downstream
of the center of the LH 2 target and was the first element of the
spectrometer system seen by recoiling charged particles produced in
the liquid-hydrogen target.

In order to minimize the effects of

multiple coulomb scattering, the thickness of the Pilot U scintillator material was kept small 0* 0.08 cm). The 231 cm 2 scintillator
(refer to Table II) was supported inside a tent structure by 0.16 cm
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aluminum sheet metal tent "ends" as shown in Fig. 17. The tent was
constructed of one layer of 0.025 mm aluminum foil covered by three
layers of 0.013 mm aluminized mylar.

From the base of the tent the

wrappings converged onto the sides of the plexiglass light pipe,
wedging the scintillator into place.

The circular end (vertex) of

the light pipe was glued to the face of an RCA 8575 photomultiplier
tube.
The S2 scintillation counter was located about 10.2 cm from the
center of chamber W^ and was the last element of the spectrometer.
The scintillator of S 2 was a 3100 cm 2 sheet of Pilot F material (refer
to Table II for dimensions).

The large size of S 2 was dictated by

the considerable divergence of the paths of charged-particle events
from the LH 2 target through spectrometer magnet M2. The same phenomenon was the reason for the large dimensions of the last MWPC of the
spectrometer (W^). Adiabatic light pipes were glued to both 30.5 cm
ends of the scintillator and each was viewed by a 14 stage EMI 9813B
photomultiplier tube at the vertex.

A good interface between the

light pipe and phototube was achieved using optical coupling grease.
The scintillator and lig.ht pipe assembly were wrapped with one layer
of aluminum foil of thickness 0.025 mm covered by two layers of black
electrical tape.
The tube bases employed in the So and Si counters were the same
as those used in the monitor counters and therefore had the same gain
stability and other performance characteristics.

In the S2 counter,

however, commercial EMI bases were used for both photomultiplier
tubes.
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The specifications of the EMI phototube and base were very

REFLECTIVE ALUMINUM
FOIL WRAP

"PILOT U" SCINTILLATOR
SUSPENDED ABOVE THE
LIGHT PIPE
TENT FRAME END

•PLEXIGLASS LIGHT PIPE

Figure 17.

Construction details of the S

scintillation detector.
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similar to those for the RCA 8575 phototube and custom-made base,
with the EMI system having a slight edge in gain and timing resolution.

b)

Performance of the Scintillators

The performance of the charged particle veto counter S o was not
critical since the counter needed only to have sufficient gain and
light output collection efficiency to detect charged particles with
energies near 650 MeV.

The uniformity of response over the face of

the scintillator was adequate and the pulse-height distribution as
viewed during the experimental runs was seen to be of reasonable
shape.
The uniformity of response over the face of scintillator Sj was
investigated using a collimated beta source (2
modified lathe bed.

Bi) mounted on a

The counter exhibited acceptable uniformity in

the tests that were made.

The pulse-height resolution was about 60%

and the shape of the pulse-height distribution was very close to
that predicted from the theoretical energy loss distribution of protons in the scintillator.
Because both dE/dX and time-of-flight information were required
from scintillator S 2 , the uniformity of response over the large surface of the scintillator had to be sufficient for those purposes.
The uniformity of response was checked in the same manner as for Sj
and was found to be sufficient.

A pulse-height variation of 2:1 was

measured when viewing the scintillator from one end and moving the
collimated beta source from that end to the other.
and light transmission appeared to be satisfactory.
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The pulse shape
The pulse-height

resolution under experimental conditions was found to be 55% for the
photomultiplier tube to the right of the average particle trajectory
through the spectrometer (S

) and 37% for the PMT to the left (S^ ) .

The pulse-height distributions from both S^-, and S2 R were very similar
in shape to that of Sx (see Fig. 31, p. 73).

During the data-taking

runs the dynode signals of the left and right PMT's of S 2 were summed
together to yield an improved resolution (* 30%).

The time-of-flight

of charged particles through the spectrometer was measured by the
time difference between anode signals from Sj and those from S

.

The signal from S
was used because of its better pulse-height reso2L
lution and because most of the particles passing through the spectrometer struck the So scintillator closer to the left edge (for the
range of momenta and spectrometer magnet currents encountered during
data taking).

The TOF resolution for 650 MeV protons determined

experimentally was 11% for the average particle trajectory (of length
* 4.5 meters) from Sj to S 2 .

This value was obtained after off-line

corrections for time walk in the discriminators.

The timing resolu-

tion proved adequate for the purpose of distinguishing between particles having the same momentum but differing in mass.
3.

Spectrometer Magnet

The spectrometer magnet (Fig. 16) was an 18D36 (18 in. x 36 in.
pole face dimensions) "H" frame magnet with "pancake" coils.

It was

mounted on a stand that was attached by a sleeve and ball bearing to
a pivot post which was bolted to the concrete floor of the NPL.

The

rotational axis of the spectrometer intersected the LH 2 target center,
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which was located 2.74 m from the end of the collimator measured along
the neutron beam axis.

Four air pads mounted under the magnet stand

provided sufficient float capability so that the spectrometer could
be rotated to various angles using only a simple block-and-tackle
arrangement.
The magnet pole face dimensions were 45.72±0.03 cm by 91.44±0.03
cm and the gap between the poles was 15.24±0.03 cm.

The coordinate

system used in the field mapping was defined such that the y-axis was
directed upward (parallel to the primary field component), the z-axis
was parallel to the center line of the pole faces in the direction
of particles recoiling through the spectrometer, and the x-axis completed the right-handed coordinate system.

The pole faces were thus

parallel to the (x,z) plane and the origin of the coordinate system
was located at the center of the magnet median plane.
The magnetic field was mapped using a "rapid-mapper" apparatus
borrowed from LAMPF.

The mapper consisted of four coils, two of which

measured B y , one that measured B x , and one that measured B z , which
were mounted on a cart that was stepped along the z-direction.

The

field mapping was done for all three magnetic components in an (x,y,z)
lattice of dimensions 81.28x12.70x294.64 cm3 in steps of 2.54 cm.
Measured values for the EMF's induced in the four coils were stored
on magnetic tape for the complete array of lattice points.

In this

way 74,240 field values were obtained for each current mapped (i.e.,
200, 400, 600, and 800 amperes).
The field measurements obtained using the rapid mapper were
checked using both an NMR probe and a flip coil which measured /|By|dz.
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The flip coil was oriented with its longest dimension (axis) parallel
to the z-axis for several values of (x,y) and was "flipped" about its
axis.

The induced EMF was integrated by a count-up, count-down inte-

grating digital voltmeter.

The results were consistent with those

of the rapid mapper within a few hundredths of a percent.

All of the

results could be reproduced within 0.1% and indicated that the updown and left-right asymmetries were less than about 0.1%.
Some of the results of the magnetic field studies are shown in
Figs. 18-21.

As the magnetization curve (Fig. 18) illustrates, the

field intensity varied linearly with magnet current only for currents below about 200 amperes.
field plots

Figures 19, 20, and 21 are magnetic

for each component of the field.

of the field is evident.

The symmetric nature

Values of / | B |dz calculated from the rapid

mapper measurements for (x,y) = (0,0) by summing the B d z contributions from the appropriate steps along the z-direction agreed well
with the /|By|dz flip coil measurement at the same location and are
plotted vs magnet current in Fig. 18.
The magnetic field measurements described in the preceeding
paragraphs were obtained with the 18D36 magnet off the magnet stand.
When the magnet was put on its stand the reluctance of the magnetic
path was decreased.

Only the 200 ampere field was re-measured with

the magnet on the stand before the measuring equipment broke down.
Therefore, the fractional change seen in the 200 ampere field measurements was assumed to hold for all currents and the field values
for the other currents used in taking the data for this experiment
were scaled by this factor.

As a consequence, the uncertainty in the
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Figure 19.
Component B

Three-dimensional map of the magnetic field
of the spectrometer magnet.
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Figure 20. Three-dimensional map of the magnetic field
component B
X

50

of the spectrometer magnet.

18D36 MfiGNET flT 800 AMPS RT V OF 2 . 0 I N .

Figure 21. Three-dimensional map of the magnetic field
component B

of the spectrometer magnet.
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magnetic field values was increased.

When the errors introduced by

the scaling procedure were included, the uncertainty in the magnetic
field was about 0.6%.
Magnet current was measured with a transductor and shunt in series
with the magnet.

The NMR field readings and /B»d£ flip coil readings,

as well as the shunt and transductor readings, were reproducible to
better than 0.1% by employing a simple cycling scheme to attain the
desired magnet current. Using a transductor which had been calibrated against an NMR, we were able to set and monitor the magnetic
field with less than 0.7% uncertainty (including transductor errors).

4.

Wire Chambers (MWPC's)

a)

Physical Description of the Wire Chambers

Multiwire proportional chambers have been described in many
articles, among which the review of Charpak18 is particularly recommended.

In our application, MWPC's with sense-wire spacing of 2 mm

were used to provide spatial information on the particle trajectory.
Their counting rate capability was outstanding (up to 10 5 Hz/wire).
This was important since the accelerator at LAMPF used a duty factor
of about 5% and operated at high instantaneous intensities during
the data-taking phase of this experiment.

Because eight wire planes

were used in the spectrometer it was important that the detection
efficiency for each plane be high.

That the efficiencies were larger

than 99.5% has been verified in both on-line and off-line measurements.
Figure 22 is a scale drawing representing the MWPC chambers Wj
through W 3 , all identical.
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Each of these chambers was constructed

A. High voltage (horiz)
B. H.V (vertical)
Signal (horiz.)
Signal (vertical)
H.V. ( vertical a back cover)
Front cover
Gas inlet or outlet
8-channel amp/ logic card
Signol PC. board
H.V. PC. board
O-ring groove
Tooling hole
M. O.OOI in.-Th'k. Mylar cover

Scale 2=I
this section
only

Scale

Figure 22.

10 cm

Scale drawing of the construction details of MWPC chambers

W x through W,.

of seven wire planes.

Each chamber consisted of two mutually

perpendicular signal planes, one referred to as the "vertical" and
the other as the "horizontal" wire plane. Associated with each signal
plane were two high voltage planes.

The printed circuit boards for

signal or H.V. connections were cut from copper G-10 laminate of
0.24 cm thickness and were bonded with an epoxy resin (Eccobond 55
and catalyst #9) into depressions milled into the appropriate G-10
planes.

The specifications for W j , W 2 , and W 3 were as follows:

Dimensions of sensitive area:

19.9 cm x 39.1 cm corresponding

to 96 x 192 active wires.
Gap between sense plane and H.V. plane = 4.7 mm.
Planes:

C-10 fiberglass-epoxy laminate 0.4763 cm thick.

(The dimensions were chosen so that deformations due to wire stresses
were negligible.)
Wires:
Sense wires:
Gold-plated tungsten 20 ]im diameter
Tension:

60 g weight

Separation:

2 mm

H.V. wires:
Cu-Be4 silver coated, 50 lim diameter
Tension:

160 g weight

Separation:

1 mm

H.V. isolation:

10 MJ2 resistor between power supply and groups

of 32 wires
Windows:
Gas Seal;
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25 um mylar sheets fastened with Scotch tape.
Neoprene 0-rings of 1.5 mm diameter.

Chamber W^ was similar to the Wj-W3 series, except that it was
larger.

The differences were as follows:

Dimensions of sensitive area:

39.1 cm x 64.7 cm corresponding

to 192 x 320 active wires.
Planes:

G-10 fiberglass-epoxy laminate 0.635 cm thick.

All other physical details were the same as for the three smaller
chambers.
All chambers used the gas composition given by volume as follows:
56% argon;
37.9% isobutane;
0.1% freon 13 Bl; and
6.0% methylal.
The composition was similar to that used at CERN, 19 but differs from
the CERN "magic gas" in that it contains less argon and freon and
more isobutane.

The methylal component was introduced by bubbling

a mixture of the gases through a refrigerated reservoir containing
methylal at -12° C.

The methylal was used in order to increase the

effective life time of the gas mixture in high radiation fields. 20
With this gas mixture the chambers could be operated at a potential
of about 3800 volts.

b)

Performance of the Wire Chambers

Performance checks were carried out on a prototype MWPC prior
to the fabrication of the final four MWPC's used in the spectrometer.
The design of the prototype chamber was virtually identical to that of
the chambers Wj-Wif except that it had only 64 wires in each signal plane.
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The checks were performed using the collimated beta source (2" Bi)
mentioned previously.

A plot of the singles counting rate as a func-

— tion of applied voltage is shown in Fig. 23(a) for a fixed source
position.

The measured efficiency17 of both the vertical and hori-

zontal signal planes as a function of applied voltage is shown in
Fig. 23(b).

Efficiencies of 99.7% were routinely obtained with vol-

tages above 3.5 KV.
Figure 24 shows the result of efficiency measurements made at
different positions in the chamber.

Aside from a decreased efficiency

at the extreme edges of the chamber, the chamber response was found
to be uniform to within a fraction of a percent.
Figure 25 shows the distribution of wire numbers fired for a
given location of the collimated beta source.

Wire numbers 0-63 cor-

respond to the vertical plane and numbers 64-177 to the horizontal
plane.

The widths of the distribution were consistent with the size of

the collimators used in the measurement.
The time spectrum of delays for the pulses from a signal plane
was determined and is shown in Fig. 26. The shape and position of
the peak varied with chamber high voltage, supporting an explanation
based upon decreased electron drift times with increased high voltage.
The time resolution was approximately 17 nsec FWHM for an applied
voltage of about 3800 volts.
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1.

Electronics

Organization of the Data Flow

The low duty factor at LAMPF (400 ysec beam pulses at 120 Hz
rate = 0.048) imposed certain restrictions on our data acquisition
system with regard to timing and buffering.

It was important that

the data acquisition system be capable of recording several events
per macropulse.

In order to ease the inherent limitations of computer

speed, we used a Microprogrammed Branch Driver21 (MBD) developed at
LAMPF, which was capable of buffering incoming data during the macropulse and transferring it to a PDP-11 computer during beam-off periods.
In addition the MBD freed the computer for the processing and recording of the data.

