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ABSTRACT

The free neutrcn-prcton elastic differential crosé
section has been measured at neutron beam energies of 212
and 418 MeV, . The experiment determined the angular
distribution over the range 1509-1800 (CM) in two segments,
having the 'same overall normalization. ,The 150-90° range
was measured by detecting =scattered neutrons in a
scintillator and MWPC array. Normalization was obtained by
goving the array into the direct neutron beam.  Energy
selection was made via a time of flight (TOF) measurement
relative to the TRIUAF cyclotron RF. The neutron detector
was calibrated absclutely using an associated particle
technique, in which the recoil proton was detected. .The
ratio of coincidentally cbserved neutron-proton pairs to
rrotons alone yielded +the efficiency, which was used to
calibtrate neutron beam monitors. The remainder of the
angular distributicn was obtained by detecting ~the
cscattered protons in a magnetic spectrometer.. Proton
selection was made using the TOF through the spectrometer
and the momentum. Energy selection was mpade via the RF
TOF. Normalization was ©provided by the same monitors as
used~in the measurement of the fcrward half of the angular
distribution. . The normalization of dq/aSL has been

determined to about 3%, with statistical accuracies of



about 1-3% on the individual data points..Thesé data have
teen included in a thase shift analysis together with all
sorld data, showing an improvement in the energy
dependence of the differential cross section near 090 CM
and in the phase shifts, notably ?5., Together with the
previously nmeasured Wolfenstein parameters, unambiguous

fhase shifts in the I=0 system are obtained for the first

time in the TRIUMF energy range. .
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I. . INTRODUCTION

I.1 HISTORICAL REVIEW

Study of the nucleon-nucleon (N-N) force has been a
central occupation for physicists since the discovery of
the peutron by Chadwickl, Nucleons are the most accessible
tools for a study of the stromg interaction. Furthermore,
as they are considered to be the basic constiiuents of
nuclei, knowledge of their interaction is relevant tc¢ an
understanding of nuclear properties. With these two goals
ir mind, a tremendous amount of effort has been invested
in the experimental determination and theoretical

explanation of the nucleon-nucleon interaction.

The first decade of research was devoted to
identifying the properties of the <force: that it was
energy dependent?2; +that the core region was strongly
repulsive3; that a nevw symmetry, Isospin¢, was respected
by it; and that non-central forcess, tensor and
spin-orbit, were present as well. With this informa tion,

the mcst general form of the interaction potential was



constructeds, although there was little or no

understanding of the processes which generated the force. .

A major success was made by xukaua’ in- his
generalization of the ideas of electrodynamics, in .which
he postulated the strong force +to be mediated by the .
exchange _of virtual ©particles that, by necessity, had
finite mass to account for the short range of the  force. .
#ith the discovery of the pion, by Powell® in 1947, and
further experimental evidence , it  was shown? that his
view well described the 1long range. {(greater than a few

pion Compton wavelengths) properties of the force. .

In light of this success, mnuch effort was poured into -
the meson theoretic approach! 0 which hoped to show that
the: short and medium range components of thé strong
interaction were due to the: exchange  of other, heavier
mesons. . Two short-comings were apparent in this approach:
the strong force did not 1lend itself to perturbation
theory; and, in order to fit the experimental data, a.
medidm mass meson, the 0, was requiredt!, . The a me son

has never been found experimentally. .

At this time, phenomenological approachesl?2 vwere
taken to describe the interaction. Combining knowledge of

~the form of the potential with experimental measurement of



a limited number of §N observables, analyses dere
undertaken that parametrized the amplitudes in terms of
phase shifts. The high angular momentum (and so, long’
range) phases were calculated from the one pion exchange
(OPE) potential and the remainder were determined from the
data. These values of the phase shifts were then available

for use in nuclear theory calculations. .

An outgrowth of the meson exchange ideas hkas been
combined with the technique of dispersion relations 13-15
tc provide the courrently accepted mode of calculation..
Through applications of the principles of analyticity,
unitari;y, and crossing, the dispersion relations
describing the N-N interaction are transformed into those
requiring knowledge cf TN,WM, and eN interactions, but
rothing of th= actual WN-N¥ force itself. This method
encounters difficulties at short range, owing to
computational problems in including the exchange of
systems of mass greater than two pions. To produce an "all
radius"™ potential, the core region 1is parametrized from
N-N data, with the hope that this region (< 0.8 fm ) will
soon ke calculable in the theory of quantum chromodynamics
(0CD). In this approach,fits have been obtained to the

data which are of comparable gquality +to those of the

phenomenological phase shift analyses (PSA)..



T.2 MOTIVATICON FOR THE EXPERIMENT

Information on the isospin dependence of the N-N
force requires an examination of interactions of both the
rroton—-proton {p-p) and neutron-proton (n-p) systeas; the
p-p case has access only to the I=1 channel, whereas the

n-f casée involves both I=0 and I=1 channels. .

At the outset of this experiment, data for the p-p
system wvere of adeguate quality, while those for the n-p
system in the energy range 200 - 500 MeV were scarce and
of 1low accuracy.. Input of the data into the PSA gave
ron-unique solutions for the parametersi®, Fuarthermore,
there vwere systematic disagreements between some of the
data sets, especially around 300 MeV, e.g. the data from
the Princeton-Pennsylvania Acceleratort? (PPA) and

liverpoolts,

Using phase shift analyses as a base, a study!?® was
undertaken to assess the best set of experiments to
perform in order to maximize the resulting information..
The procedure used was iterative, in that "measurements" ,
with errors, of various observables were input to the
analysis and the effect cbserved. The result of the study

was that measurements of the following free, elastic n-p



observables were expected to be the to best improve the

data set:

Wolfenstein paramneters D, B, A, D*, Ryr By 550-1250
CM #0.03
Polarization P 5£0-1250 CHM +0.02

differential cross section 50-1800 CM +1%

The error level shown was arbitrary, but typical of
that required. To date, the Wolfenstein parameters and
polarization have all been measured, leaving only the
differential cross section to finish +the experimental

program, aimed at fixing all I=0 phases to the. sane

precision as the I=1 phases.,

Measurement of the differential cross section to this
level became possible with the advent of the high flux
"meson factories"20 so that high intensity, nearly
ronoenergetic neutron beams became available, using
deuterium targets for neutron production. . Additionally,
and perhaps most importantly, this measurement of d¥ /d4dJ-
is novel in that it is the first in the intermediate
energy range 200-500 WeV to provide a distribution over

the entire angular range with a single normalization. .

Due to the kinematics of n-p scattering, the rate and



energy of scattered particles decrease rapidly approaching
90¢ iab. Consequently, it becomes inmpractical to detect
the scattered neutrons over the entire angular range. . In
practice, only forward going, energetic particles are
detected: ﬁeutrons, to obtain the forward part; and
forward scattered protons for the.backuard region. , These
measurements had previously always been done by separate
met hods and different experimental groups. Table 1 lists
the previously existing cross section data in the

vicinities of the energies 212 and 418 MeV, .

T.3 DESCRIPTION OF THE EXPERIMENTAL METHOD -

e—— e e e i e e i

)

The technique used in this experiment was as follows
(Fig 1).. The neutrcn beam, monitored by an upstrean
detector, was incident on a proton target with the
scattered neutrons . cbserved by a neutron detector. . 4s is
explained later in the text, use of the technique of
placing the detector in and out of the incident beanm-
largely eliminated detector efficiencies from the
peasurement, allowing calculatidn of 46 4l . The neutron
detector was then calibrated absolutely by a conjugate
particle method: scattered protons were counted in one arm

uhile\ some neutrons were detected at the kinematically



Neutron Center of Mass
Energy Angular Range Performed At
- (deg)

46
195.6 11 - 5] PPA
196 1 - 179 ppp 47
199 76 - 158 Roches'cerl-'l8
200 6 - 180 Dubna 49
210 11 - 51 ppA 46
210 11 - 179 ppa 47
211.5 120 - 180 LAMPF 42
215 76 - 178 Rochester 48
224 11 - 179 | ppA 47
224 1 - 51 ppa 16
390.2 1 - 53 ppa 16
400 12 - 178 Carnegie 50
L1 60 - 180 ppa 148
421 151 - 180 saclay™3
4528.9 118 - 180 LAMPF 42

Table 1. World data for the n-p differential
cross_section. .
This Table lists all the previously existing data on the

differential cross section near the energies 212 and 418
MeV. .
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Fig 1. .Experimental configurations. .
Fig({a) shows the setup used to measure the differential
cross section. Fig(b) shows the setup for the calibration
of the neutron mcnitors.




conjugate angle by the neutron detector, giving the
absolute efficiency of the detector. .This information was
used to cross-calibrate the upstream monitor, giving its

efficiency for detecting neutrons.,

Armed with  this infofmation, measure@ent of the
backward hemisphere could proceed. ,Scattered protons were
detected with  virtually 100% efficiency. With the number
of incident neutrons known frbm the same monitor, the
cross section was obtained, with the same normalization as

the forward hemisphere,

The object of this thesis 1is to report on the
peasurement of d¢ /3l over the entire angular range at
two energies, 212 “and 418 MeV., The calibration of the

neutron detector and monitor is also discussed. .

Finally, the results of this measurement are
incorporated with the world data set on all ©N-N
observables intc a phase shift analysis, completing this

rrogram of elastic n-p work. .
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I, PRINCIPLE OF THE EXPERIMENT

The interpretation of the n-p elastic differential
cross section is that it is the probability that a neutron
incident upon a target proton will scatter elastically
into a specified soclid angle, In principle, it can simply
be deterwmined by counting both the incident number of
neutrons and the number scattered into the solid angle of
interest. In practice, however, the counting of neutrons
is difficult due to the generally low and energy-dependent

efficiencies of all neutron detectors. .

For a detector yith a small solid angle of

acceptance, dSl, the number of neutrons scattered into it,

N,, is given by
N womit dT 4R
4L
where _ n, is the incident number of

neutrons
n, 1s the density of target
protons s

dr saS\ is the elastic n-p
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differential cross section {laboratory

frame)
aSL is the solid angle

subtended by the detector, and

t is the target thickness. .

With a neutron detector of finite size, efficiency

and a team monitor having efficiency 77, the numbers

€,

cf particles detected are

= £ hLMDh t: 4§~ l
N, T Ny md& (1)

where Np is the number counted by
the neutron detector, and

Nwon iS5 the number counted by

the neutron monitor.

The functicnal dependences of the variables should be

noted here:

A\ 1\(E3

b2

av 47y E)
o iR

My, = My (\523,)

N, = Np(8,E)

£(¥,33

"
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Here (x,y) correspond tc coordinates describing the
rlane perpendicular to the scattered particle direction; E
represents the kinetic energy of the particle; and 0 the
polar scattering angle. The (x',y') are the coordinates
rerpendicular to the incident beam.direction. . Henceforth,
the (x,y) variations shall be neglected and considered
cnly as corrections to the ideal case of uniformity in

spatial coordinates. .