In order to reduce the time required for recording

all the data associated with a single event, we developed a fast
intermediate buffer called the Scratch Pad Memory 22 (SPM) which read
and stored the wire chamber data during the conversion time of the
analogue to digital converters (ADC's).

The system was ready for

another physical event after the ADC's had been read into the CAMAC 23
branch and the SPM had been filled.
The block diagram in Fig. 27 shows the various elements used
in the data acquisition system.

A section of NIM21* electronics that

included fast logic (and analogue) circuits was used to furnish the
necessary trigger signal for bona fide events. An inhibit circuit
prevented interference between closely spaced events.
The collection and transfer of the addresses of the struck wires
in the MWPC's took place via the bus line that lead to the SPM.

This
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Figure 27. Block diagram of the data acquisition system.
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Mag
tape

process was initiated by an output pulse from the Master Gate coincidence circuit (called EVENT) which was transmitted to the SPM which
issued the ENCODE ENABLE signal to the first chamber, W x , which then
transmitted in a sequential manner the 16-bit data word for each hit
wire to the SPM.

When the data from W x had been read, the ENCODE

ENABLE signal proceeded to W 2 , and so forth until the last data word
of W 4 had been transmitted.

At that point, the ENCODE ENABLE signal

returned to the SPM, the INHIBIT was lifted from the NIM electronics,
and the system was read to accept a new event.

As noted earlier, the

SPM acted as a fast intermediate buffer between the MWPC data flipflops and input to the computer, and allowed the recording of the
MWPC data to proceed in parallel with the encoding of the analogue
data and readout to the MBD through the CAMAC branch.
Each MWPC data word had the following composition:

8 bits pro-

vided the hit pattern as recorded within the active module (grouping
of 8 wires); 3 bits provided the binary address of the active module;
3 bits provided the binary address of the active "super module"
(grouping of 8 modules); and 2 bits provided the identification of
one out of four chambers, for a total of 16 bits.

Analogue and MWPC

data were joined together sequentially at the level of the CAMAC
system to form the event data.

The analogue data came first with a

maximum of 8 words, each of 8 bits.

Then followed a series of 16 bit

MWPC data words which could vary in number from 6 to 15 depending on
the number of multiple "hits" in each plane (due to ambient nuclear
radiation, electrical noise, or a genuine two-pronged nuclear event).
In the ideal case, there were 8 MWPC data words corresponding to one
hit in each of the 8 signal planes.
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2.

NIM and CAMAC Electronics

A schematic block diagram of the NIM electronics associated with
the spectrometer scintillators and MWPC's is shown in Fig. 28. An
important function of the electronics system was to produce a coincidence output from the Master Gate which represented the occurrence
of a bona fide event.
pulse.

This coincidence output was called the EVENT

It initiated the conversion of analogue information to digital

form and started the MWPC data collection process by the Scratch Pad
Memory.

This signal defined a good event by the following criteria:

the absence of a charged particle in So, the presence of two timecorrelated signals in Sj and S 2 coming within approximately 50 nsec
of each other, and the presence of at least 6 out of 8 of the OR-ed
fast outputs from the MWPC planes.
was therefore:

(S^'S^sp

The signature of a valid event

• (W1x«W2x-W3x«Wltx)3^

• (W 1 yW 2 yW 3 yW l ) y) 3 / 1 ( ,

where the subscript denotes majority coincidence of three out of four.
The scintillation counter system also provided the following
analogue information;

elapsed time of flight (TOF) between S x and S 2

on a 50 nsec time scale; the pulse height from Si; and the pulse
heights from both S 2 counters.

The TOF signal allowed the differenti-

ation of particles of the same momenta but different masses.
The central unit of the system was the Master Gate, which gave
an output pulse when the inputs satisfied the conditions stated above
with an additional constraint being the absence of a busy signal from
the INHIBIT flip-flop.

The output of the Master Gate was then fanned

out and shaped to perform the following functions:
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(a) It formed the WRITE GATE pulse which strobed the hit pattern
into the individual flip-flops associated with the signal wires of
the system;
(b) It set the INHIBIT flip-flop which held off further triggers until the current event was stored;
(c) It was used as the start pulse for the TAC's and to open
the fast linear gates;
(d) It strobed the ADC's which then began conversion of the
analogue signals;
(e)

It was sent to the SPM as the EVENT pulse to set the EVENT

QUEUED flip-flop which issued the ENCODE ENABLE signal to the MWPC's,
and it initiated the readout of the MWPC data into the SPM; and
(f) It was used to drive a sealer to provide a count of the
number of valid events taken during a run.
When all ADC's had completed conversion, a signal was sent to
the Priority Interrupt Register to inform the MBD that an event was
ready for servicing.

The MBD then read in the analogue information

contained in the octal sealer, packing two ADC outputs per 16 bit
computer word and buffered it in its own memory.

The SPM was then

interrogated and if all the wire addresses had been read into the
SPM, the system was re-enabled by resetting the INHIBIT flip-flop,
and then the contents of the SPM were emptied into the MBD memory via
a specially designed CAMAC input gate. 25

The PDP-11 central processor

was then used to provide the programmable interface to the MBD which
controlled the flow of data between the CAMAC-MBD system and the
computer.
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3.

Data Acquisition Program

The PDP-11 computer performed its many and varied functions under
the control of the data acquisition code "DAISY".26

The design cri-

teria for DAISY were based upon the need to handle an input data rate
as large as 500 events per second where an event ranged in length
from 12 to 21 16-bit words.

The program buffered incoming events

(from the MBD) and stored all of the events on magnetic tape for offline analysis.

The code also selected a set of events which satisfied

certain tests applied to the data including tests for point of origin
in the LH 2 target, nominal vertical bend angle, and approximate momentum of the emerging charged particle.

These pre-analyzed data were

then buffered, stored on a rotating disk memory, and were subject to
recall for run-time display and diagnostic purposes.

The sort/

histogram capabilities of the code provided the user with one dimensional plots with optional cuts on the data and two dimensional contour plots with optional cuts.

The display capability was quite use-

ful and photographic copies of displayed spectra were frequently
obtained as permanent records of run-time conditions (see Fig. 31,
p. 73).

In addition, sealers which monitored the data at each system

level, CAMAC, MBD, and PDP-11, could be displayed on the graphics
terminal or printed in order to monitor the progress of a run.

The

terminal keyboard was used to communicate with DAISY for the execution
of commands for experiment control and monitoring, such as starting
and terminating a run, rewinding the magnetic tape, and displaying
histograms and sealer outputs.
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CHAPTER III

EXPERIMENTAL PROCEDURE

A.

Data Acquisition

The data presented in this thesis were taken in two sets of runs
using different methods to extend the measurement to larger scattering angles.

The first set of data were taken in March 1974 by posi-

tioning the spectrometer at 0° in the laboratory and using seven
magnet currents between 700 and 145 amperes.

The acceptable angular

region of the spectrometer, for a given momentum bite, shifted to
larger values of theta as the current was lowered, permitting data
to be taken over a range of angles larger than that allowed by a
single magnet current and spectrometer position.

Unfortunately, a

correlation of dead wires in chambers Wj and W£ during the March data
runs caused some events to be lost for currents less than 400 amperes.,
making the affected runs of little value.

However, the runs taken

with currents 400 amperes or greater (refer to Table III) were valid
and yielded differential cross section values for neutron center of
mass angles in the range 174.5° ^ 8 c m < 180°.
The second set of data, taken in October 1974, were obtained by
positioning the spectrometer at sixteen different laboratory angles
starting with 0° and continuing in four degree steps to a final angle
of 60°. As the spectrometer was moved to larger angles, the momentum
of the protons detected by the spectrometer decreased due to the
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TABLE III.

Summary of the target-full data runs.

Date
Data
Taken

Nominal
Spectrometer
Position

March

0°
0°

it
?!

n
ti
ii

October
if

rr
t!
11
:i
11

II
tt

n

A
A
A
A
A
A

69045
109541
133043
110434
111324
110007

48°
52°

600
600
600
600
400
400
400
300
300
240
240
240
200
170

A
A
A
A
A
A
A
A
A
A
A
A
A
A

56°
60°

170 A
145 A

201840
105602
113165
134645
130095
86625
64066
72617
59513
37531
38982
38236
37869
37527
38807
38690

0°
0°

0°
0°
0°

4°
8°
12°
16°
20°

24°
28°
32°
36°

40°

II

44°

n
ti
it

No. of
Master
Gates

700
600
400
700
600
400

tt

II

Spectrometer
Magnet
Current

69

kinematics of the n-p scattering process (see Fig. 29). The same was
true of the deuterons from the n+p -»• 7r°+d reaction used to obtain
an absolute normalization (see Fig. 30).

This meant that the spec-

trometer magnetic field intensity had to be lowered with increasing
spectrometer angle so that the detected particles would always pass
through the proper acceptance region of the spectrometer.

This is

indicated in Table III where each of the nominal spectrometer angular
positions is tabulated along with the corresponding magnet current,
the number of Master Gates (events) for that position, and the date
the data were taken.
The number of Master Gates taken at each spectrometer position
(of the October data) was in part determined by the desire to have
the relative errors in the n+p -*• p+n cross section approximately the
same at each angle studied.

The number of events in the target-empty

run varied with each spectrometer position, but typically contained
about 3% of the number of target-full Master Gates.

This second set

of data yielded differential cross section values in the range 51°
<ecm<i80°.
Experimental conditions and parameters were recorded by hand
before (e.g., run number, target identification, spectrometer position and magnet current, etc.) and after (e.g., number of Master
Gates, proton and neutron beam monitors, etc.) each data run.

Com-

puter (PDP-11) printouts containing various other sealer information
(So, Si, and S2 single rates, for example) were obtained after each
run, together with photographs of certain spectra displayed on the
graphics terminal (for an example, see Fig. 31).

70

(deg)

7V

i

1 '

1 '

1

'

1 '

80

—

70

—

60 —

—
\

m

\
50

PROTON LAB fi

'

•

—

\

40

\
\

30

20

10

1

n
0

1 1 1
1
1 ll
I
1 1 1 1
200
400
600
800
1000
1200
1400
PROTON LAB MOMENTUM (MeV/c)

Figure 29. Proton kinematics for n-p elastic scattering.
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Calibration runs to fix an absolute scale for the S1-S2 timeof-flight spectra were not necessary because the particle identification procedure in the off-line analysis relied only upon the relative
values of time of flight through the spectrometer.

This information

enabled a clear distinction to be made between protons and deuterons
on a momentum vs TOF plot.

For protons and deuterons produced by

647 MeV n-p collisions at 0° in the laboratory, the difference in
the time of flight was about 6 nsec (after corrections due to discriminator walk had been made and various time correlations were removed).
This was more than sufficient to allow a clean separation of protons
and deuterons.

B.

Normalization

Three independent monitors were available for the relative
normalization of the various runs, thus providing crosschecks on the
reliability of the relative normalization factors.

The toroid cur-

rent integrator system monitored the primary proton beam incident on
the LD

target.

The dual neutron monitor provided information on the

number of neutrons emerging from the end of the collimator, while the
hydrogen-target monitor measured the product of the incident neutron
flux and the density of the LH2 target.
Assuming the target density of the LD 2 system was constant, the
dual neutron monitor provided a consistency check on the proton beam
monitor.

These monitors agreed, in fact, to better than 1.6% at the

level of one standard deviation.

Most of this variation probably

was due to observed instabilities in the operation of the current
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integrator system since the statistical uncertainties involved (in
the dual neutron monitor) were very small, ** 0.1%.

The dual neutron

monitor values agreed with the LH2 target monitor values to better than
1.1%, implying that the density of the LH 2 target was essentially
constant (the statistical uncertainties were on the order of 1.0%).
In general, any combination of monitors agreed to within 2% over the
entire time period of the runs.

Because the dual neutron monitor

displayed the best counting statistics and was more stable than the
current integrator system, it was chosen as the basis for the relative
normalization of the various runs.
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CHAPTER IV
DATA REDUCTION
A.

General Flow of the Analysis

The data analysis was a two-step procedure, divided logically
by the two FORTRAN programs "TEWA" and "KIOWA" used in the data reduction.

The input to the code TEWA was the "raw" data tape generated

by the on-line acquisition code DAISY.

The functions of TEWA included

the application of preliminary cuts on the data, the reconstruction
of events detected by the spectrometer, and the calculation of the
momentum, polar scattering angle, and azimuthal scattering angle of
the recoiling charged particles.

These and other quantities were then

written on an "analyzed events" magnetic tape.
This second tape was the input to the program KIOWA.

The opera-

tions performed by KIOWA included imposing final cuts on the data,
separating protons from deuterons, binning the events of interest,
applying various corrections to the data, calculating differential
cross sections and normalization quantities, and displaying various
parameters of interest in one and two dimensional plots with or without
cuts.

In addition to the plots the output of KIOWA consisted of final

cross section values, statistical quantities, and various run parameters.
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B.

1.

Event Reconstruction Program TEWA 27

Introduction

The MWPC spectrometer was used to measure the momenta and scattering angles of recoiling charged particles produced by n-p collisions in the LH 2 scattering target.

Since the magnetic field was

not constant within the large solid angle of acceptance of the spectrometer, careful tracking of the particle trajectories was necessary.
The information on the trajectory consisted of the coordinates measured with the eight MWPC planes of Wj to W^ and the constraint that
the trajectory must satisfy the equation of motion in the given magnetic field.
Due to imperfections in the MWPC's, limits in solid angle, or
multiplicities in some MWPC planes that lead to ambiguities, not all
events could be analyzed.

To achieve a high computing efficiency,

it was essential to make an early selection of analyzable events.
Criteria which could be used for this selection will be discussed
shortly.
Once a "good" event had been selected, the momentum of the particle could be determined by first making a reasonable guess of the
momentum from the angle of deflection.

Then the equation of motion

for the particle could be integrated through the magnetic field
starting with the coordinate information from the MWPC's to yield
parameters by which a corrected value of the momentum could be obtained.
This corrected value of momentum was of sufficient precision so that
further iterations were not necessary.
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2.

Criteria Used to Select Good Events

The precise computation of the momentum using the integration
approach required an appreciable amount of computer time. Therefore,
it was essential to formulate criteria which permitted a selection
of events that had a reasonable chance of analyzability.

This dic-

tated that missing information or ambiguities be detected before the
reconstruction process was begun.
Four effects were distinguished that could have made the reconstruction of the particle track meaningless or even impossible.
Coincidence Requirements:

Given the values of the magnetic

field along the particle trajectory and parameters describing the
geometric configuration of the MWPC's, a solution of the equation of
motion for the particle momentum required the measurement of at least
six coordinates (three x and three y ) . These provided the specification of the starting values for the numerical integration and a
"target" coordinate that forced the integration and trajectory optimization procedure to the correct value of momentum.

The requirements

were satisfied by having the hardware trigger logic accept events as
valid only if the condition (So'Si^) • (WiX'W2X'W3X«Wttx)3/it
• (WiyW2yW3yWi t y) 3/^ was satisfied.
coincidence of three out of four.

The subscript implies a majority

Hence, all events written on the

raw data tape satisfied this condition.
Lack of Information:

In order to overcome the effects of inef-

ficient or electrically "dead" wires, it was important to reconstruct
incomplete events, that is, those events with missing information.

78

For a definition of the coordinates used in the reconstruction process
refer to Fig. 32. The method used to reconstruct incomplete events
was based on the fact that the straight lines fitted to the incoming
and outgoing trajectories in the field free regions where the MWPC's
were located came to intersection at a point, Z*, which was very
near to the symmetry plane (z = 0) of the magnet.

It was possible,

therefore, to reconstruct the missing coordinates by starting from
the side of the magnet for which a definite x or y trajectory was
available and finding the point of intersection of that straight line
trajectory with the symmetry plane (z = 0 ) , which would give approximate values for x* or y* from which the missing coordinate could be
determined.

Of course, for such artificially completed events the

resulting values of x 2 between the fitted coordinates and measured
coordinates did not make much sense.

However, if the measurement

error, a., for the missing point was made large enough, then x 2 would
be a measure of the goodness of fit only to those points that were
actually measured.
Cluster Size:

The larger the number of wires forming a cluster

(set of contiguous struck wires) in a plane the less accurately the
coordinate position could be determined.

For the case in which several

wires were fired, the true coordinate was taken to be the centroid
of the cluster.

A cluster of seven wires was arbitrarity chosen as

the maximum acceptable size to which a meaningful location could be
assigned.

The error in the measurement was taken to be proportional

to the cluster size.
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Schematic representation of the MWPC spectrometer

used in the description of the event reconstruction process.

Ambiguities:

Provision was made in the code to treat the

possibility that more than one cluster could be recorded per plane.
This could be due to two real tracks corresponding to a two-prong
nuclear event, or more likely, a real track plus background hits due
to noisy wires or ambient radiation.

The program had the capability

of handling cases in which more than one cluster was present in any
number of planes.

The code stepped through all possible combinations

of clusters and made a fit to each.

The two fits with the lowest x 2

values were written on the "analyzed data" tape.

The solution with

the lower value of x 2 was used in the subsequent analysis of one-prong
nuclear events, while a study of two-prong events required the analysis
of both solutions.

Since the raw data tape contained only events with

no more than 15 wire words, the reconstruction code treated only a
small subset of cases in which an event was composed of two real tracks.

3.

description of the Reconstruction Procedure

The method of event reconstruction used the integration of the
equation of motion (with suitable starting values for the trajectory)
to determine the particle momentum, p.

The information given by

chambers W^ and W 2 was sufficient to give the intersection and direction of the trajectory at the midplane between Wj and W 2 , henceforth
called the start plane (see Fig. 32). The initial estimate of the
momentum, p o , was found by means of the bend angle, a, which was
defined as the difference between the direction of the trajectory at
the start plane and at the end plane (the midplane between W 3 and
as measured in the coordinate system of Fig. 32.

The momentum was
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approximated by

-o

=

where /B*dl had been determined experimentally and K was a constant
that depended on the units chosen.
The equation of motion of a particle detected by the spectrometer

was
F = qv x B = in —

which, using a line element dl in the direction of the unit vector
u = v"/v along the trajectory, could be written

d2?

u xB

where m, q, and v were the particle's mass, charge (one unit of elementary charge in this experiment) and velocity, respectively, r was
the position vector of the particle with respect to the coordinate
->•

->•

system of Fig. 32, and B was the magnetic field intensity at r due to
the spectrometer magnet M2.
Writing this out into its cartesian coordinates (see Fig. 32)
and integrating, one found for the x-coordinate, for example,

and
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X = —
p

+

dx

(6)

in which

A;

=

and
d«."M

In the above, x- was the initial coordinate>

dx

was the initial

d Jo
J.

direction cosine, % was the length of the trajectory between the
start and end planes, and M^Jl) = Bzsin6sin<f> - B cos6 was the x-component of (u><B), with 9, <f> taken as the polar and azimuthal angles
of u.

A parameterization of the trajectory in quantities more closely

related to the bend angle and momentum was obtained by multiplying
d£
dz
both sides of Eq. (5) by | ^ > noting that
grouping terms as follows:
dz

4f"l
> and
dx. li

dz

d*
dz

p

dz

dz \±

iz
dl

The quantity 4f- was always nearly unity for the geometry of this
experiment and the ratio in the second term was never more than a
couple of percent different than unity (typically 0.98) and was taken
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to be unity.

Redefining A' -»• AA —
x
•* dz

one

obtained to good approxima-

tion

chc

dx
dz

p

(7)

dz

Then, recalling that Eq. (6) could be written as

dxI __
dz I
__
dz ^ dl ^

x

I

an expression for ——I

x

-i

>

could be obtained from the equation analogous

U Jo I -^

to Eq. (6) for the z-coordinate so that a straightforward substitution yielded

x=

dz i

Redefining A,,
x -> A~ - A_
z —

dz li

but making no approximations, one obtained

——

(8)

p
In the parameterization of the trajectory given above, the subscript i
denotes the start plane, and the absence of a subscript denotes the
end plane unless specified otherwise.
The integration of the equation of motion, a second order ordinary
differential equation, was performed numerically using the Runge-Kutta
method.
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Starting with r i9

dt
—

, and the estimate of momentum, p

b>

based on the bend angle, the trajectory was integrated through the
magnetic field yielding r* and —^— at the end plane.

These outgoing

trajectory parameters were then substituted into Eqs. (7) and (8)
(for the x-coordinate), thus evaluating the quantities

A* = Po {x* - x ± - (z* - z±)
and

'* =

p

o \d z

dz

which were used in the trajectory parameterization.

The superscript

"*" denotes quantities determined from the integrated trajectory.
With the trajectory parameterization completed, it was then possible to determine how good the initial fit to the trajectory was
and what correction was needed to improve it.

These two tasks were

accomplished somewhat concurrently by implementing the following
procedure.

The assumption was made that

±=P+^- ,
P

where p was the

Po

I:

true" momentum and p was the correction.

In addition,

it was assumed that the initial measurements of the position and slope
in x in the start plane were inaccurate by the amounts £ and n,
respectively.

The goodness of fit criterion x 2 was then applied to

compare the compatibility of the integrated fit with the actual measurements of position and slope at the start plane and end plane.
Denoting quantities measured in the end plane by the subscript "o",
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one obtained

9
£'
X = "^V"+

n2
o~+

I
+ A
°lpT L* $P

12

1

x

+

(z*~z.) 1 + 5 - x I

where, again, x* and —^— were the results of the Runge-Kutta integration.
dz
The estimated standard deviations in the measured values of the
coordinates and slopes of the trajectory in the start plane, o^ and 02,
respectively, were determined from considerations of multiple scattering, cluster size, and the effects due to the discreteness of the
measurement with MWPC's (geometrical resolution).
ations a,

The standard devi-

and ^Op' pertaining to the measured values of the coor-

dinates and slope in the end plane, were determined in a manner analogous to 0j and o 2 .
The expression for x 2 was rewritten as
X 2 = a 5 2 + bn 2 + a p [c + 5 + dn + e p ] 2 + b p [n + fp + g ] 2 ,

from which the three derivatives with respect to p, £> and n»

dp

' dC

'

and

dn

were computed and set equal to zero, yielding the set of simultaneous
equations:
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A

ll

A

12

A

A

21

A

22

A

23 )

A

31

A

32

A

33

Alh

13\

where

A 2 1 = ape

A31 =

A22 = a + a p
A

32

= ad
P

A13 = aped + 1
23 = apd

A

A

33

= b + y s!+

9

v

Aiit = -(apec -1

and
-(apdc + b p g)

.

Cramer's rule was then used to solve for p, £, and r\, thus optimizing
the three corrections simultaneously.

Therefore, the "best" estimate
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of the momentum was given by

P =

The x 2 for this fit to the momentum could then be computed (as in the
procedure above for the initial guess p ) so as to provide a criterion
of whether further iterations were required.

Experience demonstrated,

however, that it was usually not worthwhile to iterate this procedure.
The convergence was so good that the corrected values after the first
integration differed by less than 0.5% from the fit obtained after
several iterations.

4.

Program Execution Considerations

The event reconstruction code TEWA required an average of about
12 msec of CDC 7600 time to process one event and to write the quantities of interest (momentum, scattering angles, TOF, etc

v

onto a

magnetic tape. Most of the processing time was required for operations involving the magnetic field.

For every step in the integra-

tion procedure it was necessary to determine the three components
B x , B , and B z of the magnetic field.

The field, however, was known

only at the gridpoints (74,240 points) of a cubic lattice.

To find

the values B i (x,y,z) (i = 1,2,3) at an arbitrary point (x,y,z), it
was necessary to use linear interpolation between the values at the
eight corners of the lattice cell which contained the point (x,y,z).
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In the regions of the magnet where the field varied rapidly in
magnitude or direction (or both), a small step size in the numberical
integration was required.

Also, since the field mapping of the magnet

was performed at only four values of the magnet current (800, 600,
400, and 200 amps), interpolation between two mapped fields was often
required to obtain the magnetic field values at the desired current.

C.

1.

Cross Section Calculation Program KIOWA

Introduction

The responsibilities of the cross section code KIOWA were twofold.
First, the program read the data tape generated by the event reconstruction code TEWA, applied tha required restrictions and corrections
on an event by event basis, and binned the events by their polar
scattering angle.

In the second step, the code used the experimental

deuteron yield from the n+p -»• 7r°+d reaction together with a parameterization of the known cross section for the reaction to determine the
neutron flux incident on the LH 2 target during the experiment.

In

this way, an absolute normalization was applied to the n+p -*• p+n cross
section.
The code KIOWA used to implement these procedures was a modified
version of the general histogramming code "KIOWA" which was obtained
originally from the Lawrence Berkeley Laboratory.28

The output of

KIOWA consisted not only of the n-p cross section values but also of
one and two dimensional plots that were invaluable in checking for
consistency in the analysis procedures and the experimental data.
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2.

Spectrometer Acceptance Function

One of the most important aspects to be understood about the
spectrometer system was the shape of the geometrical acceptance function of the spectrometer in phase space, that is, the probability that
a charged particle emerging from the LH 2 radiator with a given momentum p, polar angle 8, and azimuthal angle <j> would successfully pass
through the spectrometer and be recorded as a valid event. 29

For

simplicity, it will be assumed in the following discussion that a
valid event was one in which all eight wire planes were triggered;
the more general case will be discussed at the end of this section.
If all charged particles originated at one point in the LH 2
target, the probability of obtaining a valid event would be either
zero or unity for each p, 6, and <j>; it would be zero if the particle
trajectory intersected the magnet poles or failed to pass through one
or more wire-plane pairs, and would be unity otherwise.

Because of

the indefiniteness of the origin of the charged particle trajectory
due to the finite size of the neutron beam and also because of multiple coulomb scattering, there was a "grey" area of (p,6,<i>) in which
the probability of successful detection ranged in value between the
limits of zero and unity.

A proper analysis of the data required

either an accurate knowledge of this probability function and the
distribution of trajectory origins in the LH 2 target or, alternately,
a restriction of the events to regions of (p,9,<|>) where the probability
of detection was known to be unity.

Described below is a method in

which these "edge effects" in the spectrometer were avoided by determining empirically the regions of the spectrometer having a probability
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of unity for a given momentum and restricting the analysis to events
which passed through those regions.
Events were first excluded from the analysis if the particle
trajectory failed to lie in the region defined by the restriction
|sinQsin<j>| ^ 0 . 0 2 , where 9 was the polar scattering angle and d> was
the azimuthal scattering anglr: of tb^ particle.

The restriction pre-

vented events from being analyzed if their trajectories did not pass
between two planes parallel to the magnet pole faces [ (x,y) plane]
with one located 6.35 cm above the median plane of the magnet and the
other located the same distance below.

This excluded particles that

might otherwise have intercepted the magnet poles. The restriction
was applied to all scattering angles studied (0° < 6 < 60°) and gave
rise to a calculable detection efficiency (assuming an isotropic cj>
distribution):

e(6) = 1.0 for 8 < 0.02 rad

e(9) = 2/TT arcsin[0.02/sin(6)] for 0 > 0.02 rad .

The geometrical detection efficiency (shown in Fig. 33) was thus a
measure of the fraction of the azimuthal angle <j> that was intercepted
by the gap of the spectrometer magnet at each polar scattering angle 6.
Later in the analysis, the data were corrected by the factor e(9) to
compensate for those events lost because of the restriction sin9sincj>
<0.02.
Before further discussion of the acceptance function determination,
it might be worthwhile to distinguish clearly between the two coordinate systems used in the data analysis of KIOWA.

One coordinate
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The geometrical detection efficiency of the spectrometer

e(9) vs the polar scattering angle 8.
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system (related by a translation of the origin to the coordinate system
used in the description of the reconstruction procedure) was fixed in
the spectrometer with its origin at the center of the LH 2 target and
z-axis perpendicular to chambers W 1 and W 2 .

The x-axis was in the

horizontal plane and pointed to the left as viewed from the LH 2 target,
and the y-axis pointed upward, completing the right-handed system.
This spectrometer system rotated about the LH 2 target as the spectrometer was rotated.

The laboratory coordinate system was fixed with

respect to the collimator with its origin in the LH 2 target, its zaxis coincident with the neutron beam axis, and the other axes defined
in a manner analogous with the spectrometer coordinate system.