The efficiencies V\ and £ are generally unknown, but
can be eliminated if the measurements are made with the
detector placed in the incident neutron beam: both the

~

detector and the monitor sample the same bean. .
N, (0) = £(E) Nemon (820 (2
W (€D
With E the energy of the incident beam. .Combining e€q (1)
and (2), noting that in eq{l) & (E )= E(Es), the scattered

enerqy, one gets

Np (6,Es) E[E ) wale\ AT AN ne

and

05 (g £ = Np(HE) £(E) Npn(s) I
’ NoC0.E)  2CE) Num (& wtdll
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The monitor efficiency, ﬁ\(EL),,has cancelled out and
cnly the relative energy efficiency variation of the

neutron detector remains. .

Fig 2 shows a typical plot of scattered particle
kinetic energf as function of laboratory scattering angie.,
The rate and energy of the scattered particles drop
rapidly as the angle approaches 900 lab. . It is well known
that neutron detector efficiencies fall rapidly with
energy in the range (100 - 500 MeV).. It is practically
impossible to detect a single type of particle over the
entire angular range and one must detect protons in the
range 00 - 500 {lab) to measure the backward angular

distribution of the scattered neutrons.

With a proton detector one cannot simply move. into
the incident neutron beam to cancei out the monitor
efficiency. . It must ke known absolutely a priori.. &s has
been described briefly in the introduction, it is
determined by cross-calibraticn from the neutron detector
efficiency, when it is also in the neutron beam so that
toth the neutron detector and monitors sample the same

neutron bean.,

Once 4\ is known, the number counted by the proton

detector, of essentially unit efficiency, is

N\(E;\ A
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Fig 2. . Scattered nucleon kinetic energy
versus _laboratory angle, .
The variation of the scattered nucleon's kinetic energy
with polar 1lab scattering angle is shown for incident
kinetic energies of 215 and 420 MeV.
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with 6( teing the conjugate angle to 9‘, and 49 74 JL the

cnly unknown in the eguation.;

To summarize, having measured the absolute efficiency
cf the neutron monitor, the differential cross section is
obtained over the entire angular range with a single

pormalization. .
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IIT. EXPERIMENTAL EQUIPMENT

As discussed in the previous chapter, the object of

the measurements was to determine the number of neutrons
incident on the target, and the number of neutrons (or
protons) scattered into a given solid angle. .Fig 3 shows a
schematic of the apparatus usad to perform the

feasurenment, .

Neutrons produced at the deuterium target scattered
freom the 1liquid hydrogen (LHZ) target. The scattered

neutrons (or protons) were observed in a movable detector. .

IIT.1 FIXED FQUIPHENT

This section deals with the elements of apparatus
vhich wvwere fixed on the experimental floor, ie. ,did not

involve the movable neutron cr proton detectors.
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Fig 3.. Overview_of apparatus used in_the
mea surements.
Neutrons produced at the LD, target are collimated and

then scatter in the LH, target into a movable detector..

The neutron detector is shown here.,-
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I1I.1. 1 The Cyclotrcn-

The primary proton beam was produced by the TRIUNF
sector-focused éyclotron21.,The protons, accelerated as H™
ions, are extracted by a carbon or aluminium "stripper"
foil. The radial distance of the foil from the:. cyclotron
determines the energy of the extracted beam, which is

variable from about 183-518 MeV. .

Two beams are typically extracted (Fig 4), omne into
the "proton® hall, and the other into the "meson" hall.  As
TRIUMF 1is principally a meson factory, proton currents of
from 10-100 }AA are delivered to B1ll for a high meson
flux. The needs of the proton hall are in the region of
Q.S/AA, and for this experiment, went as low as 2-5 ni..
Consequently, wmuch effert had been put into achieving
large split ratios between the extracted currents of BL1
and 4, It has beén fouﬁd that ratios of up to 1000:1 can

te maintained to about 5%.,

The proton currents required by +this experiment
varied over a factor of about 100, so that techniques were
required that would allow variation of the beam intensity
without change 1in the other properties of the beam:

spatial position, =size and energy..Simply reducing the
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current in the ion source, which produces the H- ions that
are injected into the cyclotron, was inadegquate as that
Frocedure changed the emittance of the beam injected to

the cyclotron. .

Three technigues were used at various times in the
data taking: making use of a pulser on the ion source,
which eliminated a given fraction of the beam pulses;
defocussing a 1lens element (the Einzel 1lens) on the
injection beamline to dunp unwanted portions of the bLeamn;
and altering the vertical position of the stripper foil,
to intercept a variable fraction of the proton ‘bean
circulatihg in the cyclotroﬁ tank. These three methcds
were found to be equivalent in their ability to allow low
bteam currents to ke extracted without changing bean

properties in going from high currents. .

The cyclotron radio-frequency (RF) accelerating
cavity operateé at 23 MHz, and so every 43 ns a proton
bunch, of up to 5 ns duraticn, is extracted from the
cyclotron tank.. The bunch width could be varied down to
about 2 ns through the use of a "buncher"™ and chopper on

the injection line, .

The RF signal, available to the experiment, had a

constant phase with respect tc the proton bunch extraction
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time., This signal served two purposes: it gave a reference
time with which to clock the arrival of particles at the
‘experimental  station, allowing determination of the
rarticles! energy by the time of flight22 (TOF) method
(¢hich will be described latef in the text); and,
permitted one to observe "decelerated"” beam23, Beam in the
cyclotron tank, which is not stripped and extracted, isl
accelerated to the ocuter edge of the tank where it slips
cut of phase with the RF, is decelerated back to the
stripper foil and extracted. These protons would arrive at
the experiment at a time different from, but with the sane
energy as, the main preton beam, which could cloud the

Tesults of the TOF method. ,

Since the RF period ¥as 43 ns, timings relative to
the RF signal were modulo 43 ns. Particles which took .
nultiples of 43 ns to reach the experiment appeared to
have identical enérgy in the TOF method. To examine this
effect, a  "1:5 selector®24 was used to mechanically
suppress -four out of every five proton bursts from the
cyclotron, to a level of about 10-4, ,Data taken in this
way could then be used to see whether there was any
hydrcgen-associated low energy background +that *wrapped

arcund® to be under the elastic neutron peak..

The proton beanm was tfansported to the. neutron



22

froduction target using conventional magnetic. elements,
shown in Fig 5. .The beam 1line elements were carefully
tuned to ensure that the beam properties were not affected

by small drifts in the settings cof the elements. .

Several remotely insertable, gas-filled, multi-wire
propocrtional chambers were available along the beam 1line
to. check the spatial properties of the beam. Two, having 3
mm wire spacing, were located just upstream of the neutron
production target. . The spot size of the beam on these

ronitors was typically 5 x 5 mm2.,

As further checks, there were also a split plate

ronitor and a polarimeter upstrean.,

I1I1.1.2 Proton Polarimeter

A twin double arm polarimeter (Fig 6) was mounted
just upstream of the neutron production target. in
rrevious experiments it had been wused +to monitor the
rclarization of the proton beam in the measurement of the
free n-p Wolfenstein parameters, In this experimeﬁt, it
was used as an intensity wmonitor and to check on the

horizontal steering of the protcn beanm.

The arms of the polarimeter were s2t at the
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Protons extracted from the cyclotron are transported to the experimental area
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I LETTER 2nd LETTER SUBSCRIPT

R RIGHT R RECOIL F FRONT

L LEFT F FORWARD R REAR
RR telescope
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/ 3(/
/

4

- K  PRIMARY BEAM

\ T

LR telescope

_ Fig 6. .Proton polarimeter. .
The proton polarimeter, upstream of the LD, target,
detected left-right asymmetries in elastic p-p scatterirg,
by observing both protons in t«o twin-arm counters. .




25

kinematically conjugate angles for elastic p-p scattering

frocm the 0.127 mm thick CH, target.. Any differences in

the scattering rates Letween the 1left and right armé

indicated a horizontal mis-steering of the proton bean
,

{mainly due +to the rapid change <c¢f the proton-carbon

differential cross section with scattering angle)..

Due to requirements of other experimenters on the
team 1line, the CH, target was changed frequently so that
the polarimeter could not be used as a long term intensity

monitor. .

IIT.1.3 Neutron Production Target

Neutrons were produced at zero degrees with respect
to the incident proton direction by quasi-elastic
scattering of the incident proton beam from a 1liquid
deuterium (LD5 )target2S, Immediately downstream of the
target a bending magnet was used tc transport the
remaining proton beam to the beam stop. On the way there,
the beam was monitored by a seccndary emission counter.
The magnet also served to eliminate charged particles

coming from the target from the resulting neutron beam..

The target flask, shown in Fig 7, of length 203 mm by



26

JACK

A

EDGE WELDED BELLOWS

20¥K TRANSFER LINES

J STEEL SHIELDING

H,/D, GAS SUPPLY LINE

80“K COOLING LINE

THERMAL SHIELD

VACUUM VESSEL

TARGET ASSEMBLY

205K COOLING COIL

FLEXIBLE METAL HOSE

VACUUM

A

ONE METRE

Pig 7. .The liguid deuterium target. .
The deuterium 1is held in the region denoted *"target
assembly”. . Three orientations are possible by moving the
assembly up or down: a dummy cell, a carbon target, aad
_the deuterium flask. .
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51 nm diameter, held the liquid deuterium. The target end
windows were made of 50 mn stainless steel, while the
farget' vessel was separated from the beam pipe vacuum by

windows of 120 Jam thickness. .

Target cooling was provided by a Philips A-20
cryogenerator with two cooling lines. ,The 20K line fed the
heat exchanger directly, while +the 80K 1line .cooled the
radiation shield., The target could be filled in
approximately twelve hours (most of this time required to

cool the chawmber) and emptied in about one hour. .

A hydrogen bulb thermometer and carbon resistors wuere
used to monitor the flask's temperature and pressure. .
These quantities were interfaced 1intc the cyclotron

centrol system, giving access to them at any time. .
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IIT.1.4 Nautron Collimator

A collimator was used to define the size of the
nsutron bean and shield +the experimental area and
eguipmentQ,It could be used to look at ény angle of
scatter from the liguid deuterium target from -30 to 300
in 30 steps..In this experiment, only the 090 port was left

open, the others being filled with steel plugs..

At the upstream entrance, the steel pipes were of 100
em diameter and in the center were of 125 nm diameter, .
They were placed between steel plates, with the spaces
between the pipes filled with lead. .The length of the 090
port was 3.3 m and its diameter was reduced to 3.81 cm by

specially made steel plugs..
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I11.1.5 Neutron Bean Intensity Monitor

The dincident neutron €£lux vas monitored by an
assembly of counters, forming two independent monitors,
placed upstream of the hydrogen target., These monitors had
to deal with changes in the neutron flux over +two orders
cf magﬁitude., For . this reason, they were built in the

confiqguration shown im Fig 8.

The in-line counters, G1 and G2, were intended to
work at low intensities, while the out-of-beam counters,
CR and CL, placed at 29¢ +to the incident neutron
direction, were for high' intensities. . The two monitors
provided internal consistency checks on each .other, as

well as for checking the beam conditions. .