Thus

the scattering angles Qmi$m as measured by the spectrometer were
related to the laboratory scattering angles O,tf> by a simple rotational
transformation involving the spectrometer angle $•

It might be noted

in passing that the binning of interesting events (as described later)
was done in the laboratory coordinate system as a function of 6 (as
was e(6)), but that the acceptance function as determined below was
defined with respect to the angles 9m,<f>m of the spectrometer coordinate system.
The obscuration caused by the magnet poles was not the only
source of geometric inefficiency.

For a given particle momentum, only

certain regions of the spectrometer exhibited unity detection probability.

For example, some orbits for a given p and 9 could hit W 3

while missing W^» in which case W^ would limit the spectrometer acceptance.

Whether this was true or not was determined empirically,

as shown in Fig. 34, where two-paraineter KIOWA plots of the experimental
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Figure 34* KIOWA plots of the experimental data for selected momemtura bands and magnet currents showing the relationship between
the polar angle 6 and event 'hit1 positions in W« and W,,
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j

data in restricted momentum bands show the relationship between observed
values of the polar angle 9 m and the corresponding horizontal coordinates W3X and W^x of the hit positions in W3 and W^ (note that small
values of W 3 x and W^x corresponded to orbits that passed through the
right-hand side of the chamber, looking downstream from the LH 2 target, and thus were associated either with particles scattered to the
right (i.e., |^m| > ir/2) or particles undergoing larger deflection).
By inspection of the left edge of the plots of Fig. 34(a), for example,
it is seen that some particles scattered to the right missed W3 when
9 m > 0.03 rad while still certainly hitting W^.

On the other hand,

particles scattered to the right with 6 m < 0.03 rad certainly hit both
chambers.

Similarly, from the event distribution at the right edge

of these plots it could be seen that left-scattered particles
(j$m| < ir/2) hit both chambers if they had 9 m < 0.05 rad, that some
missed W3 when 9 m > 0.05 rad, and that none missed W^ until
9 m > 0.065 rad. Thus W 3 limited the acceptance of the spectrometer
for both left-scattered and right-scattered particles, and in the
angular region between 9 R = 0.03 rad and 9^ = 0.05 rad all particles
hit all wire planes of the spectrometer (6R = 6m"right"

anc

*

9^ = 0m"ief t") * ^"or Particles in this momentum band the detection
efficiency (due only to the acceptance function) was unity for
0.0 < 9 R < 0.03 and 0.0 < 6 L < 0.05.

!

By similar reasoning, it was determined (see Fig. 34(b)) that
for the same momentum band but lower magnet current the region of
unity detection efficiency for right-scattered particles was limited
by W 3 to 9 R < 0.07 rad, while for left-scattered particles it was
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limited by both Wg and W^ to 9^ ^ 0.02 rad.

For the case shown in Fig.

34(c), it is clear that only left-scattered particles with e L > 0.052
rad (limited by W^) and 6 L < 0.09 rad (limited by W 3 ) could be detected with unity efficiency.
From similar displays for other momentum bands and magnet currents
it was possible to determine acceptable 6m-regions as a function of
momentum and magnet current.

The dependence on magnet current was

removed by scaling the momentum by the value of /B * d£ for that
current.

This was done as shown in Fig. 35, where 8m-left (the limit-

ing value of 9 m for left-scattered particles) and Qm-right (the limit
for right-scattered particles) are plotted as a function of the scaled
momentum.

In the p-9 m region between the two loci all orbits passed

through all wire chambers.

Data falling into this region could then

be analyzed with complete confidence.

For the purposes of computer

analysis the acceptance function was parameterized as indicated by
the straight-line polygon in Fig. 35. At each spectrometer angle
(0° ^ 3 **= 60°) studied in this experiment, the value of spectrometer
magnet current was chosen such that events intercepted by the spectrometer had momenta that placed the events within the unity efficiency region parameterized above.
The previous discussion has presumed the necessity of including
only perfect "eight-plane" events in the analysis.

The overdetermi-

nation built into the spectrometer, however, made it possible for the
event reconstruction code TEWA to analyze events which completely
missed one of the wire chambers (this procedure has already been
discussed in the description of TEWA).
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In fact, if the MWPC

>a m
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2
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p//B-di
Figure 35.

The acceptance function of the spectrometer in phase space;

i.e., regions of unity detection probability in the 9 m vs p//B • d£
space.

efficiencies truly were unity, the angle limits could be extended to
the point at which the orbits began to miss both W 3 and W^.

3. MWPC Coordinate Randomization Procedures

The empirical determination of the spectrometer acceptance function assumed that the spectrometer scintillator and MWPC efficiency
were unity.

In reality, the overall MWPC efficiency was greater than

0.98 (a minimum of six planes were required for a valid event) and
the scintillator efficiencies were very high.

The absolute effici-

ency of the system was not crucial in this experiment, however, because the quantity actually measured (due to the method of normalization chosen) was the ratio of the n+p -*• p+n differential cross
section to the n+p -> ir°+d differential cross section.

Therefore, it

was important that the system efficiency be the same for protons and
deuterons.

That indeed this was the case has been verified by per-

forming numerous checks on the experimental data that failed to disclose any instrumental effect resulting in a discrimination between
protons and deuterons with respect to the efficiency of detection.
More important in the measurement of the n-p differential cross
section were problems which affected the distribution of events as a
function of the polar and azimuthal scattering angles. One of the
problems we shall call "granularity."

This instrumental effect was

due to the inherently discrete coordinate information provided by
the MWPC's, which caused discontinuities or "granularities" in the
calculated 0 and <f> distributions.

As shown in Fig. 36, the granularity

problem manifested itself in two ways.
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clustering of events about the values of angles corresponding to the
location of wires in the signal plane of W 2 .

More important than

the "fine" structure of the distribution, however, was the gross variation of the yields as a function of theta.

That is, the distribution

of Fig. 36 should exhibit a gradual reduction of the yields with
increasing theta (due to the shape of the n+p •*• p+n cross section in
the laboratory) but instead shows irregular fluctuations, especially
near 6 = 0.2935 rad.
This gross variation of the measured cross section was due to
the fact that the charged particle yields were binned in finite-sized
rectangular elements of solid angle, rather than the appropriate solid
angle element in spherical coordinates. A look at Fig. 37 shows how
the phenomenon occurred.

In the figure it has been assumed that

chambers Wj and W2 were aligned perfectly in both the horizontal and
vertical directions so that the center of both chambers lay along
the 0° incident neutron beam direction.

(This description assumes,

for convenience, that the spectrometer angle, 8, was zero. The more
general case of non-zero g can easily be visualized.)

This meant

that the centers of the x and y planes of W 2 (refer to Fig. 37) lay
along the z-axis of the spherical coordinate scattering system defined
by Wj and W 2 (the spectrometer coordinate system).

In Fig. 37, the

x and y wire spacings of W 2 were taken to be 2 mm and events with
scattering angle 6 m were sorted into bins with an arbitrary width of
3 mrad.

Since the distance between W 2 and W 2 was about one meter,

the first bin had a radius of about 3 mm as projected onto the W2
wire grid.
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X-PLANE OF Wr

CM

O
LJ

0.

THETA-BINS OF THE SPHERICAL
COORDINATE SYSTEM PROJECTED
ON W_

Figure 37.

Sketch used to illustrate how the "granularity"

phenomenon occurs.
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An event was detected by a chamber when a particle passing near
an x and y wire caused then to fire.

Thus the event could be localized

in space only at the intersection of an x and y wire of a chamber.
The solid angle accepted by each intersection was defined by a square
area of 2 mm sides centered about the intersection.

The 0 to 3 mrad

bin, for example, contained nine x-y intersections.

Events that fell

within the dashed square in Fig. 37 would be included in the first
theta bin.

Therefore, the effective solid angle was determined by

the area within the dashed lines, not the circular area of the 3 mrad
bin.
One could have proceeded from theta bin to theta bin determining
the effecti\e solid angle (AO-j^) for each bin and then using those
values of the solid angle in making a correction to the dcr/d&CG-^jj)
calculation.

This procedure suffered the disadvantage that it re-

quired accurate knowledge of the relative positions of Wj and W 2 as
well as the absolute position of the spectrometer with respect to
the incident beam direct5.on (angle f3) . The calculation of the effective solid angles also was complicated by the fact that if two adjacent
wires (the most common cluster size) fired in a plane, the event
reconstruction program TEWA calculated the hit position as having
occurred midway between the two wires, thus requiring consideration
of the effects of these "inter-wire" events on the effective solid
angle.
Several different solutions to the granularity problem were
attempted.

The one finally chosen for the analysis involved a ran-

domizing procedure.
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Since the events had random scattering angles

as they emerged from the LH 2 target, it was evident that the MWPC
detectors were tending to make the events coalesce about discrete
values of the scattering angles as shown previously in Fig. 36.

One

way to alleviate the problem was to redistribute randomly the events
that were registered on each wire or midway between them.

A distri-

bution function was needed that would adequately represent the probability that an event would trigger a wire when the event passed a
distance x measured perpendicularly from the wire. A reasonable
approximation to the physical situation30 was a trapezoidal probability
distribution centered symmetrically about the hit wire as shown in
Fig. 38. The events registered on a wire were distributed with unity
probability from the wire location to a point Xj = 1 mm - Aj on either
side of the wire.

From the point Xj to a point x 2 = 1 mm + A 2 the

events were distributed with a probability that was linear in x.
This form of the probability function allowed for inefficiencies in
the MWPC's.

The overlap of the function between two wires provided

for the case of simultaneous triggering of adjacent wires and the
consequent recording of the event as taking place midway between the
wires.

The relative number of these inter-wire events to the total

number of events recorded by the participating wires was used, in
fact, to determine the parameters Ax and A 2 describing the probability distribution.
After the randomization procedure had been applied to both the
x and y planes of chambers Wj and W 2 (the chambers defining the scattering angles 8,<f>), the "corrected theta" histogram shown in Fig. 39
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Figure 38.

Trapezoidal probability function used to

redistribute the coordinates of an event "hit" in a MWPC.
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was obtained.

Statistical fluctuations accounted for the residual

fine structure present in the histogram.
Another effect that distorted the angular distribution of events
was the presence of shorted wires in chambers Wj and W 2 .

Regions of

the chambers were discovered in which two or three adjacent wires were
shorted together. The reconstruction program TEWA interpreted the
sets of shorted wires as a multiple cluster and subsequently calculated
the coordinate as the centroid of the shorted wires. Thus, a short
involving two wires would register all events midway between the
wires and three-wire shorts would register all events on the center
wire.

Several methods of redistributing the events about the shorted

wires were tried. An adequate and convenient method of redistribution of hit positions was employed wherein the events were distributed
via a trapezoidal probability function similar to that used for singlewire hits in the granularity correction.

For the case of two shorted

wires, a trapezoid of about two wire spacings in width was used, and
for three shorted wires, a trapezoid of width equal to about three
wire spacings was employed.
4.

Event Identification
The initial task of event identification involved discrimination

between protons from the reactions

and
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n+p -> p+n

,

n+p -»- p+n+ir°

,

n+p -»- p+p+Tr~

,

(1)

and deuterons produced by the reactions

and

n+p -> ir°+d

,

(2)

n+p •> y+d

,

(9)

n+p •+ d+Tr++ir~

,

n+p -> d+ir°+ir°

The charged pions produced by the above reactions and by the n+p
-*• n+n+Tr reaction were c£ sufficiently low momentum so that they were
excluded by the acceptance function at every laboratory angle studied.
Thus, the particle identification procedure was required only to
distinguish charge-exchange protons [Eq. (1)] from the deuterons
produced by reactions (2) and (9). This was easily accomplished
from the measurements of the time of flight (TOF) vs the momentum
of the charged particle as shown in Fig. 40.
The time-of-flight measurements were corrected for time-walk
(or slewing) generated in the discriminators of Sj and S 2 by using
the pulse height information provided in the analogue data for each
event.

Likewise, the unwanted variation in the Sj-Sg time-of-flight

measurement due to the position of particle impact within S 2 was corrected by making use of the hit position information provided by
chamber W^ located very near counter S 2 .

Because of the correlation

among the several variables involved (time-walk in the Sj, S2 discriminators and light path length variation in the counters Sj, S 2
"left" and "right"), a least squares polynomial fitting procedure was
used to correct the S!-S2 time of flight. 31
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TOF Channel

Figure 40. KIOWA plot of momentum vs TOF for particles surviving
various fiducial and acceptance cuts (see the text).

Note the two-

dimensional cut (line of asterisks) used in the particle identification procedure to define an event as being a proton or deuteron.

Also

note the implicit momentum cut at 1150 MeV/c used to eliminate events
far from those associated with the 647 MeV peak neutrons.
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I
1
1
I

After the TOF correction, the separation of protons from deuterons
was complicated only by occasional misplacement in the time of flight
caused by an instrumental difficulty in the discriminators of the S 2
counter (and, to a much lesser extent, in Sj). Double pulsing of
the S 2 discriminator (TAC stop signal) gave some events an unusually
long time of flight as is especially evident in Fig. 40 for protons
in the elastic peak at about 1275 MeV/c.

In a similar manner, occa-

sional double pulsing of the S 1 discriminator (TAC start signal)
resulted in shorter TOF's being recorded.

In this way, both protons

and deuterons were displaced in the TOF direction.

In Fig. 40, par-

ticles lying to the left of the cut were considered to be constituents of the proton locus and particles to the right as constituents
of the deuteron locus.

However, the TOF ambiguities caused some

proton events to be displaced to larger TOF values and thus to overlap the deuteron locus and make particle identification less certain.
The problem was resolved by making use of the pulse height information available from S2»

The protons and deuterons to be dis-

tinguished were of the same momentum but certainly not of the same
velocity or dE/dX.

This is evident in Fig. 41 where the particle

pulse height in S 2 is plotted against the TOF, and the pulse heights
at TOF = 120, for example, are seen to fall 5.nto two groups corresponding to protons and deuterons.

This separation technique was used

only to distinguish those protons that lay within the window defining
the highest energy n-p elastic events (the window about the elastic
peak will be described shortly).

Protons of all momenta were displaced

in TOF, but in this experiment only the n-p elastic events generated
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TOF Channel

Figure 41. KIOWA plot of pulse height in S 2 vs TOF used in the particle
identification procedure.

The cut (line of asterisks) at constant pulse

height distinguishes between deuteron (above the cut) and proton (below
the cut) events.
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by the high-energy peak of the neutron spectrum were of interest
(together with the highest energy deuterons from reaction (2)). Thus,
only particles to the right of the p vs TOF cut and falling within
the elastic window (corresponding to 1244 < p < 1294 MeV/c for 3 = 0°)
were subjected to the pulse height discrimination.

The larger pulse

heights of the deuterons allowed a simple pulse height cut to make
a separation between the TOF-displaced protons and the deuteron locus.
Thus, a clear distinction between protons and deuterons was accomplished
for all events of interest.
The incident neutron beam used in this experiment has been observed to consist of a sharp peak at 647 MeV, several MeV wide, well
separated from a broad, low-energy tail (refer to Fig. 12, p. 30)At any given laboratory angle the energy spectrum of protons or deuterons reflected this distribution

Elastic events in the LH 2 target

gave rise to a spectrum consisting of a narrow peak at the highest
kinematically allowed energy followed by a broad, low-energy tail.
Superimposed on this tail (due to the large Q-value of the reactions)
were the low-energy protons or deuterons associated with extra-pion
production in the LH 2 target.

Thus the np and ir°d final states pro-

duced by the 647 MeV peak neutrons were kinematically constrained to
lie in the sharp peak of the energy spectrum, well separated from the
low-energy elastic and inelastic events.

This allowed a clean selec-

tion of both charge-exchange protons and deuterons from reaction (2)
for use in the absolute normalization.
The selection was performed in the following manner.

After the

particle had been identified as a proton or deuteron, appropriate
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kinematic relations were used to reconstruct the incident neutron spectrum by calculating the energy of the incident neutron from the momentum
and scattering angle of the particle.

The same window could then be

imposed on the high energy peak of the resulting incident neutron energy
spectrum for both reaction (1) and (2) despite kinemati^al differences.
The reconstruction procedure outlined above was not, however,
without difficulties.

As the scattering angle under study was increased

from 0° to 60° in the laboratory, the momentum of both protons and
deutrons decreased (see Figs. 29 and 30). This reduction in momentum
caused the energy losses in the LH« target and the spectrometer to be
larger, giving rise to an apparent reduction of the mean peak energy of
the incident neutron energy specturm.
More importantly, the increased multiple coulomb scattering
occurring with lower particle momenta caused larger uncertainties in
the laboratory scattering angle and a broadening of the reconstructed
incident neutron peak (see Figs. 42 and 43), which made larger windows
necessary at larger angles.

However, as the window increased in width,

events »rere included that did not originate in the true incident neutron
peak (i.e. events from the "valley" between the peak and the pion region
of the true spectrum were included in the window placed
structed incident neutron peak).

on the recon-

Efforts were made in analyzing the

data to optimize the placement of the window (for each spectrometer
angular position) so that a balance was attained between the number of
true peak events scattered out of the window and the number of true
"valley" events scattered into the window.

In this way, the window

would always contain the correct number of peak events.

The placement

of the windows was not, however, sufficiently certain for the largest
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Figure 42. Reconstructed incident neutron energy spectrum for a
nominal spectrometer angle of 8°.
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scattering angles. Therefore, a Monte Carlo computer code was written
to provide a quantitative measure of the effect and to yield window
correction factors for the angular distribution.
The Monte Carlo code was used to calculate the distribution of true
peak and "valley" neutrons that fell within and without the window placed
on the reconstructed incident neutron spectrum at each spectrometer
angular position.

The calculation was performed by tracing neutron-

induced events through the spectrometer.

The energy of an incident

neutron was chosen randomly from a probability distribution approximating
the incident neutron energy spectrum.

The neutron was then allowed to

undergo a charge exchange interaction at a point in the LH 2 target
chosen randomly from a distribution th.it reflected the neutron beam
spatial profile in the target.

The angle of scattering in the laboratory,

6, was chosen randomly in the interval from 0° to 63°, coinciding with
the range of angles studied during the experiment.

The event momentum,

p, and kinetic energy were then calculated from the kinematics of the
interaction and the energy loss of the particle was computed from the
particle energy and path length in the target and spectrometer.

The

change in the scattering angle, A0, due to multiple coulomb scattering
was determined by sampling from a Gaussian probability distribution
used to approximate the actual distribution of multiple scattering angles
(see Appendix B ) . Starting with these pseudo values of momentum and
scattering angle that included energy loss and multiple scattering
effects (p-Ap, 9 + A6), the energy of the incident neutron producing
the event was reconstructed in a manner identical to that used in the
analysis code KIOWA.

Thus, the Monte Carlo code was used to simulate

the reconstructed incident neutron spectrum obtained from KIOWA for each
angular position of the spectrometer.
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The window correction factors were determined by tagging an incident
neutron as a true peak neutron only if it fell inside an energy window
imposed on the simulated true incident neutron energy spectrum.

The

window on the simulated spectrum (sampled by the Monte Carlo code) was
adjusted to give the actual observed proton spectrum at 0° and, hence,
the reconstructed incident neutron spectrum at 0°.

Since the reconstructed

neutron spectrum at 0° was used to define the true peak neutrons of the
simulated Monte Carlo spectrum, the window correction factor for the 0°
data was unity (or nearly so, within statistics).

A total of 400,000 in-

cident neutrons were traced by the Monte Carlo code, resulting in about
20,000 events that fell inside the window placed on the reconstructed
neutron spectrum for each spectrometer position.
The window correction factor (for each spectrometer position) was
calculated as
N
+ N
PP
pv
N
+ N
PP
vp

where
N

= number of neutrons originating in the simulated true neutron
peak and falling inside the window placed on the reconstructed
incident neutron spectrum,

N

= number of neutrons originating in the simulated true neutron
peak and falling outside the window placed on the reconstructed
incident neutron spectrum,

and
N
= number of neutrons originating outside the simulated true
vp
neutron peak (e.g., from the simulated true "valley") and
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falling inside the window placed on the reconstructed incident
neutron spectrum.
Setting a window on the reconstructed incident neutron energy spectrum in
KIOWA measures the quantity N

+ N

, that is, the number of events

falling inside the window on the reconstructed spectrum regardless of
whether the events originated from the true peak or "valley" of the
simulated incident neutron spectrum.

It would be desirable, however,

to measure the number of events originating in the true peak that fall
both inside and outside the window placed on the reconstructed neutron
spectrum, that is, the quantity N

+ N

This latter quantity cannot

be measured experimentally owing to the energy loss and multiple scattering effects mentioned earlier.

However, the Monte Carlo code can provide

estimates of the quantities N , N , and N
for use in calculating
b
pp' pv
vp
the window correction factor.

When the differential cross section values

are multiplied by these factors, new values are obtained that are consistent
with an angular distribution originating from the same true peak neutrons
and not from varying numbers of true "valley" neutrons.
The window correction factor for each angular position of the spectrometer is shown in Table IV.

The correction factors are probably accurate

to about 10%, a value estimated by considering the Monte Carlo statistics
and various systematic errors such as those related to the accuracy of the
simulated incident neutron energy spectrum.
The window correction was not necessary for the neutron energy spectrum
reconstructed from the deuterons from reaction (2) because the reduction
in deuteron momentum over the range of scattering angles studied was not
large, and the energy loss and multiple scattering suffered by the deuterons was insufficient to produce much broadening in the reconstructed
117

TABLE IV.

Window correction factors applied to the differential cross
section of this thesis.

Correction
Factor

Data
Points
Corrected*

0°

1.00000

174.5° - 179.,7°

4°

0.99760

168.4° - 174..4°

8°

0.99938

159.3° - 165.,2°

12°

0.99294

151.9° - 157. 1°

16°

0.97859

139.3° - 145. 8°

20°

0.98011

130.8° - 137. 3°

24°

0.98807

123.5° - 129.1°

28°

0.97231

112.2° - 118.4°

32°

0.98272

104.8° - 110. 9°

36°

0.97383

94.7° -

99.3°

40°

0.97176

87.7° -

93.5°

44°

0.96646

81.7° -

86.8"

48°

0.97937

72.0° -

77.6°

52°

0.97363

63.3° -

68.7°

56°

0.96855

58.6° -

63.5°

60°

0.96014

51.1° -

55.2°

Nominal
Spectrometer
Position

The correction factors have been applied to differential cross section
values having 9
in the ranges listed,
cm
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neutron energy spectrum.

Consequently, very few true peak neutrons fell

outside the window on the reconstructed spectrum, and even fewer true
"valley" events fell inside the window.

The enly correction needed

was that for che difference in mean peak energy of the reconstructed
neutron spectra for proton and deuteron events caused by the larger
energy losses of the deuterons.

This correction was employed so that

the window imposed on the reconstructed incident neutron energy spectrum
would occur at the same relative location for both proton and deuteron
events.
It should be mentioned that deuterons from the n+p •*• y+d reaction
were encountered as part of the deuteron flux from the LH 2 target.

The

window imposed on the reconstructed incident neutron energy spectrum,
however, was sufficiently narrow so that the small flux of deuterons
from the above reaction was excluded for all spectrometer angles studied;
that is, for all relevant kinematical regions of the n+p •* ir°+d reaction.

5.

Target Empty Background

A target empty run was taken for each target full run of the
angular distribution and was analyzed and subjected to the same cuts
and restrictions as were imposed on the target full runs.

The angu-

lar variation of the target empty runs due to neutron interactions
within the walls of the target flask and within the residual H 2 vapor
pressure (the target was emptied by forcing the LH 2 to flow into a
separate reservoir) was very similar to the target full runs.
Each target empty run was normalized using the dual neutron
monitor so that the effective number of incident neutrons was the
same as for the corresponding target full run.

The dual neutron
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monitor provided two sealer outputs, one that was gated off by the
event INHIBIT signal from the spectrometer (indicating that processing of the previous event was in progress and new events should not
be accepted), and another that was not gated off by the INHIBIT signal.
The ratio of the gated sealer to the ungated sealer was a measure
of the average live-time of the spectrometer system during a run, and
was typically 80% for target full runs and 98% for target empty runs.
The ratio of target full to target empty gated neutron monitor sealer
values, in which the live-time was implicitly included, was used to
normalize the target empty runs to have the same effective number of
incident neutrons as the full runs.

6.

Event Binning and Cross Section Calculation

Events that satisfied all of the above restrictions and cuts (9
and 4> restrictions due to magnet pole faces and MWPC acceptance function, event identification, and incident neutron energy) were subsequently sorted into theta bins of 5.5 mrad width.

The binning started

at the smaller theta limit determined by the acceptance function and
extended to the larger theta limit.

In general, the theta limits

for protons and deuterons at any given spectrometer angle and magnet
current were different.

The proton and deuteron yields from the

target empty runs were adjusted using the background normalization
factor determined in the previous section and were then subtracted
bin by bin from the target full proton and deuteron yields.

Each

event (proton or deuteron) was corrected by the geometrical efficiency
factor l/e(9), where 6 was the polar scattering angle of the event,
to compensate for the fraction of events excluded by the requirement
sin8sin<|> < 0.02.
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Thus, the net proton yield into the solid angle Aft of the nth
theta bin was

2-

where (Y
bin,

) was unity for each proton foreground event i in the nth

e was the corresponding geometrical efficiency factor, and the

sum over i was for all proton foreground events. The sum over j was
the analogous expression for the background events where

c

< L+R 4ted
<L+R>gated

was the background normalization factor with "L" and P'R" referring to
the sealer values of the left and right counters of the dual neutron
monitor.
The net proton yield was related to the n-p differential cross
section by

n

=

NIN2

i & (e-n) Afin

,

do)

where Nj was the number of hydrogen target nuclei per cm 2 , N 2 was the
number of incident neutrons during the run, da/d£2(1Tn) was the calculated value of the cross section at F n = (61+62)/2 with Q1 and 6 2
being the lower and upper bin edges, and the solid angle subtended
by the nth bin was given by
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£

2ir
sinG d6 d<£ = 27r(cos0j - COSO2) •

The net deuteron yield was calculated in an analogous manner and
was related to the known n+p -»• 7r°+d cross section by

9*

where da/dfi* was the published parameterization of the n+p •> ir°+d
cross section and 9* and 9* were the center of mass angles corresponding to the lower and upper laboratory 6-limits, respectively, for
the deuterons of the mth bin.

From the above expression a value of

the product NjN 2 for each of the m theta bins for the deuterons could
be calculated, and if the proton and deuteron bins were forced to be
coincident, the n-p differential cross section could be calculated
as the ratio of proton to deuteron yield for each bin.

This would

be disadvantageous since the relatively small deuteron yield would
make the normalization uncertainty very large.

In practice, the sum

2 (YJ)m was found for the entire valid deuteron 6-region as determined
m
by the acceptance function.

From this, a value of N^N 2 was calculated

as the absolute normalization factor to be applied to all n proton
yields.

The reason for binning the deuterons at all was to provide

experimental data on the n+p -> Tr°+d relative angular distribution,
which in turn, was used to verify the coefficients of the published
parameterization.

(The normalization procedure will be described

more fully in the next section.)
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Given the value of NjN2 determined by the n+p ->• ir°+d reaction,
the n-p differential cross section was easily found for each laboratory angle 6 n .

The laboratory cross section and scattering angle

were then used to compute the corresponding center of mass quantities
via the relativistic kinematical relations for the neutron-proton
system.
The statistical error in the cross section (for the nth bin) due
only to proton foreground and background counting statistics was
calculated as

r

n =
N

1N2

The uncertainty in NjN (the normalization error) was calculated from
the deuteron foreground and background yields in an analogous manner.
D.