A small fraction of the neutron beam interacted in
the 2.54 cm thick CHy slab to produce charged particles,
which were detected by the monitor counters. The veto, CV,
ensured that the neutral particie flux could be monitored..
The CH slab was made larger than the collimator exit
hole, making the ncnitors insensitive to small shifts in
the neutron beam shape. Copper plates eliminated some of
the low energy background in the ocut-of-beam monitor. At

212 Mev, 0.635 cm thick plate was used, while 1.91 cnms
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Pig B. Neutron beam intensity monitors. .
Neotrons 1interacted in the CH, converter to produce
charged particles which were detected in three counter
arms., The two out-of-beam arms sere sumnmed to give one
monitor, and the in-beam arm was the second monitor. .
Copper ranger was included in the out-of-beam monitor to
reduce the low energy background. .
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Counter Height Width Thickness
— Tem Temy Tem)
Cv 25.0 25.0 0.30
CL1 20.3 _ 20.3 0.32
CL2 15.2 15.2 0.32
CR1 20.3 ~20.3 0.32
CR2 15.2 15.2 0.32
Gl 25.0 25.0 0.30
G2 25.0 25.0 0.30
Table 2. Dimensions of the neutron Lean

monitor counters. .
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were used at 418 MeV, Table 2 gives the dimensions of the

rcnitcr counters. .

s i - <. e 092 e

A secondary collimator (Fig 9) was employed to reduce
the neutral particle background from the main collimator
and the monitors. It was constructed of an aluminium frame
filled with lead bricks and shot, placed between the fpole
faces of the sweep magnet. Emphasis was placed on
shielding the aﬁgular regicn over which the detectors
moved, and geometrically, the shielding restricted the
tackground toc scattering angles of less than about 50. The
upstream borte of the collimator was 5.08 cm, and was 47 cn

longe.

An inner helium bag was utilized along the length of
the secondary collimator " to reduce scattering of the
neutron beam in the air upstream of the hydrogen target.,
The sweep magnet was used to remove charged particle
tackgrcunds produced by the neutron beam upstream , as no
vetc counter was placed upstream of the target.. It vwas
found that the veto introduced more backgrouad than it
eliminated, by converting a fraction of the neutron beanr

without self-vetoing.. The sweep magnet field was held at
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Fig 9. .Cleanup collimator and sweep magnet.
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ppstream monitor
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collimator reduced the background from the
s and the 1lips of the main collimator. The
oved any remaining charged particles..
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10 kgauss throughout the experiment. .

ITT.1.7 Liguid Hydrogen Target

The liquid hydrogen {(LH, ) was contained in a mylar
flask which, at room temperature, was 199.5 mm long with a
136.5 mnm diameter (Fig 10). Cooling was provided by a
Stirling cycle engine which could cool the‘ target to
liquid  in about twenty-four hours. Once cold, it could be
remotely emptied in about eight minutes, leaving cold gas

in the flask, and filled in about two minutes. .

The density of the 1ligquid was most accurately
deterrined by monitoring the pressure of the gas on the
boil-off 1line., The normal operating pressure was 17 gsia,
corresponding to a density of 0.0701 gscm3, . The
refrigerator cut in and out on pressure excursions of %
0. 25 psia variation from the coperating point, while a 3

psia variation corresponded to a 1% change in the density. .

The temperature of the flask was monitored by a
Cu/Constantan thermocouple attached to the center top of
the flask, and was continuously recorded. , The typical gas
density was 5.4 » 10-% g/cm3, Knowledge of the empty

target gas density was reguired in order to correct the
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Fig 10. The_ liquid_hydrogen target. .
The target flask was surrounded by a gas ballast region.
praintained at the same pressure..  The evacuated region

outside the gas ballast was surrounded by a spun aluminiunm
dome. .
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empty target subtraction, as is described later..

The length of a similar target was measured at bLoth
room and liquid nitrogen temperatures, and was found to
contract by 0.4% of its magnitude., By linear
extrapolation, this gave a target length at 1ligquid
bydrogen temperature of 198.5 mm, with 0.1 mm as an upper

limit on the error of the extrapclation.,

In the H, molecule, there are two possible
orientations of the proton spins: parallel {(ortho-) and
" anti-parallel (para-), which occcur in the ratio of 3:1,
and have different thermal properties26é, To make the
liquid homcgeneous, a catalyst was used to convert
virtually all of the hydrogen mclecules to the para state.
The substance used was a nickel silicate having the brand

name APACHI-1 produced by Houdry Division of Air Products.

The mnmylar end windows of +the flask were 0.013 cm
thick. The flask was covered with ten layers of 6.3 mn
aluminized mylar ({"superinsulation"), and was surrounded
by a gas ballast region whose walls were 0.025 wnm thick
mylar. This region was in contact with the iiquid, and so
was maintained at the same pressure, The evacuated region,
outside the gas ballast, was enclosed by a spun aluminium

dome, 0.107 cmn thick. This dome was found to be the main
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contributor to background events.

I11,.7.8 Downstream Helium Bag_ And Beam_Dump-

A self supporting helium bag, made of mylar, was
placed downstream of the LH 5 target to reduce background
from the neutron beam scattering from air in this region. .
The cylinder was 630 cm 1long by~.36 cm diameter,
strengthened by inner styrofoam rings and supported by tw®o

styrofoam stands. .

At the end of the 00 line, a stéck’of concrete blocks
supported two rows of 15x7.5x5 cm3 lead bricks. .The bricks
vere élaced to the left cof the incident beém so that when
the detector was at a non-zero angle, the bricks were
tetween the detector and the intersecticn point of the

beam and the wall. .
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I11.1.9 Hvdrogen Target Monitor

A three counter telescope (Fig 11) was used to
provide an additional monitor of the Lil, target status.,
It was placed at 450 to the neutron beam, with the solid
angle defining counter 70 cm from the center of the
target, . The telescope acceptance Was linited to
approximately the volume of the flask. ,The placement and
dimensions were chosen to cptimize the constraints that
the <ccunting rate be higher than that of the detector at
any angle; that it accept charged &particles from the
region of the flask only; and that it be out of the path
of the detector. The counter dimensions are 1listed in

Table 3.

This completes the discussion of the fixed equipment.
The remaining discussion of the apparatus will deal with
the neutron detector, wused 1in the forward hemisphere
measurement, the recoil arm, used to calibrate the neutron
detector, and, finally, the proton detector used for the

backward hemisphere data.
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/ HYDROGEN TARGET

T™ I

45°

Fig 11, Target monitor. .
The status of the LHy target was monitored by a three
counter telescope at 459 to the incident beam directicn. .




Counter Height
cm
TMI 6.0
TM2 10.0
TM3 6.0
Table

ronitor counters. .

3.

ko,

Width Thickness
(cm) (cm)

6.0 0.32

10.0 0.32

6.0 0.32

Dimensicons_of -the hydrogen target
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I1IX1.2 THE NEUTRON DETECTOR

The principle involved in th2 neutrcan detector was to
allow a neutral particle to impinge on a block of carkon,
where there was a probability of interaction that resulted
in charged ©particles emerging from the block.. These
charged particles were detected by scintillation counters
and indicated the interaction.of a neutral particle in the

carben convertar, |

The apparatus used for the detector is shown in Fig
12. The carbon block was 53x53x9 cm3 and was followed by
two +trigger scintillatcrs, P1 and P2, which detected the
converted charged particles. The carbon block was 5.57
from‘tﬁe target center. The detector was mounted on wheels
and was attached to a center post, underneath the hydrogen
target, by radius arms.. The dimensions of all the

scintillators used are listed in Table 4., .

An alumipnium plate 1 cm thick was placed between the
two scintillators in order to reduce the number of
triggers from 1low energy background events., .The plates

were approximately one metre square in area.
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Fig 12. .The_ neutron _detector. .
Neutrons incident on the detector interacted in the carbon.
converter to produce charged particles which were detected
in the scintillator and MWPC array dowanstream of the
converter. Charged particles incident on the detector were
vetoed by a combination of a scintillator aand MWPC.
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Counter Height Width Thickness
(cm) (em) (cm)
P1 50.0 50.0 0.64
PV A-F R 36.5 0.30
PV G-H 100.0 , 15.0 0.32
P2 A-F 744 36.5 0.30
P2 G-H 100.0 15.0 0.32

Table 4, Dimensions of the neutron:detector
scintillators. .
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TIX.2.1 The -Triqger Scintillators:

P2 consisted of a hodoscope . of scintillation
ccunters, shown Fig 13; to givé the better timing
resolution that can be obtained from smaller counters. P1
vas made spaller in area than the carbon block in an
attempt to nminimize edge effects.  To further —reduce
tackgrounds, the P11 scintillator was viewed by two
rhotconultipliers, one at the top, the other at the bhottom. .
Requiring a coincidence between the two tubes eliminated
scme of the background due to noise in the tubes, and due
to such phenomena as Cerenkov light from cosmic ray muons
passing through either light guide. In an attempt to get
the best timing from all the scintillators on the
detector, the 1light guides were made adiabatic, in which
the guides wvere segmented along the edge of the
scintillator, joining at the cylindrical light guide base,

the length of each segment bsing equal..
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Fig 13. . Schematic of the PV and P2
scintillator _arrayss. . ,
The PV and P2 hodoscopes were identical.  The one

meter-square area was covered by six scintillators frcm
above and below {A-F) overlapped in the nmiddie, and two
scintillators {G-H) covered the spaces between the others. .
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I11.2.2 The Vetc Ccunters:

Two veto counters wvwere used to ensure that only
neutral particles were able to trigger the detector: a
scintillator hodoscope (PV), identical to P2 in
configuration; and a muolti-wire proportional chamber
(MW PC, to be descriked shortly). The MHPC was used as a
low mass device to pick up charged particles missed by PV,
or converéion of neutrals in PV, The need for very high
vetoing efficiency is best illustrated by an example: with
a detector having effiéiencies of 2% and 100%,
respectively, for neutrons and charged particles, a veto
efficiency cf 99% wonld result in a charged particle

background of 50% for equal fluxes of both particles. .

I1T.2.3 The Multi-wire Proportional Chambers

S e e it . S S G- ety S S G e S

There vwere seven HWPC's between P1 and P2 to
reconstruct the tracks of the ccnverted charged particles
through the detector.,6 The principle use of this
information was to identify the location of the
interaction in the carbon block. There were three .MWPC'S

giving horizontal <coordinates and four giving vertical

ccordinates.
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The operational characteristics of the MWPC's have
been well described elsewhere2?, Consequently, only the
gropertiés ipportant to this measurement are discussed
here, The MUPC's were constructed with a wire spacing of 2
rm. To allow a saving on electronics, they were operated
in a mode which electronically gro;ped the wires in pairs,
effectively reducing the resolution to 4 nm.. This was
achieved by summing the «cutput from each pair of wires

into an amplifier, instead of a single wire per amplifier. .

A pulse, indﬁced on a wife by é charged particle
traversing the chanker, was stretched out to last 800 ns
as a logic pulse, - If the external trigger electronics
determined that a particle of interest had passed by, a
strobe pulse was sent to transfer all signal pulses into
latches, . Data input was then inhibited while the latches
were - read sequentially.. There vas a one-to-one
relationship between the latches and wire pairs, so that a
set latch identified the fired wire and MWPC. Once the
reading was finished, an external reset re-enabled the
MREC system. Readout of a typical event involved a dead
time of about 5 msec, with the MWPC's having a memory time
{the time in which the particle's ion +track remained in

the chamber) of about 150 ns, -so that the rate limit on
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the MWPC's was about 106 sec—1, .