Absolute Normalization
Use of the deuteron yield to normalize the n-p differential cross

section was based on the fact that cross sections for the reaction
p+p -*• ir++d

(3)

are known to an absolute accuracy of about 5%llf and that isospin invariance requires that the cross section for the reaction
n+p ->• ir°+d

(2)

must be half that for reaction (3), i.e.,
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2 ^2.
dfi
Previous results for reactions ( 2 ) , (3), and the time-inverse of
reaction (3), ir +d -> p+p» indicate that the center of mass angular
distribution for all three reactions can be expressed in the form
(explicitly for reaction (3)):

— E . = K (A + cos20*
dO*
P
where

= I -dr dQ*

47rK

/ d"*

n
P

is the measured LOtal cross section for reaction (3), and A and B are
parameters derived from least squares fits to the differential cross
section.

Thus,

K
P

4TT(A + 1/3

-

B/5)

A parameterization of the available world data for the quantities a ,
A, and B was performed as a function of the incident particle energy.
The next step was to account for the differences between the normalization reaction used in this experiment (2) and the reaction (3)
described by the parameterization.
Isospin conservation rules dictate that the total cross section
for reaction (2) be half that of reaction (3), ignoring the mass
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differences of the two reactions:

i.e., a

= — a . To account for

the mass differences, the total cross sections for reactions (2) and
(3) were assumed to be the same function of the deuteron center of
mass momentum.

Starting with the incident neutron energy for the

n+p -»- ir°+d reaction (647.546 MeV), the equivalent incident proton
energy (655.398 MeV) for the reaction p+p -> ir++d was calculated from
the kinematical relations for the two reactions.

Since o., = — o_.
n
2 P

implies that l^ = T K , then

J!R = K (A + cos26* n
da*
where a

= 4nK (A + 1/3 - B/5) is the total crass section for reaction

(2) and

K.
n

8TT(A + 1/3

-

B/5)

In this way the differential cross section for the n+p -*• ir°+d reaction
was parameterized in terms of the measured cross sections for the
reactions p+p •»• ir++d.

The values of the parameters for an incident

neutron energy of 647.546 MeV (corresponding to an incident proton
energy for the p+p -> v++d reaction of 655.398 MeV) obtained from the
energy-dependent fits were:

a

= 2.864 mb

A » 0.234
and

B = 0.422
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The values for A and B were confirmed by a fit to the relative angular
distribution of the deuterons from the n+p -* v°+d reaction as observed
in this experiment.
As described in the preceding section, the deuteron yield for
any given spectrometer position and magnet current was given by

Y, = N,NO I

OX- dfl*

where do/dti* was the parameterization derived above for reaction (2),
and 9* and 0* were the center of mass angles corresponding to the
lower and upper laboratory 9-limits determined by the acceptance
function.

It followed that

re*
Y, = 2irN1K,K
d
n

I

(A + cos 2 9* - Bcos^S*) dcosS*

JQ*

and integration in the center of mass system gave

Y. = 2TTN1N,K
a

A

£ n i

A(COS6* - cosG*) + X

2o

(cos 3 6* - cos36*)
l

2.

- •§• (cos 5 e* - cos 5 e*)

which can be solved for NXN2, the unknown quantity r>eded for the
absolute normalization of the n+p -»• p+n reaction (see Eq. (10), p. 121).
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E.

Relative Normalization of the Different Angular Ranges

Since the maximum kinematically allowed deuteron laboratory angle
for this energy was about 13.2°, deuteron yields could be used for
the determination of the absolute normalization only for the first
four spectrometer positions (0°, 4°, 8°, and 12°). The ratio
N^/CL+R)**, which related the absolute normalization to the counts
of the dual neutron monitor (including live-time corrections), was
formed for each of the runs at these spectrometer positions.

The

ratios were consistent among these runs to within the uncertainties
of the counting statistics involved.

The weighted average for this

ratio calculated from all of the runs had an uncertainty of about 1%.
This average value was used to determine the absolute normalization
for each angular range from the dual neutron monitor reading (L+R) 6
and thus to normalize the entire angular distribution.
In this way, systematic uncertainties in the relative normalization for different spectrometer positions were avoided.

The re-

sulting absolute normalization for the n+p •> p+n angular distribution
was assigned an uncertainty of ±7% to reflect errors in:

the measured

cross section a ; the parameters A and B; the energy-dependent fits
to a , A, and B; the degree of validity of isospin conservation arguments ; and the counting statistics of the deuteron yields and dual
neutron monitor.
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CHAPTER V

DATA ANALYSIS AND RESULTS

A.

Additional Corrections to the Data

The n+p -> p+n cross section values generated by the code KIOWA
were punched on computer cards as well as listed as printed output.
These cards served as input to a computer program that made corrections to the cross section caused by proton and deuteron absorption
in the spectrometer system.
The experimental results were corrected for the absorption of
the charge exchange protons on their path from the center of the LH 2
target through the downstream mylar window of chamber W^.

Since most

(* 95%) of the mass along the path of the protons was hydrogenous
(LH2 target, scintillators, mylar windows, etc.). the proton-proton
inelastic cross section was parameterized as a function of incident
proton energy (from available world data) and used to correct the
proton yield (due to proton absorption) for each theta bin of the
angular distribution.

The correction varied from zero for those

laboratory proton angles corresponding to proton energies below the
pion production threshold, to about 0.5% for the most energetic protons
(at 0° in the lab).
At any given position of the spectrometer, charge exchange protons
were scattered elastically (mostly by the LH2 target mass) into and
out of the spectrometer acceptance region.
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The net number of protons

lost due to this mechanism was a complicated function of many variables
including multiple coulomb scattering.

For the range of proton momen-

ta studied and the average angular acceptance of the spectrometer,
the average loss of proton yield was estimated to be no larger than
about 0.5% for all laboratory angles.

However, this correction was

not made to the data due to the large uncertainty involved in estimating the correction, in addition to the fact that the scattering
of protons into the acceptance region tends to compensate for the
scattering of protons out of the acceptance region.
The results were also corrected for deuterons lost to nuclear
absorption (primarily stripping) in passing through the spectrometer
system.

For the range of deuteron energies encountered in this

experiment, the D-p inelastic cross section was much larger than the
D-p elastic cross section.

Therefore, it was reasonable to approxi-

mate the D-p inelastic cross section by a spline fit 3 2 to the D-p
total cross section data in order to estimate the fraction of deuterons
lost for each scattering angle.

The correction varied from a minimum

of 1.7% for deuterons with momenta near 1400 MeV/c to about 2.0% at
1200 MeV/c.

The protons created from deuteron stripping were kine-

matically constrained to lie well below the momentum peak of the
charge exchange protons and therefore did not interfere with the
analysis.

B.

The n-p Differential Cross Section at 647 MeV

As mentioned previously (Chapter III), the data presented in this
thesis were taken using two different methods to extend the measurement
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to larger scattering angles.

The first yielded cross section values

for neutron center of mass angles in the range 174.5° < 0

< 180°,

and the second gave cross section values in the range 51° ^ 9

< 180°,
cm

The results obtained using the first method were self-consistent
(among the several magnet currents used) and agreed very well with
the values obtained from the second method.

It should be mentioned

that the data taken in March 1974 were acquired with an incident
neutron beam of slightly lower energy (r" 632 MeV) than that of the
data obtained in October 1974 (** 647 MeV). The variation of the two
cross sections with scattering angle was virtually identical and the
absolute normalization of the two data sets differed by less than
1.0% (well within the statistical uncertainties involved).

Since the

total elastic n-p cross section changes very little over the range of
energy involved, the two data sets were simply averaged together t"
obtain the final cross section values. The incident neutron energy
quoted for the final cross section values was taken to be 647 MeV,
in view of the considerations given above and the fact that the data
taken in October 1974 comprised such a large portion of the final
angular distribution.

The results for the elastic n-p differential

cross section are given in Table

V and presented graphically in

Figs. 44 and 45. The values of 6 c m were calculated by applying the
appropriate kinematical transformation to the mean of each angular
bin in the laboratory.
The errors given in Table

V for the cross section values are

statistical only and depend on the proton foreground and background
counting statistics weighted by the geometrical efficiency and

130

TABLE

V.

The elastic n-p differential cross section at 647 MeV.

dc/dftcm

-u

da/du

(dee)

(mb/sr)

r(GeV/c)2l

rmb/(GeV/c)2l

179.6
178.9
178.2
177.4
176.7
176.0
175.2
174.5
174.3
173.6
172.9
172.1
171.4
170.7
170.0
169.2
168.5
165.2
164.5
163.7
163.0
162.3
161.6
160.8
160.1
159.4
157.0
156.3
155.6
154.9
154.2
153.4
152.7
152.0
145.8
145.1
144.3
143.6
142.9
142.2
141.5
140.8
140.1

9.19±0.15
9.04±0.08
9.0610.06
8.73+0.05
8.5910.07
8.3410.08
7.77±0.08
7.35±0.16
7.15±O.2O
7.10.10.20
6.3610.19
6.53±0.19
5.8610.18
5.6410.18
5.50.10.18
4.9810.17
4.7710.17
4.1710.14
4.1410.14
4.18+0.14
3.9810.14
3.84+0.13
3.86±0.13
3.6310.13
3.6910.13
3.6410.13
3.25+0.10
3.16+0.09
3.17+0.09
3.0310.09
3.1310.09
2.89+0.09
3.09+0.09
2.78+0.09
2.1910.07
2.2010.07
2.15+0.07
2.06±0.07
2.0010.07
1.9910.07
1.98+0.07
1.91+0.07
1.7210.06

0.0000
0.0001
0.0003
0.0006
0.0010
0.0015
0.0021
0.0028
0.0030
0.0038
0.0047
0.0057
0.0068
0.0080
0.0093
0.0107
0.0122
0.0202
0.0222
0.0243
0.0265
0.0288
0.0312
0.0337
0.0363
0.0389
0.0481
0.0512
0.0543
0.0575
0.0608
0.0642
0.0676
0.0712
0.1053
0.1096
0.1140
0.1184
0.1229
0.1275
0.1322
0.1369
0.1417

cm

95.02xl.53
93.5010.84
93.6810.64
90.2310.56
88.86+0.72
86.2510.82
80.40+0.81
75.9611.63
73.9012.02
73.3912.02
65.81il.94
67.5111.96
60.6011.86
58.3311.86
56.84+1.84
51.4611.75
49.2811.74
43.1711.43
42.7711.45
43.18+1.43
41.20+1.44
39.67+1.38
39.9011.37
37.5911.39
38.1211.36
37.6411.39
33.5711.00
32.63+0.98
32.75±0.96
31.37+0.97
32.39.10.96
29.85+0.93
31.95±0.96
28.7110.91
22.62+0.74
22.7510.71
22.24±0.73
21.26±0.70
20.73±0.71
20.6010.71
20.4910.71
19.74±0.68
17.77±O.66
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TABLE V (Continued)

(dee)
139.4
137.2
136.5
135.8
135.1
134.4
133.7
133.0
132.3
131.6
130.9
129.1
128.4
127.7
127.0
126.3
125.6
124.9
124.2
123.6
118,3
117,6
117.0
116.3
115.6
114.9
114.3
113.6
112.9
112.2
110.8
110.2
109.5
108.8
108.2
107.5
106.8
106.2
105.5
104.8
99.3
98.6
98.0
97.3
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'

da/dficm

-u

da/du

(mb/sr)

f(GeV/c)2l

fmb/(GeV/c)2l

1.65±0.06

0 .1465
0 .1618
0 .1669
0 .1721
0 .1773
0 .1826
0 .1880
0 .1934
0 .1989
0 .2044
0 .2100
0 .2245
0 .2303
0,.2361
0,.2419
0,.2478
0,.2538
0,.2597
0,.2658
0..2718
0,.3193
0.,3257
0.,3321
0,,3386
0.,3450
0.,3515
0..3581
0.,3646
0.,3712
0.3778
0.3916
0.3982
0.4049
0.4116
0.4183
0.4250
0.4318
0.4385
0.4453
0.4521
0.5098
0.5166
0.5234
0.5303

1.52±0.06
1.44+0.06
i .51±0.06

1.47±0.06
1 .4l±0.06
1.38±0.06 .
1.31±0.06
1.31+0.06
1.24±0.06
1.2110.05
1,19±0.05
1.23±0.05
1 ,12±0.05
1 .09+0.05
1 .01±0.05
1,.00±0.05
1,.0110.05
1,.00+0.05
0,.96±0.05
0,.77+0.04
0,.80+0.04
0..77+0.04
0..89+0.04
0..75+0.04
0,.8010.04
0,.8510.04
0..7710.04
0.,7910.04
0.,70+0.04
0.,7210.04
0.,84+0.04
0.,83+0.04
0.75+0.04
0.75+0.04
0.76+0.04
0.7310.04
0.7110.04
0.75+0.04
0.70+0.03
0.7210.04
0.69+0.04
0.7510.04
0.7310.05

17.08+0.64
15.73+0.63
14.90+0.60
15.6510.61
15.16+0.62
14.58+0.61
14.31+0.60
13.5510.58
13.55+0.58
12.7810.58
12.59+0.55
12.3210.53
12.72+0.54
11.4410.52
11.28+0.51
10.42+0.51
10.30+0.49
10.44+0.50
10.32+0.49
19.9410.49
8.0110.40
8.3110.38
7.98+0.41
9.15+0.41
7.7310.42
3.2210.42
8.84+0.41
7.93+0.39
8.13+0.41
7.2510.40
7.46+0.37
8.6910.38
8.58+0.38
7.7810.37
7.7510.37
7.9010.38
7.54+0.37
7.34+0.36
7.80+0.39
7.2910.36
7.50+0.45
7.17+0.44
7.81+0.46
7.5310.48

TABLE V

cm

do/dfi

cm

(Continued)
-u

da/du
2

Cdeg)

(mb/sr)

KGeV/c) 2 ]

[mb/(GeV /c)

96.7
96.0
95.4
94.7
93.5
92.9
92.2
91.6
90.9
90.3
89.7
89.0
88.4
87.7
86.8
86.1
85.5
84.9
84.3
83.6
83.0
82.4
81.7
77.6
77.0
76.4
75.7
75.1

0 .70+0 .04

0 .5371

0 .74+0 .04
0 .69+0 .04
0 .7310 .05
0.77+0 .04
0 .77+0 .04
0 .78+0 .04

0 .5439
0 .5507
0 .5576
0 .5707
0 .5775
0 • 5S43
0 .5911
0 .5978
0 .6046
0 .6114

7.22+0 .45
7.69+0 .46
7.18±0 .44
7.60+0 .47
7.9710 .44
8.01±0 .42
8.06+0 .43
7.6010 .43
8.42+0 .45
8.6110 .45
8.9310 .46
9.02+0 .46
9.2710 .48
8.21i0 .49
8.62+0 .47
8.37+0 .48
9.0410 .45
10.5110 .47
9.36+0 .47
10.6910 .48
10.43+0 .50
1Q.67+0 .51
10.12+0 .49
12.47+0 .58
12.9510 .60
12.5210 .59
12.24+0,.57
13.9010,.63
14.3910,.63
15.09+0,.65
14.09+0.,65
14.56+0.,64
15.93+0..67
17.3510.,74
16.53+0.,72
17.73+0. 78
17.5410. 77
19.14+0. 79
18.4810. 80
18.12±0. 76
17.49+0. 80
18.9810. 82
21.2210. 81
21.52+0. 81

74.5
73.9
73.3
72.7
72.1
68.6
68.0
67.4
66.8
66.2
65.6
65.0
64.4
63.8
63.4
62.8

0 .73+0 .04
0 .8110 .04
0.83+0 .04
0 .86±0 .04
0 .87+0 .04
0 .90+0 .05
0 .79+0 .05
0 .83±0 .05
0 ,81±0 .05
0,.87±0,.04
1..02+0,.05
0,,91+0,.05
1.,03±0,.05
1.,01±0,,05
1.,03±0.,05

0,,6752
0,,6818
0.,6884

0.,98+0.,05
1.,21±0,,06

0.,6949
0.,7383

1.,2510.,06
1.,2110.,06

0.,7447
0.,7510
0.7574
0. 7637
0.7699
0.7767.

1.18+0. 06
1. 34+0.,06

1.3910. 06
1.46+0. 06
1.36+0. 06
1.41±0. 06
1.5410. 06
1.68+0. 07
1. 60+0. 07
1. 71+0. 08
1. 70+0. 07
1.85+0. 08
1.79±0. 08
1.75+0. 07
1.69±0. 08

0 .6181
0 .6249
0 .6316
0 .6420

o,.6486

.6553
o.
0,.6620

0..6686

0. 7824
0.7886

0.7947
0.8291
0.8351
0.8410
0.8468
0.8527
0.8585
0.8642

1.83+0. 08
2.05+0. 08

0.8700
0.8756
0.8798

2. 08+0. 08

0.8854

l
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TABLE V
do/dQcm

-u

da/du

(dee)

(mb/sr)

r(GeV/c)2l

fmb/(GeV/c)z)

62.2
61.6
61.0
60.4
59.3
59.3
58.7
55.2

2.13+0.08
2.ll±0.08
2.18±0.08
2•27±0.08

0.8910
0.8965
0.9021
0.9075
0.9130
0.9184
0.9237
0.9546
0.9597
0.9647
0.9696
0.9746
0.9795
0.9843
0.9891

9
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(Continued)

cm

2.13±0.08
2.39±0.09
2,22±0.08
2.80±0.10
2.82±0.10
2.78±0.10
2.92±0.10
2 .87+0.11

54.6
54.0
53.4
52.9
52.3
51.7

3.06±0.11
3,.19±0.11

51.1

3,.16±0.12

22.01+0.83
21.79±0.84
22.55±0.85
23.47±0.87
22.0610.85
24.6710.90
22.96±0.87
28.9311.03
29.2011.01
28.7011.06
30.1511.06
29.69+1.10
31.68+1.12
32.9411.34
32.70+1.19
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Differential cross section data for n-p scattering near

References:

Dubna, 630 MeV, Ref. 4; PPA, 649 MeV, Ref. 33;

and Present Data, 647 MeV.
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cm.
Figure 45.

Differential cross section data for n-p scattering near

640 MeV in the angular range 145° ^ 8

< 180°. References: Dubna,

630 MeV, Ref. 4; PPA, 649 MeV, Ref. 33; Saclay, 649 MeV, Ref. 34; and
Present Data, 647 MeV.
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background normalization factor (refer to Chapter IV, p. 123). The
errors do not include a 7% normalization uncertainty arising from the
deuteron counting statistics and uncertainties in the measured cross
section for the p+p -»• i\++d reaction (refer to Chapter IV, pp. 123
and 127).
Several sources contributed to the uncertainty in the polar scattering angle theta.

Systematic errors in the alignment of the MKPC's

(and errors in the spectrometer position) were estimated to give an
uncertainty of about 1.7 mrad in the measurement of the polar scattering angle.

Multiple scattering and geometrical resolution effects

within the spectrometer contributed uncertainties of 1.46 mrad for
650 MeV protons to a maximum of 4.26 mrad for 120 MeV protons (see
Appendix B ) . The most significant contribution, however, was from
multiple scattering of the protons in the LH 2 target and scintillator
Sj (see Appendix B ) . These uncertainties ranged from 1.71 mrad for
650 MeV protons (near 0°) to a maximum of 7.80 mrad for 120 MeV protons (near 60°). Adding quadratically the errors from the various
sources yielded an uncertainty in the polar scattering angle of about
2.82 mrad at 0° and of about 9.05 mrad at 60°.
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CHAPTER VI

DISCUSSION OF RESULTS AND CONCLUSIONS

A.

Comparison with other Experiments

The cross section values presented in this thesis are seen to
fall between the earlier results from Dubna1* and PPA 33 (refer to
Figs. 44 and 45 of the preceding chapter).

The absolute cross sec-

tions show disagreement that is outside the normalization error assigned to each experiment.

The discrepancies are not only due to

uncertainties in normalization, since the relative shapes of the angular distributions are different.
The Dubna results appear to be shifted in 9 c m with respect to
the present data and that from PPA; that is, the Dubna cross section
is consistently higher than the present cross section for angles larger
than about 75° and lower for angles less than 75°. This could reflect both the relatively large uncertainties in the measurement of
the scattering angle and the fact that the forward and backward regions of the Dubna cross section were obtained by different experimental
methods.

In addition, the Dubna data do not exhibit the abrupt change

in slope near 168° which is seen in the present data.
The absolute cross section of PPA appears to be consistently
lower than that of the present data.

The shape differs in that not

only do the PPA results fail to exhibit the sudden change in slope
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near 168°, but the cross section is exceptionally low in the range
130° < 6 c m < 1 7 0 ° .
Reasonable agreement can be found between the data of this thesis
and recent data from Saclay.34

The absolute cross sections of the

two sets of data are very nearly the same, but differences in shape
are evident.

The Saclay results display the abrupt change in slope

that is evident in the present data but do not maintain the sharp
backward peak for angles greater than about 175°. The backward peak
begins its rise at about 168° and has very nearly the same shape and
absolute values for both sets of data except that the Saclay peak
levels off near 175° and becomes about 15% lower than the present
data close to ISO". The data of this thesis exhibited the same nonstatistical fluctuations in the shape of the backward peak prior to
the inclusion of the "granularity" correction (refer to Chapter IV).
It is not clear whether such corrections have been applied to the
Saclay data although they would have been required.

Also, the slope

determined by the points of the Saclay distribution in the region
145° < 6 c m < 150° is somewhat different than that exhibited by the
present data.

The origin of this discrepancy is not clear.

That the Saclay results agree so well with the present data
is not, perhaps, so surprising in view of the similarities of the
two experiments.

Both data sets were obtained by scattering neutrons

from a liquid-hydrogen target and viewing the charge exchange protons
with a magnetic spectrometer.

The neutron beam used by the Saclay

group was obtained from the stripping of deuterons by a thick beryllium
target and was somewhat less monoenergetic than the neutron beam of
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this experiment.

The most striking similarity, however, is the fact

that the technique used to obtain the absolute normalization for
the two experiments was the same—the concurrent detection of deuterons from the known reaction n+p ->• fr°+d to determine the incident
flux of neutrons.
It was unfortunate that the angular distribution of this experiment could not be obtained for all center of mass angles (owing to
the rapid decrease of the proton energy at large angles in the
laboratory).

This would have permitted a crosscheck of the absolute

normalization by comparison of the integrated differential cross
section with the total elastic cross section.

However, a future

experiment at LAMPF will measure the forward peak of the cross section by using a calibrated, position-sensitive neutron counter to
detect neutrons emitted at forward angles from the LH2 target.
measurement shou

That

ielp provide an independent normalization deter-

mination with an uncertainty of several percent.
A feature common to all the distributions (excepting the data
of Saclay which is of limited angular range) is that the minimum of
each data set occurs at an angle slightly larger than 90°. The fact
that the differential cross section is not symmetric about 6

= 90°

implies that interference between even and odd parity states (partial
waves) is important at this energy and that a fit of da/dQ

in powers

of cosO cm (or, equivalently, in a series of Legendre polynomials)
would necessarily contain both even and odd powers of cos9
cm
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B.

Parameterization of the Data

The preceding discussion noted some of the qualitative features
of the four existing n-p differential cross sections near 640 MeV.
A technique frequently used to obtain a more quantitative description
of the data is to transform the center of mass cross section da/dQ
cm
to the equivalent da/du form and then fit the cross section with the
function

du

where u is the square of the neutron four-momentum transfer.

In

general, a sum of exponentials in u with more than two terms is required to obtain a good fit to the complete angular distribution.
However, a two-exponential fit serves well in fitting the backward
peak of the cross section and, since the data of Saclay spans the
backward region from 8 c m = 145° to 180°, a two-exponential fit has
been made to all sets of data in that region.

The results of those

fits are shown in Table VI,along with x2> the reduced chi-square for
the fit:

x 2 = X2/v» where x 2 is defined in the usual way, 35 and v

is the number of degrees of freedom.
Motivation for fitting the backward peak with the two-exponential
form probably is derived from the accepted notion that the sharp
peaking of the cross section for |u| < 0.02 (GeV/c) 2 can be attributed
to the interference between the one-pion-exchange amplitude and a
"background" amplitude that varies slowly with u.

The background

amplitude is assumed to include the contributions from the exchange
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TABLE VI. Two exponential fits to the data of Dubna, PPA, Saclay, and
this thesis.
Data

Data
Points

a

K

l

h

6

54.9±4.5

106±15

56.6±2.8

PPA

11

40.7+3.5

183±35

37.0±2.2

Saclay

50

38.5±1.7

119±11

45.7±1.6

7.73±0.53

1.85

Present

36

47.2±1.0

165± 8

48.3+1.0

7.06±0.33

0.94

Set
Dubna

a

a

2
5.04±0.61
10.1 ±0.8

0.12
0.97

of mesons heavier than the pion (e.g., p exchange, etc.) but is not
understood.

However, the behaviour of the backward peak for |u| ^ 0 . 0 2

(GeV/c)2 resembles that predicted by simple diffraction scattering13
at high energies: i.e., da/du ~ A e"biul with b ~ 10 (GeV/c)"2.
Thus, in the fits presented above, the parameter 81 corresponds to the
one-pion-exchange contribution to the cross section, while the parameter 6 2 might be related to the diffraction nature of the backward
peak.
The x 2 values shown in Table VI indicate that the data of this
thesis can be fitted better than the PPA and Saclay data (the x 2
value for the Dubna data is not a good measure of the quality of the
fit since the fit is allowed only one degree of freedom).
ratio 3i/3 2

is

Also, the

l a r 8 e s t f ° r the present data, implying a sharper change

in slope (see Fig. 46). Comparing the parameters of the Saclay data
with those of this thesis indicates that the chief difference in the
two data sets is in the region of the one-pion-exchange contribution;
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0.10

0.12

-u (GeV/c)'
Figure 46. Two-exponential fit to the differential cross section dcr/du
of this thesis in the angular range 145° < 6 c m < 180°.
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i.e., the a 2 and $ 2 parameters are quite similar for the two data
sets, but the Oj and 3-j parameters are strikingly different.

C.

The Pion-Nucleon Coupling Constant

In an attempt to gain insight into the validity of the data or
this thesis, use was made of a method suggested by Chew 36 for determining the pion-nucleon coupling constant from the shape of the differential cross sections for nucleon-nucleon scattering.

The

prescription given by Chew as applied to the n-p data is to multiply
the n-p differential cross section, do7dftcm, by x 2 = (l+cos6 cm +u 2 /2k 2 ) 2
and extrapolate the resulting function to x = 0, the position of the
one-pion-exchange pole.

In the definition of x given above, 9

is the neutron c m . (center of mass) scattering angle, u is the charged
pion rest mass, and k is the magnitude of the neutron c m . momentum.
The differential cross section may be written 37

da
dfi

(l+cos6 cm ) 2

_ £__

cm~ * E 2

U+cose c m +u 2 /2k 2 ) 2

A(x)
(l+cosGcm+p2/2k2)

where A(x) and B(x) are unknown functions representing the contributions of processes other than the one-pion-exchange mechanism, E is
the neutron c m . total energy, and f 2 = g 2 (u/2m) 2 is the square of
the pseudoscaler pion-nucleon coupling constant with m as the neutron
rest mass.

y (x)

Multiplying Eq. (11) by x 2 , the function y(x) is obtained:

= x 2 da „ £_
dficm
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4E2

(x

_ ^ 2 + x A ( x ) + X 2 B(x) t
2k2

A least squares fit in polynominals in x is then made to the
function y(x) given by Eq. (12). Taking a Q to be the zeroth order
coefficient of the nth order polynomial expansion

f(x) = £
i=0

the residue of the one-pion-exchange pole is gi/en by

f (0) = a

°

= S_

4E2 \2k2/

Two sets of polynomial fits were computed.
data in the angular range 145° < 0
by the two-exponential fits.

The first set employed

< 180°, the same data described

The second set contained data from the

entire backward scattering region 104° ^ 6 c m ^ 180°. According to
Chew, the minimum range of cross section data that may be used is
determined by the distance from the pole to the nearest branch point.
The n-p scattering amplitude (refer to Fig. 2, p. 8)
have singularities for fixed k 2 at the locations:

is known to

cos9

=
cm

±(l+M2/2k2)

for the poles; and cos6 cm = ±(l+4u 2 /2k 2 ), ±(l+9p 2 /2k 2 ), etc., for
the branch cuts.