The MWYPC!'s used the Ymagic"28 gas mixture of
approximately 8O % argon,bubbhled through methylal, 0.4 %
argon-freon 13B1, and 46 9 isobutane .. This mixture has
the property that the ions from the chargéd particle track

diffuse to the nearest vire within 2 nm,

The MWPC's (Fig 14) covered one metre sgquare in area
and consisted of 20 M n sense Wwires sandwiched between

high tension (HT) plane wires of 122 Mo thick. .

ITTI.4 APPARATUS FOR THE EFFICIENCY MEASUREMENT

As previously discussed, the «calibration of the
peutron detector was achieved via the conjugate particle
technique. Por this an additional proton telescope was

required to supplement the neutron detector. .

The proton telescope is shown imn Fig 15, and was
composed of three scintillators, with copper plates
between the last two, . The scintillator dimensions and
placements were chosen to ensure that the. conjugate
reutrons pa;sed through the neutron detector. The

dimensions are listed in Table 5. The reascons for these

choices are discussed later in the text, .
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Fig 14. Multi-wire proportial chambers, .
The MWEC's were composed of sense wires sandwiched between
two HT planes. .The "magic" gas mixture was enclosed in the
chamber by mylar window¥s and continuously circulated. .
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Counter Height Width Thickness
(cm) (em) (cm)
RE1 6.0 6.0 0.32
RE2 16.2 15.2 0.32
RE3 20.3 20.3 1.1
Tabdle 5. Dimensions of the recoil arm
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1X71.6 IHE PROTON DETECTCSE

Protons were detected for the measurement of the
backward hemisphere of the differential cross section. The
princifal difficulty 1lies 1in particle identification:
there is a variety of charged particles, protons, rpions
and deuterons, which can trigger the detector, .
Identification cannot be achieved by TOF alone - another
independent kinematic quantity of the particle is
necessary. .This point is made <clear by considering the
standard relations fcr a relativistic particle of momentum
E and mass m

Ez - Fz*'""z

E = P/(g

where /S is the velocity of the particle (c=1). The TOF
pethod yields F ,» so that an independent peasurement of p
or E w%ill determine the mass of the particle. Partly
tecause of the equipment available to this experiment,

pcmentum analysis was chosen for the second measure. .

The magnetic spectrometer used +to determine the
momentum is shown in Fig 16, The frame of the spectrometer
was the same as for the neutron detector, and kept the S2

counters at a radius of 2.317 ® from the c=nter of ‘the
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Fig 16. .The proton spectrometer. ; :
Scattered protons were detected in a spectrometer array
consisting of scintillators to identify the passage of
charged particles, a magnet to bend them, and HNWPC's to
determine the path of the particles through the system.
Particle identification was made by correlating. the TOF
from S1 to P2 and the momentum for each particle,
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liquid hydrogen target. The passage of charged particles
through the detector was signalled by coincidental firings
cf the scintillators S1, SZ and P2.. 81 and S2 are
described in Table 6, while P2 is the same counter used in
the neutron detector,, S2 was composed of four small
counters, S2 A-D, side-by-side, so that the so0lid angles
of the angular bins defined by the. counters would be
determined by geonmetry. .Six 1/2.h square MWPC's, otherwise
identical to the previously described MWPC's, were used to
determine the particle's track before entering the magnet,
and six 1-m square MWPC's were used after it. .Emphasis was
rlaced on the particles' horizontal bend so that four of
each set of six chambers were cf horizontal readout. The
remaining two were vertical, Ideally, the vertical
component of the +tracks would be wunaffected by the
vertical field. .This was later verified in the analysis of

the data.

In order to allow a greater bend through the
spectrometer, the front scintillators and the magnet were
offset to the right in the detector. The magnet had a 10
cm pole gap, with the pele faces of 50 cn diameter. , The
\gB-dl’was linear in the exciting current and was equal to

480. 16 kG-cm at 1150 amps. .

A thick scintillator, S4, was installed on the
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Counter Height Width Thickness
(cm) (cm) (cm) (em)
S1 25.0 25.0 0.30
S2 A-D 4.0 3.75 0.20
P2 A-F 74 .4 36.5 0.30
P2 G-H 100.0 15.0 0.32
sy 10:.0 15.0 10.0
Table 6. Dimensions of the spectrometer

scintillators. .
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épectrometer, which could be inserted immediately
downstream cf the S2 counters, S4 was used at large angles
where inelastic proton production was kinematically
prohibited and the elastically scattered protons had
typically less than about 100 MeV. In these cases, the use
cf sS4 eliminated the additional loss of protons in the
materials in the spectrometer downstream of S2. The
scintillator was 10 x 10 ¥ 15 cm3, ¥hen not in use, S4 was

slid to the side of the spectrometer frame. .,

It was important that the detection efficiency of the
spectrometer be as close to unity as possible.. The
efficiencies of the individual scintillators vere
estimated Ly measuring the number of coincidences recorded
by twc counters on either side of the scintillator in
question, and comparing that number +to the number of
three-fold coincidences. The efficiencies were optimized
to a level of better than 99.9% bty adjusting the HT's of

the =cintillators. .

A similar procedure was. carried out for the MWPCs,
using the scintillatcer trigger to determine the passage.of
charged partiéles through the chambers. By adjusting the
MWEC HT's, typical efficiencies of about 99% were
cbtained., . Due to the redundancy of the horizontal

coordinate chambers, the expected fitting efficiency with
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such individual efficiencies was virtually 100%, so that
un-fit events were probablj due to bad triggers,

€.ge. .Tandom coincidences in the scintiliators.

I11I.7 ELECTRONICS

The passage of particles of interest through the
various detectors {("events") was signalled by fast
" electronic logic devices. The experiment was controlled by
a PDP 11/34 computer, which communijicated with the fast

€lectronics through a CAMAC interface. .

An event triggered the computer by the fast
electronics sending a pulse to (strobing) an EGEG C212 Lbit
pattern unit, which sent a Look-At-Me (LAN) interrupt to
the computer., This ‘interrupt caused the conmputer +to
~inhibit the CAMAC and MWPC systems from recording further,
and to proceed to record data for that event stored by the
MWPC's, digital counters (scalers), time-to-digital
converters (1DC's), analogue-to-digital converters
(ADC's), and the C212 bit pattern wunit. The <C212 also
recorded the firing pattern of all non-monitor
scintillators. These data were transferred to 800 BPI
ragnetic tarpes, and then used to form on-line histogranms,

which enabled experimenters to monitor the data as it was
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being taken. . These were viewable on either a Decwriter II

bardcopy terminal or a Tektronix 4010 graphics terminal.

The CANAC systen was composed of two crates on a
single branch., , The first <crate contain=d the (€212,
scalers, TDC's and ADC's, while the second contained the
MUPC interfaces and a test cocntroller (used to check the

MWPC system)..

As the electrcnics configurations for the three
reasurements were very similar, they will be described
tocgether. The logic ‘devices used were NIM standard, and

their configurations are shown in Fig 17-Fig 20. .

Random coincidences in the various detectors were
pneasured by utilizing +the periodic RF structure of the
cyclotron, The probability of detecting particles in any
keanm burst 1is assumed to be equal.. Therefore, the
coincidence rate of a count in a detector with a count in
a subsequent burst vwould be a measure of the coincidence

rate in a single burst, .

It should be noted that the discriminator wused  for
the monitor veto, CV, was used in the burst guard mode, in
which the logic output pulse was extended until the input
analogue pulse fell below the threshold 1level. This

ensured that, for high rate conditions, multiple pulses in
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Electronics for the recoil arm, when used in- the

calibration measurement are also shown. ,See Fig 19 for the
legend.
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62

computer -
trigger

computer busy

C 212 strobe
ADC gate —M—-
MWPC trigger

busy clear
from computer
dual gate
gen.
crate NiM| l
inhibit /TT
32ns
scaler
inhibit

Fig 20. .Electronics for the computer gating
and event readout. .
See Fig 19 for the legend. .
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the counter would be properly vetoed.

211 threshold 1levels wWere set to -100 aV and logic
rulse lengths less than 43 ns were used +to ensure. that
pulses from one beam burst could not overlap pulses due to

an adjacent Lurst. .
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IV. ANALYSIS AND_ RESULTS

Analysis of the data breaks naturaliy into three
categories: the calibration of the npeutron detector and
monitor; the fofward hemisphere data, taken with the
neutron detector; and the backward hemisphere data, taken

sith the proton spectrometer. .

The data analysis consisted of taking the required
information stored on data tapes, recorded during the
experimental runs, for each event and reducing it to
obtain the differential cross section.. The necessary
computations were performed on the University of British

Columbia Amdahl 470/V6. .

IV.1 ANALYSIS OF NEOUTEON COUNTER-DATA -

=

As both the calibration and the forward hemisphere
data were takan with essentially the same equipment, much

cf their description is necessarily similar. .
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Iv.1.1 Event Selection

An event was recorded by the neutronm detector (Fig
21) whenever the scintillators, P1 and P2, fired
coincidentally, while the veto scintillétor, PV, did not..
The principle of this definition was to require that a
neutral particle be "converted" to charged particles, in

the carbon, and be detected by P1 and P2. .

There were several sources of background which wsere
able to satisfy this criterion:
(1 neutrons from np — nnc ¥
— np T°
(2) ¥ 's from np —= np w°
L+ ¥y
{3) cosmic rays which, for some reason,
did not fire PV, and
{4) random coincidences of P11 and
F2. .
{(ncte that processes (1) and (2) are not kinematically

allcwed at 212 feV.)

one of the primary tasks of the analysis was to
separate the good, elastic n-p scattering events from the

remainder of the data. .The data which were avaliable for
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this task were two time of flight spectra, and the MWPC

track fitting capability. .

This technique is used to determine the energy of a
particle from the time it takes to traverse a known

distance. One has that

s
rt = —
0.%

where s is +the distance (in metres), At is the transit

time (in ns), andtﬁ is the velocity of the particle. Fig
d (o)
dT ’

kinetic energy, evaluated for protons, showing that as T

-+
=
4]

22 shows a plot of change in At with
increases, the resolution of the time of flight ({TOF)
method decreases rapidly. For example, at 200 MeV, a width
of +1 ns, over a distance of 10 =m, corresponds tc an
energy spread of 18 MeV, while at 500 MeV, the spread is
89 MeV, a change in resolution of from 9 to 18%. At these

energies, TOF is clearly not a high resolution technique.

As mentioned previously, it was possible to time the
arrival of the events to the cyclotron RF signal.. This
essentially gave the total transit time for the neutron to

travel from the . LDZ target to the detector. It is this
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Fig 22. . Resglution of :the time of flight

The resolution increases rapidly with decreasing kinetic
energy, changing by mcre than a factor of six over the
energy range of 100 to 500 MeV 1in which the detector

accepted neutrons, .
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guantity which s%as used to eliminate neutral particles
from backgrcund processes (1) and (2). Fig 23 shows the
calculated time difference between elastically scattered
neutrons and the most energetic 1inelastic neutrons
possible, as a function of scattering angle. . This
illustrates that the 1inelastics are well separated in

time, and, as is shown later, pose no problenm. .

The 7{ rays of process (2) can be eliminated in a
similar fashion, since they travel so much more quickly
than the elastic neutrons,, Fig 23 showus the time

difference betveen these two sources of events also..

a possible source of background was rescattering of
teutrons from the floor and air into the neutron detector. .
A steel bar was placed between the hydrogen target and the
detector to absorb almost all the neutrons coming directly
from the target. All recorded events were then due to
non-target. associated sources. A contribution to these
events from rescattered neutrons that had come from the
liquid hydrogen would show up in a difference between
target full and empty rates.. A measurement of this effect
yielded a null result, and so it was neglected in the

analysis of of the data..

The 43 ns period of the cyclotron introduced ancther
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Fig 23. .Time difference between_ elastically
scattered neutrons-and btackgrounds. ,
The calculated tinme difference between elastically
scattered neutrons and rays from the LH, target shovws
that they are separable at all angles (ignoring the
resolution of the TOP system and energy distribution of
the beam). .Separation of elastics and inelastics should ke
clean above 2009 and gocd below. The ccntamnination levels
are discussed in the text. .
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sgurce of background to the measurement. As discussed
previously, neutral particles arriving at the detector a
zultiple of 43 ns after Athe elastic neutrons would be
indistinquishable from the elastics. The 1:5 selector was
vsed to investigate this background, with the result tﬁat
po statistically significant contamination of the elastic

neutron peak resulted from this lovw energy background. .

The second piece of TOF information was the tinme
required for the converted charged particles to travel
from P1 to P2. A typical plot of thes P1-P2 TOF is shown in
Fig 24, The smaller peak in +the plot corresponds to
backward going particles through the detector, allcwuing
the elimination of those backward going = cosmics which
triggered it. A narrocw peak was found in the backwuward
reqgion of the P1-P2 TOF spectrum, ¥hich was attributed to
electronic reflections, though this was never fully
verified. A1l of these "backward™ going particles were
cleanly eliminated by applying a cut, discarding all the
events in the smaller peak of -the P1-P2 TOF plot.; It was
found that +the number of elastic neutrons remaining wuas

insensitive to this cut. .
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Fig 24, Time of flight of charqged particles
through the neutron -detector. .
A cut was applied near channel 40 to eliminate "backward"
going particles, . The yield of elastic neutrons was
insensitive to reasonaktle variations of the cut., :
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Iv.1. 1.2 MWPC Track Fitting

The procedure used to determine the charged particle
tracks through the detector is described in some detail in
Appendix A. . The primary uses of the track information vuere
to identify the position of the interaction in the carton,

and the angle of the track on exii from the carbon. .

The MWPC's were used to define a "fiducial" region of
the carbon converter..  This requirement was made to
eliminate any effects that might occur towards the edges,.
‘As an example, the probability of rescattering in the
converter was on the order of 10%.. Therefore, at the
edges, neutroms fescattering towards the center of the
detector would stand a much better chance of triggering
the detecﬁor, while +those rescattering away lfrom the
center would be lost, causing a drop in- the detector’'s
efficiency at the edges, The fiducial region was (somewvhat
arbitrarily) defined to be 40 cms square, removing 6.5 cm

from all edges. .

From purely geometrical considerations, it can be
seen that the efficiency of detection varies across the
face of the carbon converter, The solid angle subtended by

B2 from any point on the converter is not coanstant. 1In
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addition, the angular distribution cf charged particles
cbserved in n-Ct2 scattering peaks near 200 lab, so that
neutrons interacting in the center of the carbon would be

more likely to trigger P2 than those at the edges. .

The differential cross section is independent of ‘the
azimuthal scattering angle, ¢>, so that, to a good
approximation, for ) >50, +the distribution of eveﬁts
originating from the <converter should be uniform in the
vertical direction, and should reflect itself in a flat
profile of events, binned in horizontal strips. Any
deviation from flatness 1indicates a variation in the
efficiency, either due to geometry or equipmental bias.,
Such a profile is shcwn in Fig 25, and shows distinct
drops towards the edges of. the carbon. .Only a central
fiducial region c¢f the carbon is shown, tc eliminate edge
effects. . The profile reflects the geometrical drop-off in

efficiency. .

A cut was made on the exit track angle of the
scattered track, sc that all events accepted at the
cenverter would have an equal chance of triggering P2,
regardless of their point of origin within the fiducial’
region of the carbon. .The choice of the maximum angle was
determined by the geometry of the converter and P2, as

shown in FPig 26, and was set to 179, A typical vertical
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Fig 25. YVertical profile of events from_ the.
~carbon converter with no exit track angle_cut..
The effect of the change of solid angle subtended by P2
from points on the converter is illustrated by the falling

profile away from the center..
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Fig 26, Determination of - the maximun
allowakle exit track angle from the converter..
The maximum angle was determined by the size of the
"fiducial® region wused on the carbon and the size of P2 .
The paximum angle chosen was 179, .
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profile, incorppréting this cut, is shown in Fig 27.. The
profiles were flat, within statistics, indicating that the
inefficiencies uere purely geometrical, and sere
eliminated by this cut. Therefore, the efficiency was
independent of the position of interaction or the carbon
converter, within the fiducial region. .It should be noted
that the price paid for this cut was the. loés of
approximately half the recorded triggers that survived the

other cuts. .

The efficiency of track reconstruction was
approximately 98% at non-zero angles and 99% at zero
degrees. ,The difference was attributed to a higher rate of
tad triggers at non-zero angles, which were rejected by
~the MWPCs.. Runs in which the reconstruction efficiency
varied by more than abcut 1% were rejected f£from the

analysis. .

As discussed in Chapter III, an MWPC was included
behind PV to act as an additionmal vetc counter.. If a
vertical track, extrapolated to this H¥WPC, came within 5
cm of a hit wire, the event was rejected. ,The cut was made
this loose as it had been observed that protons frequently
underwvent small angle scatters in the carbon, so that in
these cases, a tight recuirement would have Dbeen

ineffective.
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The track information was also found to be essential
in the elimination of three sources 'of background. The
{keam off) cosmic ray runs had a very low fraction of
events with fitted tracks ("fitting efficiency"). .Coupled
with the requirements that tracks intersect the carbon and
that the event not come in the "backward"®™ region of the
F1-P2 TOF spectrum, cosmic rays were, for all practical
purposes, completely eliminated as a source’of background. ,
This also implied that these unfittable events were
primarily due to «cosmic ray showers from above, and not

from particles travelling horizontally. .

It was also noticed that up to 5-10% of the reccrded
events had no MWPC information associated with them at
all. 1Investigations of the TOF  and pulse height
information for these events shcwed that they appeared to
be ‘K rays that were uniformly distributed in tihe,
i.e. .they showed no correlation with the arrival times of
normal events. It was felt that they were perhaps due to
thermal neutrons being captured in the carbon and
releasing low energy 7( rays, which were incapable of

triggering the MWPC's. These events were discarded.,

The requirement that an event have a track fit was

also strong protection against random coincidences of the
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F1 and P2 counters. .

IV. 1.2 The_ Neutron Beanm:

Hhen the experiment began, it was found that
backgrcund coming from sources other than liquid hydrogen
was too severe., These sources vere tfaced to insufficient
secondary collimation of the incident neutron beam.. Too
many neutrons were scattering from the main collimatcr and
monitors and causing a high background rate. by
rescattering from the aluminium target assembly. . A
secondary <collimator was designed and placed in;ide the
sweep magnet. Fig 28 shows profiles of the neutron beam in
the horizontal and vertical directions.. The profiles vere
cbtained ' by placing the neutron detector in the neutron
team, 5.57 m downstream of the LH, target.,6 Estimates of
the beam properties at the liquid hydrogen target wuwere
.obtained by geometrical extrapolation, and are shown in

7able 7. The shape of the beam was not seen to change

during the pericd of experimental running.

From other measurements on production of neutron
beams using deuterium targets29, it is known that a nearly
mono-energetic beam is produced, with a narrow peak of

about 1% 4dT/T which is well separated from the lower
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Fig 28. JVertical and horizontal profiles_of -

the neutron Leanm. .

Reconstructions of the herizontal and vertical
distribution of events at the carbon ccnverter, 5,57 nm
downstream of the LH 9 target are shown., ,The wings of the
teamn were at the 0.1% level 100 me from the center of the
team. By geometrical extrapolation, this corresponds to
approximately 50 mm at the target..

'
150
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Proton Beam Neutron Beam Spatial Size Neutron

Energy (MeV) Energy (MeV) FWHM (cm) Flux
(n/sec/namp)

225 + 1 212 + 2 © 2.5 8600

429 + 1 ng+ 2 2.5 6200

Table 7. Neutron bean properties. .
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energy tail. The TOF measurement is insufficiently precise
to check these properties on the neutron beam used in this

experiment. ,

The average energy of the neutron beam was estimated
ky accounting for energy loss c¢f the primary proton bean
to the center of the 1D, target, the 2.22 MeV binding
energy of the deuteron, and an estimate of the energy
taken up by the spectator proton in the deuteron, ,This was
done by calculating the average momentum using Hulthen's
form of the deutercn wave function.. The corresponding
kinetic energy was 4.6 MeV., This was reduced by the final
state interaction ©between the the +two protons, which
should be less than the Fermi momentum, and greater than

zero.  The mean of these tweo values was taken. .

For completeness, the neutron  production rates are
shown in Table 7 as well, calculated from estimates of the
primary proton beam current and the absolute efficiencies

cf the monitors (described later in the text)., .
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IV.2 MEASUREMENT OF THE AESCLOTE EFFICIENCY OF THE NEUTRON

DETECTOR
iv. 2.1 . Principle And Requirements Of The.
Heasurepent -

The principle of this measurement is simply statead:
if one has detected one of the two elastically scattered
nucleons, then kinematics can be used to determine where
the other member of the pair has gone., The absolute
efficiency cf the neutron counter can then be obtained by
detecting the elastically scattered protons, and then
interogating the neutron detector as to whether a neutron
had been observed (Fig 29) at the kinematically conjugate

angle, .

There are several complications to this ideal
situvation, some of which are intimately telated.fPui ~into
tvo broad categories, they are: uncertainty of the paths
cf the two nucleons and possible 1losses; and background
processes. . These two categories can be dealt with

7

separately. .

Both the incident neutron beam and the LH 9 target
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Fig 29. Calibration of the neuntron detector. .

Elastically scattered recoil protons were observed in the
recoil arm. The efficiency of the neutron detector was
oktained by comparing this number of protons with the

pumber of coincidentally observed neutrons in the neutron
detector., .
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are of finite extent. As such, from geometry alone, there
will be a considerabkle spreading of the “envelope™
containing the scattered neutrons defined by the proton
arm, as illustrated in PFig 30, This envelope 1is most
sensitive to the length of the target, and, in fact, it
was necessary to restrict the length of target from which
frotons swere accepted by placing a small counter, R1, up

against the target. ,

On the way to the reccil arm, the protons undergo
rultiple scattering after the original n-p <collision,
primarily din the 1ligquid hydrogen itself, and in the
aluminium svrrounding the flask. As a result, the true,
original,‘ direction of the proton is obscured and,
consequently, the uncertainty in the neutron direction is
increased. ;Multiple scattering is a random process so that
the amount of scatter can only be predicted to within a

certain probability c¢f occurrence. .-

The solution to both of these problems is to bring
the neutron detector im as close to the LH o target as
possible, .This must be offset by two factors: the physical
size of the detector, as it is unwise to have it 1in the
direct neutron beam; and the desire to match the running
conditions as closely as possible to the data taking runs

for dO’/dfl.£ This restricts the distribution of incoming
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neutrons

y LH, target

L5
envelope of /// \ envelope of
accepted /_ \/ conjugate neutrons
protons /// \\\\ from geometry
neutron

/- proton detector
arm ,

Fig 30. . Envelope of accepted neutrons
determined by the recoil arm, .
The envelope of protons accepted by the recoil arm. fixes
the distribution of neutrons at the neutron detector. To
keep the size of the neutron "beanm" at the carbon smaller
than the fiducial region, the detector was moved close to
the target, and the target 1length was restricted by a
small trigger scintillator in the recoil arm up against
the target. .
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neutrons to be approximately normally incident on the

neutron detector. .