Thus, experimental points in the physical region

given by
-1 > cos9 cm > -l+y 2 /k 2

represent a lower bound on the useful physical range of data points.
For an incident neutron energy of 647 MeV, this criterion suggests a
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minimum range of 159° < 6
< 1 8 0 ° , a more restricted range than used
cm
for either polynomial fit.
Polynomials of order up to ten were used as trial functions.
Two criteria were used to determine the order of the polynomial giving
the best (and most reliable) fit.

(That fit would be one in which

both indicators reached optimum values simultaneously.)

The first

criterion was a minimum value of reduced chi-square, vj2, the parameter
described earlier for measuring goodness of fit. The second criterion
was one that can be used to determine the significance of each term in
the polynomial expansion:
= [X2(n-1)-X2(n)]/X^

the F test*

The quantity F (n) = Ax2/xf

is a statistic that follows the F-distribution and is

a measure of how much the inclusion of an additional term in an expansion
improves the value of the reduced chi-square, x 2 . That is, the probability
P(n) = P(F ,n) of the F test for the nth term of the polynomial expansion
A

should be small if it is unlikely that the expansion with n terms would significantly improve the fit compared with the expansion with n-1 terms. Thus, we
are interested in the order n that minimizes F (n), insuring that the exA.

pansion with n-1 terms will likely be all that is needed to accurately
describe the data.

The results of both tests for each polynomial fit

tried are shown in Table VII for data in the range 145° < 6 < 180° and
cm
in Table VIII for data in the range 104° < 6

< 180°.

The results given in Table VII for the limited range of data points
indicate that a polynomial of order four (five terms) satisfied both
statistical criteria simultaneously (see Fig. 4.7). A good value of x 2
was obtained for the fit, and the value of x^ (as well as the coupling
constant) reached a plateau as a funct
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fit chosen was, in fact, optimal.

Tha

n of n, an indication that the
is, in performing a least squares

TABLE VII. Pion-nucleon coupling constant determination for the data of
this thesis in the range 145° < 6
<180°.
cm

f2

PCn)
2

22.07

---

imaginary

3

4.704

1.00

0.0418 ± 0.0015

4

1.133

1.00

0.0650 ± 0.0020

5

1.010

0.97

0.0742 ± 0.0042

6

1.043

0.06

0.0749 ± 0.0102

7

1.078

0.14

0.0712 ± 0.0234

TABLE VIII. Pion-nucleon coupling constant determination for the data of
this thesis in the range 104° < 8
< 180°.
cm

*5
2

19.36

3

10.59

f2

P(n)

imaginary
1.00

imaginary

4

7.444

1.00

0.0183 ± 0.0024

5

2.559

1.00

0.0489 ± 0.0014

6

1.216

1.00

0.0639

7

1.099

1.00

0.0695 ± 0.0023

8

1.001

1.00

0.0759 ± 0.0030

9

1.010

0.41

0.0740 ± 0.0048

10

1.023

0.24

0.0723

± 0.0017

± o.0073
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0.10

0.09 —

0.00
-0.02

0.02

0.06

0.10

0.14

0.18

0.22

= C O S (0C(T|)+1.03202
Figure 4 7.

Plot of x2(da/d0cm) vs x = l+cos6cm+y2/2k2 for the cross

section data of this thesis in the angular range 145° < 8

< 180°.

The best fit to the data (quartic polynomial) is given by the solid
curve.

The edge of the physical region is at x = 0.03202 and the

asterisk denotes the residue of the one-pion-exchange pole.
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fit to a given set of data, x 2

at

first usually decreases monotonically

as the order of the fitting polynomial is increased.

As the order is in-

creased further, a plateau is reached where the value of x^
only slightly.

fluctuates

The order of the polynomial corresponding to the point

where the value of x 2

first reaches the plateau is often taken as the

order of the polynomial giving the best fit.
The analysis for the set of data points encompassing the entire
region of the backward peak yielded similar results.

A polynomial of

order seven (eight terms) was required to fit the greater number of data
points, but the x^
2
in the value of f

value for the fit was good and a plateau was reached

as a function of n.

The values of the constant de-

termined from the two sets of data were very nearly the same.

The value

of the coupling constant (f2 = 0.0759 ± 0.0030) obtained using the larger
set of data was taken to be the final value.

Preference was given the

larger set because the F test provided a better indication of the proper
number of terms to include in the expansion.

That is, the change in

P(n) near the minimum in x^ was more abrupt for the larger data set (and,
therefore, a more positive indicator).

This final value of the coupling

constant is not too inconsistent with the generally accepted value of
0.08 derived from studies of pion-nucleon scattering, and it overlaps
TO

a value determined from a phase-shift analysis of p-p data (LRL VII).
As an aid in the comparison with the previous n-p differential cross
section measurements near 640 MeV described earlier, the pion-nucleon
coupling constant analysis was applied to the Dubna, PPA, and Saclay
data in the region 145° < 9 < 180°. The results of those analyses are
given in Table IX along with the result for the data of this thesis.
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TABLE IX. Comparison of the pion-nucleon coupling constant determinations
for the data of Dubna, PPA, Saclay, and this thesis in the range
145° < 6
< 180°.
cm

Data
Set

Data
Points

f2

n

)

6

4

0.020

0.38

0.0521 ± 0.0089

PPA

11

5

1.085

0.29

0.0717 ± 0.0117

Saclay

50

8

1.190

0.07

imaginary

Saclay*

44

5

1.178

0.49

0.0501 ± 0.0133

Present

36

5

1.010

0.06

0.0742 ± 0.0042

Dubna

*

P(r

The six data points having 8
> 176° have been omitted.
r
cm

On the basis of the statistical criteria, the data of this thesis
appeared to yield the most trustworthy value of the coupling constant
(the small value of xf for the Dubna data was a result, as before, of the
very small number of degrees of freedom available to the fit). The results of the analyses for the Dubna and PPA data were not unreasonable,
but in both cases the value of P(n+1) indicated that additional terms
were needed for the best fit. However, the addition of these extra
terms substantially increased the value of x^ , resulting in a contradiction of statistical tests and an ambiguous selection of

the proper

order of the polynomial expansion.
The value of f

for the Saclay data was not entirely unexpected in

view of the behavior of the differential cross section near 9 c m = 180°.
As shown in Fig. 45, p. 136, the Saclay cross section maintains a
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reasonable slope in the one-pion-exchange region until about 0

= 175.5°,

but then abruptly flattens out and approaches 180° with almost zero
slope.

When the six suspect data points near 180° were removed from the

data set and the TT-N analysis was redone, a more acceptable value of
2
f = 0.0501 ± 0.0133 was obtained for a polynomial of order four (five
terms), with x^ = 1.178 and P(6) = 0.49.

D.

Conclusions

The goal of this experinent was to perform a definitive measurement of the n-p differential cross section at 647 MeV using stateof-the-art techniques.

Whether the results are indeed conclusive

can perhaps be decided only after a unique phase-shift solution has
been obtained for the n-p interaction at this energy.

However, it

should be pointed out that this measurement of the differential cross
section has certain merits:
(1)

use of a liquid-hydrogen target requiring no carbon subtraction as would be the case with a polyethylene target;

(2) measurement of the angular distribution over the region
51° < e c m < 180° without having to alter the basic experimental setup;
(3) measurement of the particle momentum and TOF with more than
adequate resolution to enable a clean separation of proton
and deuteron events;
(4) use of an incident neutron spectrum with a high energy,
nearly monoenergetic peak well separated from lower energy
neutrons;
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(5) utilization of cross sections for the n+p -*• ir°+d reaction
to establish the absolute normalization for the n-p charge
exchange reaction.

This technique will yield an improved

normalization for the n+p -*• p+n differential cross section
of this experiment when more accurate measurements of the
n+p -»• ir°+d and p+p •**• T\ +d cross sections become available
in the future; and
(6) analysis of a large number of events over a wide angular
range.
These conditions permitted the cross section to be measured with small
statistical and systematic uncertainties.

It is hoped that these

results will help foster a more complete understanding of the neutronproton interaction.
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APPENDIX A

CONSTRUCTION DETAILS OF THE MONITOR SCINTILLATORS

The scintillation detectors in both the dual neutron monitor and
the hydrogen-target monitor were constructed as described briefly in
the following.

In each detector Pilot U scintillator material of

thickness 0.16 cm was glued with optical cement into a groove cut
along the edge of a 0.318 cm thick lucite light guide which was tapered
and glued into a groove cut along the diameter of a disc-shaped lucite
light pipe of thickness 1.27 cm.

The 4.57 cm diameter of the light

pipe was chosen to match the diameter of the photocathode of an RCA
3575 photomultiplier tube.

The light pipe was, in turn, glued to

the face of the photomultiplier tube.

The scintillator and light pipe

were polished for maximum internal reflection and both were wrapped
with 0.013 nun aluminum foil covered by two layers of black plastic
electrical tape.

The photomultiplier tube was mounted on a custom-

designed cylindrical-shaped base which contained the high voltage
bleeder string assembly and which provided support for the magnetic
shields.

The magnetic shield consisted of a 20.3 cm by 5.77 cm i.d.

by 0.12 cm wall cylindrical y-metal .shield surrounded by a 31.77 cr
by 6.35 cm i.d. by 0.36 cm wall soft steel tube exterior to the umetal shield.

The detector assemblies were found to have good gain

stability with respect to temperature changes (0.2Z/°C) and to prevent
gain shifts due to changes of magnetic field greater than those encountered in the experimental environment of the detectors.
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APPENDIX B

ESTIMATES OF THE SPECTROMETER ANGULAR RESOLUTION AND
THE UNCERTAINTY IN THE MEASUREMENT OF THE POLAR SCATTERING ANGLE

1.

Geometrical Resolution of the Spectrometer

For a MWPC of wire spacing s = 2 mm, the uncertainty in the
location of an event "hit" is Ax = 1 mm, so that the root-mean-square
(RMS) uncertainty for one plane of a chamber is

I
J

RMS

mm

1/2

2

x dx

-1 mm
+1 mm

mm

dx
-1 mm

The angle of deflection (bend angle a) of a charged particle passing
through the spectrometer is determined by the straight-line trajectories defined by the event hits in chambers Wj-W2 (entrance trajectory) and Wo-W^ (exit trajectory).

Uncertainties in the location of

the hits give rise to errors in the entrance and exit trajectories,
which in turn, produce errors in the bend angle.

Thus, adding qua-

dratically the uncertainties due to the four x-planes that determine
the horizontal bend angle a (the momentum analysis code TEWA does not
fit the vertical bend angle) one obtains
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= (a2

Wjx

+ a2

W2x

) + (a2

W3X

+ o<
\

or a 2 = 4/3 mm, so that the EMS projected uncertainty in the bend
angle due to geometrical resolution is about 1.15 mrad for an interchamber separation (W^ to W2 and W3 to W^) of one meter.

2.

Multiple Scattering Effects in the Spectrometer

Since the energy lost by protons and deuterons in passing through
the elements of the spectrometer was small comoared with the incident
energy, the probability distribution of the scattering angle, 6, due
to multiple coulomb scattering could be approximated by a gaussian
distribution.

If P(6) is the probability of an event scattering

through an angle 6, then one can write

P(6) =

exp

where /<02> is the EMS scattering angle.

Implicit in the above is

the assumption that the event distribution in 4> is uniform.
For a particle with charge z, momentum p, and velocity v = c£
passing through X (g/cm2) of material having a radiation length X
(g/cm 2 ), the RMS projected angular deviation is given by the (approximate) expression39

(

1/2

15 fMeV) \ X_
pv (UeV) ) X o
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To compute the uncertainty in the bend angle due to multiple
scattering the term X/XQ was obtained by summing the contributions
from the materials in the part of the spectrometer that influence the
angular resolution.

That is, the materials from the downstream window

of Wj to the last signal plane of chamber W^.

The value used in the

calculations was 0.003833.
A proton with an energy of 120 MeV would incur an uncertainty
in bend angle due to multiple coulomb scattering of about 4.1 mrad,
while the value for a 650 MeV proton would be about 0.9 mrad.

The

angular uncertainties for the lowest and highest energy deuterons
encountered in this experiment were 1.4 mrad for 354 MeV deuterons
and 1.1 mrad for 467 MeV deuterons.

Thus, the uncertainties in the

deuteron bend angle were relatively small compared to those for the
protons.

3.

Angular Resolution of the Spectrometer
Adding quadratically the contributions from geometrical resolu-

tion and multiple scattering, the uncertainty in bend angle varied
from a minimum value of 1.46 mrad for 650 MeV protons to a value of
4.26 mrad for 120 MeV protons.

Thus, the angular resolution varied

from about 0.38% to 1.1% depending on the proton energy.

4.

Uncertainty in the Laboratory Polar Scattering Angle

The uncertainty in the scattering angle theta arose chiefly from
three sources; error in the spectrometer position (angle 6 ) , error
in the alignment of chambers W2 and W 2 , and error due to multiple
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coulomb scattering.

The uncertainty in the spectrometer position was

estimated to be less than about 1 mrad, while the error in the alignment of each of the first two chambers was taken to be 1 mm resulting
in an uncertainty in angle of about 1.7 mrad.
The largest contribution, however, was from the multiple scattering of the charged particles as they passed through the spectrometer system.

The calculation of this effect used the approximate

expression given in section 2 above for the RMS projected angular
deviation due to multiple scattering.

The value of X/XQ used in that

expression was obtained by summing the contributions from the materials
of the spectrometer system that determined the uncertainty in the
polar scattering angle.

These corresponded to masses from the center

of the LH 2 target to the last signal plane of V^ . The resulting value
of X/X

was 0.01387, which yielded an uncertainty of 7.80 mrad for

120 MeV protons and 1.71 mrad for 650 MeV protons.

Thus, adding

quadratically the uncertainties from the several sources (including
multiple scattering and geometrical resolution effects within the
spectrometer), the uncertainty in the polar scattering angle varied
from a minimum of about 2.82 mrad for angles near 0° in the laboratory
to a maximum of about 9.05 mrad near 60°.
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This expression is a good approximation for high energy particles
and thick foils (such as the LH2 target) but is accurate only
within 20% to 30% for thin foils (such as the MWPC's of the
spectrometer).
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