The final compromise solution, satisfying these
conditions, placed l1limits on the size of the recoil arnm
ccunters, the proximity of both detectors to the target,
and the angles of scatter to be used. Table 8 Jdescribes

the configurations used in the measurement. .

Fig 31 shows a reconstruction of the horizontal and
vertical profiles of the nentron envelepe accepted at the
carbcn converter, It verifies that all the neutrons fell

safely within the boundaries of the detector,

The second category of complications involved
tackground processes, In the processes
np —» ppIC
—= an ¥
The recoil arm could have been triggered by any of the
charged particles. ,No inelastic protons from the 1liquid
hydrogen were kinematically allowed at the angles defined
bty the recoil arwm, Pions were eliminated by TOPF. ,The T 's
that came within the same TOF window as accepted for
elastic protons were eliminated by the use of copper
plates, vhose thicknesses were chosen tc range out the

rions. .The amounts of copper used for each configuration



Proton Beam

Energy (MeV)

225

331

429
499
L99

Recoil Arm

Angle (deg)

51
51

49
48
60

Table - 8.

confiqurations. .

Neutron Detector

Angle (deg)

35
35

35
35
25

89

Copper
Thickness in
Recoil Arm

(cm)

0.64

0.64

0. 64

Recoil arm and neutron detector
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neutrons at_the carbon in the calibration. .

The distribution of events across the face of the carbon
converter was easily contained within the fiducial region
c¢f 40 cm square. .
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are also listed in Tatle 8.

The remaining sources of background are those not
associated with the 1iquid hydrogen, and were primarily
due to the target container.. The. effects of these
kackgrounds can be well estimated by taking data with the
IH o removed., .This effect was greatly reduced by the small
counter R1: the ©pajority of possible background events,
comning from the aluminium dome downstream of the flask,
could not fire all three counters in the recoil arm. As a
result, the "empty target" rate was typically less than 2%

of the full rate.

et . S St

During the experimental running, an "event" occurred
vhenever all three scintillators in the recoil arm fired
in coincidence. At such a time, the on-line computer
delayed 1its acceptance of further events and recorded the
TOF and pulse height (ADC) information., .Furthermore, based
on whether the neutrcn detector had also been triggered,

it read the MWPC?'s and set a bit in a pattern word. .

- The philosophy in analyzing this data was to

determine whether the TOF and ADC information verified
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that the particle had indeed been an elastically scattered
proton. If it had been, then the informatiom regarding the
neutron detectorlwas investigated: if the pattern word bit
had not been set, the neutron detector had missed the
neutrcn; othervwise, the event was required to satisfy
three cufs before it was classed as legitimate. The E1-P2
TOF tiwming was required to be in the forward region of the
spectrum, a fit was required for tracks through the MWPC's
giving a line intersecting the carbon converter, and the
exit +track polar scattering had to be less than the same

limit as used in the differential cross section data.

Fig 32 shows histograms of ¢typical TOF and AaDC
spectra for "the recoil arm.. Tight cuts were made, as
shown, with the philocsophy that, as 1long as background
events were excluded, any cuts were acceptable, This was

found to be the case upon varying the cuts.,

After all the cuts had been made on the recoil arm
and neutron deteétor events, the emphasis of the further
analysis wvas to obtain the shape of the neutron detector
efficiency as a function of energy for the forward
hemisphere differential cross section data, and the
absolute normalization of the efficiency to calibrate the

neutron beam monitors.
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Fig(a) shows the TOF through the recoil arm. Fig (b) <shows
the TOP with respect to the BP, and Fig(c) shows th2 pulse
beight spectrus in RE3., The cuts applied are shown.
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The data vere analyzed in +two ways: with. no exit
track angle cut and with a cut of 170 on the angle. The
two analyses were required to check the consistency of the
data and to Lketter determine the efficiency function with

the cut applied. -

Iv.2.3 Corrections To The -Number Of Nucleons

Incident On _The Detectors

The measurement of the absolute efficiency of the
neutron detector meant that a beam of neutrons was defined
by the protons accepted into the recoil arm. .Tvo effects
distorted the resglt of the measurement: the neutrons were
attenvated in the materials between the pcimt of scatter
and the detector; and the protons multiply scattered into
the recoil arm such that the scattered neutrons were not

necessarily directed towards the neutron detector. .

Assuming that.  all interactions cause 1loss of the

reutrons, the standard exponential loss calculation of
exp(-nf6 t) -

with n the number of scattering centers/cm3,
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d the total cross section, and
t the thickness of material

yields an attenuation of about 2% for the wneutrons in
approximately 0.8 g/cm3 of hydrogen eguivalent material,
as discussed in Appendix D. .This must be corrected for
those neutrcns which scatter forward and are still within
the detector acceptance.JThese corrections are listed in
Table 9. An error of about +20% has been assigned to the
calculaticn of this correction due to uncertainty in the
shape of the differential cross section from nuclei,

fitted to existing data. .

At energies above 200 MeV, the multiple scattering
corrections are small, as the number of protons scattering
cut of the detector is approximately equal to the number
scattering\*in., However, at lower lenergies, the cross
section rises sharply, enhancing the number of Trescatters
from those protons which had originally undergone a wide‘
angle scatter over those which had scattered more forward.
This gives more protons scattering in from wider angles
than scatter out from the nominal detector scattering

angle. .

This effect is small for forwvard angles, and
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Attenuation Double Double
Calibration of Scattering Scattering Total
Setting - _Neutrons of Neutrons of Protons ~ Correction
(Proton Beam Energy
Neutron Detector Angle) (%) (%) (%) (Multiplicative)
(MeVv, deg)
(220,35) . 2.6 0.4k 0.59 1.036
(330,35) 2.0 0.36 0.55 1.029
(429,35) 1.8 0.1 0.68 1.029
(499,35) 1.7 0.4k 0.67 1.028
(499,25) 2.0 0.16 0.2 1.023
Table 9. Multiple scattering and_attenuation
corrections. . -

The calculated values of +the attenuation and multigple
scattering of the neutrons on their way to the neutron
detector, and of protons on their way to the recoil arn
are listed as a functions of scattering angle..
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arproaches 1% at the wide angles. Table 9 also lists this
correction to the data, and the overall correction

aprlied. .

IV.2.4 Aralysis HWith No Exit Track Angle Cut-

A typical histogqram of the polar exit track angle
from the carbon is shown in Fig 33. .The efficiency with no
cut on the angle was calculated by summing the entire
range of +this histogram, the results of which are listed
in Table 10, and plotted in Fig 34, It was found that the
data were well f£it by a linear function of the .inverse

kinetic enerqgy of the neutrons incident on the detector. .

A least squares linear fit to the functional fornm

£(1)=n/T+b

yielded the result

=]
]

~4.511 ¢ 0.058 (HeV)

[~
i

0.03978 + 0.00035
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Fig 33, Exit track angle distribution. .
Neutrons incident on the <carbon interacted . to produce
charged particles which scattered according to this
distribution, as measured by the HMWPCs.



Neutron Energy
Incident on the
Detector

(MeV)

384,5

302.8

261.3

203.3

137.2

Table
without exit track cutsa.

Neutron

99

Efficiency

e’ (T)

0.0278 +0.0004
0.0252 + 0.0003
0.0224 +0.0003
0.0176 +0.0004

0.00692 +0.00014

detector efficiencies
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Fig 34, Neutron detector efficiencies

without exit track cuts.
The uncut efficiency vwas well fit by a line in T-1., . This

fit was used to obtain values of £(T), using the 09 data.
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with the error matrix for the fit

1.263 » 10—-7 -1.973 » 10-5
-1.973 » 10-5 3.396 & 10-3
z
The fit had a X of 0.33 per point, showing that the form

cf the fitting function well describes the data. .

IV.2.5 Analysis With A 170 Fxit Track Angle- Cut-

This efficiency was obtained by integrating the
distribution of Fig 323 up to angles less than 170, , As is
common in scattering distributions, the exit track angle
distribution becomes more forward peaked with increasing
kinetic = energy.. Consequently, the. 179 cut is energy

dependent, as shown in Pig 35, where the ratio

jfoﬂ(ea do.
- o de.

R(T)

is plotted, showing a U sharpe with a mihimum around 260
MeV, The exit track angle distribution 1is described by
f(9<)._ This change .is post likely due to the onset of
range effects, where charged particles produced mnear . the

upstream edge of the carbon do not have sufficient energy
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Fig 35. . Batio of efficiencies_with_and
without the exit track angle cut. .
The ratio shows that the 179 exit track angle cut is very
energy dependent, and has a copplicated form., It is this
cut which complicates the form of £ (T). .
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to trigger the remainder of the detector. .

As is discussed later in the text, data was taken
with the peutron detector at zero degrees, sampling the
peutron bheam, at four energies: 212, 32033, 418, and 49033
MeV., The energies of 418 and 320 HeV were close to those
calibration. settings of (499 MeV,250) and (429 HéV,BSO),
so that comparisons of the exit track angle distributions
were possible, It was found that the values of R at
approximately equal energies were the same, within
statistics, for the 00 and <calibration data. This was
possible since both data sets involved approximately the
same area of the carbon converter, so that geometrical
effects cancel.,. In addition, +the exit track . angle
distribution fell off guickly for angles greater than
about 259, so that effects due. to the tail of the

distribution were minimized..

Using the f£fit for €', the efficiency for the "cut"

data § , was obtained by

E(T) = R(T) £'(T)

Since the 00 data gave good agreement with the

calibration data for R at two energies, it was assumed to
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also be the case for 490 MeV as well. .The 212 HeV 00 data
was not used due to the failure of P2E in the forward
hemisphere data at that energy. The three values of E(T),
also shown in Fig 35, vwere used to determine values of £
to augment those from the calibration in corder to better
determine the functional form of € (T) at high energies.
211 these points are shown in Fig 36, and listed in Table
11, illustrating a kink arcund 260 MeV. These data have
been fit to a cubic polynomial in the inverse kinetic

energy

+

E(T) = A B/T ¢+ C/T2 + D/T3

WHERE

(o)
]

1.05

i+

~7485

C = 1169, .t 265, .

o
n

-73317. .+ 19900, .
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* predicted from 0° data
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——— cubic polynomial fit in T
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Fig 36., Neutron detector efficiencies_with
€xit track cuts. .
The cut efficiency was Hell f£it by a cubic polynomial in
T-1, Data obtained from the 00 data was used to help
deterrine the functional form at the higher energies. .
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Neutron Energy : Efficiency
Incident on the

Detector
(MeV)
L9o.*
418, %
384.5
320.%*
302.8
261.3
203.3

. 137.2

e(T)

0.0151 #0.0001
0.0139 +0.0001
0.0131 *0.0004
0.0115-+0,0001
0.0112 +0.0002
0.00976 +0.00021
0.00788 +0.00020.

0.00337 £0.00010

Table 11. Neutron detector efficiencies with

€xit track cuts.

Lata marked ty a ¥ are from 00 data. .
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The errcr matrix for the fit was

(0. 167 «10-5 -0.135 «10-3 0.333 - -24.5 ]
-0.135 ¢10-3 1. 120 =277,  2.06 104
0.333 -277.. 7.00 109 -5,25 106
-24.5 2.06 109 -5.25 »10% 3.96 »108

-

this functional form used four parameters to characterize
eight data with a )(z per rpoint of 0.25, Fits to lower
crder polynomials gave significantly higher Xi.¢This form
cf & (T) was used 1in the analysis of the forward

hemisphere. .

N¢ model has been developed to describe this
dependence, although scme wcrk has shown that it is
primarily due to the energy dependence of the n-C12 cross
section coupled with the range effects of the 9 cm thick

"block of carbon..
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IVv.2.6 Frror Analysis

No physically intuitive explarations have been put
forward to justify the use of a linear fit in the inverse
kinetic energy for the uncut calibration data, and a cubic
polynomial fit to the cut data.,. Consequently, it is
nrecessary to explore the use of other, possibly

equivalent, functional forms for these fits..

Six fits were made in order to estimate this
uncertainty. To test the assumption fhat.é(T)vcould be
cbtained from £'(T). .£' was fit to both linear and cubic
peclynomials in T-1, This procedure changed the predicted

values of € from the 00 data by less than 1%. .

Furthermore, the efficiency &, with the 179 exit
track angle cut applied, was refit to cubic polynomials in
T-1 - and p—1, the inverse momentum. K Each fit was performed
using the predicted 00 pcints freom the two fits to £ *(T),
hence four fits to £{T)..The p-t fits both.gave higher }<€?

than the T-1 fits,

Most of the uncertainty ip the fit tc £(T) was in the
energy region between 137 and 200 MeV, where there was no
data. Using T-t, this region becomes elongated, making

extrapolation over it more questionable, It 1is 1in this
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area that the T-! and p-t fits show a diffesrent shape, and
so affect the efficiency ratios in the wide angle settings

cf the forward hemisphere data most seriously. .

The p-!' fits were assigned "a 1lesser weight in
estiméting the errcrs involved due to the relative
foorness of the'Xi,(O.aO compared to 0.25 for T—! fits)..
All four fits were ccmpared, and half the worst difference
of the efficiencies and for efficiency ratiocs for the fits
adopted, and the remaining three fits were taken to ke a
good estimate of the error incurred by choosing those
fits, i.e. a linear polyﬁomial'in T~-t for &'(T), and a
cubic polynomial in T-1! for £(T). .The reéults are shown in
Table 12, listing the in the uncertaiﬁ portion of the £ (T)
curve. . The 350 point was well ccnstrained by the lcwest

energy calibraticn pcint for all fits,.

A second error incurred in the analysis was due to
our knowledge of the incident neutron beam enerqgy, which
is known %to about 12 MeV, due to the final state
interaction of the protons in the p(d,n)2p reaction.  This
effect becomes most serious for the low energy end of the
&(T) curve. ., Using the Tt fit for £(T), with an error 47T

cn the incident neutrcn beam energy, ¥ith

R'= i(T? /7e(D)



110

Error
calculated
. Error due from
incident Neutron Polar Scattering “"Fitting' to Energy error
Beam Energy Angle (Lab) Error Uncertainty matrix Total
(MeV) (deg) (%) (%) R(T,8) (%) Error
418+2 0 (0.5) (0.3) - (0.5) (0.77)
10 0.2 - 1.0235 0.10 0.22
12.5 0.1 0.01 1.0370 0.14 0.18
22.5 ' 0.4 0.03 1.132 0.43 0.59
37.5 _ 0.8 0.09 1.489 1.29 1.52
4s 0.9 0.24 1.925 3.19 3.3
212+2 0 ©(0.3) ~ (0.94) - (2.3) (2.5)
7.5 0.1 0.02 1.0193 0.18 0.28
15 0.5 0.12 1.0840 0.73 0.89
22,5 1.5 0.38 1.224 1.6 2.3
35 - 4.2 2.118 3.7 5.6

Table 12. .Error estimates for the efficiency
of the neutron detector. -
The estimated errors involved in R were the choice of the
fitting function, the error calculated from the error
patrix of the f£it, the error due to uncertainty in neutron
beanm enerqy, and the total error are 1listed.. The
gquantities in brackets refer to the efficiencies € (T)
calculated at 212 and 418 HeV. .
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the error in R!' 1is

. 2D e(T) (T T
T eONT: € (T 2T 5T

with

A
?_1-5-: E((-E‘LM\LQ

o m

where Tcis the scattered neutron kinetic energy, © is the
scattering angle, and m is the nucleon mass. ,The results
for the efficiencies at 212 and 418 WYev, and £for BR'
cofresponding to the forward hemisphere data are also
listed in Table 12, For all but the 350 pcint at 212 HNeV,
energy uncertainty contributes less than 0.5% error to R'.
At +this setting, the errcor is large- 4.2%, due to the low

energy of the scattered neutrons at this angle,.

These errors are systematic in nature, and mwmust be
added in to the errors calculated from the fit for £(T)
itself. The values for R' and the total error are also

listed in Takle 12.
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IV.3 THE NEUTROXK HONITGRS

The purpose of these monitors, placed in the neutron
team, was to measure the flux cf elastic neutrons incident
cn the liquid hydrogen target, while either the oneutron
detector or proton spectrometer was downstream of the
target measuring the number of scattered neutrons.. As
such, the resulting cross sections depend heavily on the

prorerties of the monitors, .

The wmonitors wused for . the calculation of the
differential cross section were the charged particle ones
(CL+CR) and G1eG2, since it was felt unwise to base the

ronitors on the singles rate of the vetc counter, CV. .

1v.3.1 Monitor Stability

The data for .the «cross section measurements were
taken over extended periocds of time and often with very
different primary proton beam intensities. .Consequently,
the count rates were required to be stable with time and
ke 1linear with the beam intensity. Fig 37 shows the ratio
¢f count rates of the in-beam neutron monitor. to the

cut-of-beamn monitor. This figure shows that these momnitors
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were stable to a level of 0.5% at 212 HeV and 1% at 418
MeV. The higher instatility at the higher emnergy is most
likely due to the increased fraction of 1low energy

tackqground above the inelastic threshold. .

*

It wvas found that the in-beam monitor was very
sensitive to the high tensicn (HT) applied to 1its
photomultipliers, A variation of 100 VvV gave about 15%
variation in its count rate. This was due to the low
energy.components of the neutron beam incident on it, as
well as to conversions of neutrons to éharged particles in
the monitor itself., Variations in the HT would indeed be
expected to affect the pulse heights of those particles
accepted Ly the discriminators for the counters in the

roni tor.

The out-of-beam monitor did not suffer £from this
froblem, as copper plates were included to eliminate low

energy background. ,

Progtammable power suppliés3° were used to minimize
the effects of variétions in the HT. These supplies sere
able to hold the voltages to within about one volt of the
‘nominal settings., This allowed the wuse of the in-bean
menitor for analysis of adjacent runs where neither the HT

nor the power supplies themselves might have been changed.
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As both the E/S and HT's had bLeen changed at certain
times, it would be incorrect toc use this monitor for the
cross calibration of the wonitors for the absclute

normalization of the backward hemisphere data. .

IV. 3.2 Monitor Linearity HWith Neutron Flux

Fig 38 shows the variation of the monitor counts with.
those of the proton polarimeter. Within the stability of
the polarimeter, there is no variation from linearity doun
tc rproton currents of about 50 nA., A deviation at low .
currents has been traced to the radiocactivity of both the
rain collimator and the sweep magnet, having a half life
of about 30 - 60 min. In addition, the counters themselves
exhibited an induced activity. These three sources
contrihufed a constant backgtound at egquilibrium with the
beam on, and a slowly decaying background with it off..
This effect showed up only for data laken with primary
proton currents of a few nA: the zero degree runs taken
for the forvard hemisphere data. The corrections required
vere on the order of 6% for the in-bean mohitor,- and 3%
for ' the out~of-keam one, and are listed in Table 13..It

sas found that the out-of-besam monitor was far less

dependent on the previous history of beanm -current {which
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Fig 38.. Relation between the out-of -beam
monitor and proton polarimetexr ccunt rates. .
The linearity of the out-of-beam wmonitor with neutron
intensity is shown, The scatter in the points is primarily
due to the instability of the polarimeter as an intensity
monitor. .




Neutron Beam
Energy (MeV)

212

118

(early runs)

418

(late runs)

Table

induced activityv.

Monitor

in-beam
out-of-beam
in-beam
out-of-beam
in-beam

out-of-beam

"Beam Off"
Count Rate

(sec -1)

1.29 +0.05
0.194 *0.019
17.3 #0.]1
0.311 #0.01

18.2 *0.2

0.455 0,023

117

13. . Corrections_to the monitors for
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determined the 1level of activity) +than the in-beam

monitor, making it much more stable in this respect.

S Ve, S g, S i A B s

The count rates of the wonitors were indeed rate
dependent for 1large fuxes of neutrons. .The probability
that the coincidences were random (and not due to
legitimate frotons traversing the wmonitor) rises with

increasing flux. .

These effects were measured in all runs by the fast
electroanics, as discussed previously. This was achieved by
delaying the signal from one counter in a coincidence Lty a
multiple of the RF pericd. The random coincidence rate in
the in-beam monitor was about 2% , This effect was

négligible in the out-of-beam monitor. ,
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Iv.4 ANALYSIS OF THE FORWARD HEMISPHERE DATA

IVv.4.1 Eligipation Of Backgrounds-

As discussed in Sec. IV.1.1.1, the principal sources
of backgrcund from the hydrogen were neutrons and ?{ rays
from inelastic reactions. These were separable from the
elastically scattered peutrons by TOF with respect to the
cyclotron RP, A typical P1-RF TOF spectrum is shown in Fig
39, ,To better illustrate the hydrogen-associated events,
an empty target subtraction has been performed on this
data. .The background .X rays are off the high end of the
scale, and the inelastics have no distinguishable onset.
These backgrounds are well separated, as indicated by the
fact that the results are insensitive +to reasonable
variations in the cuts on the PI1-RF TOF spectrum., This

5111 ke dealt with later in the error discussion. .
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Fig 39.. Typical P1-RF TOF spectrum for the
neutron _detector, :
This data is €from a run at 418 HMeV with the detector at
22.59%, . The empty target background accounts for the tails

cf the peak, and the ?T rays are off -the high end of the.
scale. .
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IV.4.2 Corrections Due To Equipment Prcblems:

Y

When analyzing the data at 212 MeV, it was found that
all but one of the angular settings had been taken with-
the P2E counter almost inoperative. This introduced small
errors in the determination of d0 /45l as the geometrical
inefficiency was slightly different for the data takesm at
oo dnd those taken at non-zero angles. A procedure was
devised to cut out any tracks which intersected P2 in the
regicn of P2E, and then use a smoothing algorithm to fill

in the area, based on the remainder of the data. .

This procedure 1is discussed ip some detail in
Appendix B31, . Briefly, the method can be described as
follows. . As mentioned rreviously, scattering CIress
sections depend only on the polar angle B ., Therefore,

the number of particles at angle 0 is

N(9) = S:ﬂmw)dé

assuming that the detector covers the entire 2 N range in
¢ for 6 . If it does not, for all events at 9 , the
fraction of 2N allowed can be calculated from the
geonetry of the detector. This data is then weighted by
that fraction to give the expected total number N( e ).
The final number of particles detected is then given by

N= T e
6 .

M
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The integration cver (9 can be considered +to have
been evaluated by the distribution in ¢ and sum of the

actual data.

A region slightly larger than P2E was excluded from
the data, and then this procedure was used to weight the
data to account for the 1loss.. In order to check the
validity of the method, the unaffected setting at 212 MeV,
and a setting at 418 MeV vere subjected to it, i.e. the
perfectly good data was artificially removed and then
replaced. In Yoth cases the "before® and "after" results
agreed to better than 0.25%, giving confidence 1in the
correction for the remainder of the data. Approximately

10% of the data was affected by this correction. .

Iv. 4.3 Enpty Tarqe£~Subtfaction‘

As discussed in Sec. IV.2, a significant fraction of
the events accepted by the neutron detector originated in
the material of the hydrcgen target. Since it was a single
arm detector, there was no recoil coincidence test
available to constrain the background.. As a result,
kackground levels were on the order of that of the signal. .
Fig 39 showed a typical pair of £full and empty rums,

rormalized to the same incident bean..This background
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accounts for the large tail of the spectrunm.

IV.4.4 Zero Degree Data

In order to provide normalization to the forward
hemisphere data, data was taken with the neutron detector
at 00, At this position, it sampled the same neutron beam
~as the nmonitors. Due to the length of the helium bag, it
was not placed between the LHTi target and the neutron

detector for this measurement. .

The intensity of the primary proton beam was reduced
toc a few nA for these runs, at which time the constant
background from the activity around the monitors becane
significant. .As discussed previously, beam-off runs were

taken to estimate the effect. .

Fig 40 shows a typical P1-RF TOF spectrum of the
neutron beam, illustrating the guasi-elastic neutron peak
and a small, but long, low emergy tail, and the )' ray
reak (due to 1\0 production at the deuterium target). .The
effect of the tail is +to =shift the average incident
reutron energy slightly dcwnward, The . 3, peak is cleanly
separated from the elastics. As the 2{ rays were

separable from the elastic neutrons, and the out-of-beam
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Fig 40. . eutron beam RF time of flight

sSpectrunm, .

The RF spectrum shows a narrow guasi-elastic neutron geak,
a s=mall but 1long 1low energy tail, and the ¥ rays
produced at the 1D, target. The 3 's are well separated
from the neutrons, .
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rcnitor was insensitive to them, no absorber was placed in

the neutron beam {(upstream of the monitors) to eliminate

7‘ rays, as had been done in other measurements of the
\

n-p differential cross section,

Iv.4.5 Time Of Flight Cuts On_The Data

The events accepted by the neutron detector, for all
the forward hemisphere data, was mono-energetic within the
resolution of the TOF weasurement. Therefore, the sane
cuts were applied with respect to the RF for the data at
all angles.. The cut used was ¢t 20 channels from the
elastic peak. .As is discussed later in the error analysis,
the results were insensitive to reasorable variations in
this cut, It shoculd be noted that this RF width was almost
entirely due to the cyclotron bunch width and not the

spread in energy of the neutron bean. .
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IV. 4.6 Correcticns To The Raw_Da

H
I

IV.4,.6.1 Ipcident Bean

some of the 00 runs were taken with the hydrcgen
target full. These were corrected, using the well-known
values of the total cross secticn for\free n-p scattering,
to inciude them in the data set. Approximately 2-3% of the
tean was attenuated by the hydrogen. . 6;+(np) is known to
about 3% at these32 33 intermediate energies, so that the

error on the correction was on the order of 0.05%, which

is completely negligible. .

The number of neutrons accepted was corrected for
attenuation in the wmaterial dcwnstream .of the liguid
hydrogen in the flask. This incresased the yield by about

1'%0 .
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\
iV.4.6.2 Data_At Non-Zero Angles

Since the target was of non-zero length, the neutron
beam was attenvated as it passed through. On average, the
neutron flux at the center of the target was reduced by

the value

LYF(-%_%FCMB

where the quantities refer to hydrogen. .The number of
events detected were scaled upwards to account for this
loss, and amounted to correcticns of

1.018

1.015

at 212 and 418 MeV respectively. . .

As discussed in length previously for the calibration
data, there was a correction to be applied £for the
multiple scattering of the incident beam neutrons and
attenuation along the path to the neutron detector. The
method of calculation was the same as previously, except
for the different geometry.. The results are listed in
Table 14 as a function of scattering angle..  These

corrections were typically of the order of 1-2%..
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Neutron Beam o Correction
Energy (MeV) (degs) Multiplicative
212 101 1.034
20 1.015
30" 1.015
4o 1.014
50 1.014
60 1.013
70 1.013
80 1.013
118 10 1.024
20 1.011
30 1.010
4o 1.010
50 1.009
60 1.008
70 1.006
80 1.006
90 1.006
Table 14, . Corrections to the fgrward

hemisphere data. . . ) _ )
The calculated corrections for attenuation and multiple

scattering are listed. .
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As for the 00 data, when the target was empty, there
was gaseous hydrogen in the flask.  The density of the gas
was - determined by the measured temperature, and 1is
discussed in Appendix C. This gas caused sone elasfic
scattefing cf neutrons into the neutron detector when it
vas at non-zero angles,, Thé number of neutrons ¥as
determined by the ratio of the densities of the liquid and
gas, giving a correction factor . of 1.0077 for all the

finite angle settings. .

IV.4.7 Parameters Needed Tc_Calculate @0/aSL

8s discussed in Chapter II, the differential <cross

section in the fcrward region is given by

éff = N (9\ E(E‘\ Nmov\(O\ A Ouzu.\g
d&cr\ N (0\ £(EQ Nmov\(m No()tc)(n oln¢n

where df{M1652a*is the Jacobian for the transformaticn to

the center of mass frame.

The quantities which remain to be given are the
bydrogen target density and length, and the solid angle
subtended by the neutron detector. Amn implicit guéntity
required is the averagqe angle of scatter into the

detector.
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The density of the liquid is discussed in Appendix C,
and was 0.,07005 + 0.00040 g/cm . The. target length was
discussed in Chapter III and was 19.85 ¢ 0.01 cm..

The solid angle subtended by the detector is given by

_ﬂtWMl

Drdvdd [e M \rdxol(v] w R/
oty rdedi fo-me I

- ¥

integrated over the face of the detector, and over the
spatial distribution of the incident bean ’and volume of
the target.  However, since the detector is so far froam the
target, this expression becomes the usual

A/re

for a point source, to high accuracy..

The average angle was calculated by evaluating

[ o(edrd® fe™" ap Py 0
\(Q(r\ ydrd ¢ je‘nto‘M(va deo(a

{87 =

vhere (r,Q’) are cylindrical coordinates about the
incident beam axis, 1 represents the target 1length, and

(x,7) cover the face of the neutron detector. The shage of
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the beam is taken as Gaussian with the measured width. .
ﬁ(?) was found to egqual the nominal scattering angle for
all settings greater than a few degrees. .Therefore, all
average angles fcr the fcrward hemisphere data were taken

to be the nominal angles. .

e e i i e i

Aside from the purely statistical errors in making
the measurements, some error is incurred in applying the
cuts to the data, selecting the elastic events.. In
addition, the  wmoniter instabilities and errors in
gecmetrical and target parameters are involved in the

uncertainty of the fipal result. .

The effect of possible jitter in application of the
cuts on the data was simulated by varying the cuts over
reasonable limits, and reanalyzing the data for each
variation.,  The cuts mnade on the forward hemisphere data
were on the exit track angle, the active area of the
carbon, and the two TOF spectra.

L4

The error in determining the exit track angle is
negligible, since the data is always analyzed in ratios..

The determination of the active area also involves
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negligible error, as binning effects at the edges should
cancel from blurring of the 1interaction points of
particles cn either side of the cut.,Taple 15 shows a plot
of the differential cross section for a variety of choices

of these quantities. .

The cross section varies by about 1% for the . values
ct eﬁmvshoun.,The efficiency function shape 1is dependent
on the choice of this angle, so that the majority of this
variation is most likely due to not having re-evaluated
the efficiency as a function of emergy for the choices of

Qwé(This error is also taken to be negligible. .

Within statistics, there 1is no change in the
differential cross section in shrinking the active area of

the carbcen from 40 to 30 cm in each plane.

Table 15 also shows the wvariation im the elastic
neutron yield for different cuts on the TOF spectra. . Even
for large excursions of the P1-P2 TOF cut there is less

than a 0.2% change in the signal. .

A +2 channel jitter on the RF TOF gives a reasonable
estimate of the possible errcr involved in this cut from
Tun to run. Table 15 shows that an error of about 0.4% for
non-zero angle data and 0.5% for 00 data 1is introduced.,

Sirce all the neutron data was taken at about the same



69nux(:ut
d€/ds.
(deg) (mb/sr)
17 L.73 + 0.12
16 4,78
16.5  4.78
17.5 L.72
18 L.70

x width
(cm)

. -

40
35
30
40
40

Carbon Active-Area

- - - - -

y width  do/dh
(cm) (mb/sr)

-—————— -

Lo . 4.73

Lo 4,76

bo 4.7h

35 4.75

30 4.73
Table 15. .

choices of -the cuts., -

The sensitivity
the active area of the carbon,
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RF TOF Cut

lower limit signal
+ x (chan) (arb. units)

0 0.9177 i_0.0h39
2 , 0.9152
4 0.9056
6 0.9066
-2 0.9213
-4 0.9275
-6 0.9256

P1-P2 TOF Cut

Jower 1imit 4 /dNe
+x (chan) (mb/sr)
0 4.73
3 4,74
5 §,73

Variation of d9/4Y for various-

of the results to the choice of RF cuts,
the exit track angle cut,

and the TO¥ through the detectcr are shown, .



134

time, the same RF spectrum was used throughout. .

As discussed previously, the neutron beam monitor
exhibited instability at the 1% level at 418 HMeV, and 0.5%
at 212 MeV., The uncertainty in the solid angle was about
0.4%, and 0.5% for the target density.,Thé error in the

target length was negligible. .

In summary, the only non-negligible scurces of error
in the calculation of the forward hemisphere differential
cross section vwere the solid angle, the target density,
the RF cuts, and the wmonitor instability., K Added in
quadrature, these errors totalled 1.6% aﬁd 1«3% at 418 and

212 MeV, respectively.

IV.4.9 Angular Distributions

The differential cross sections for the forward
hemisphere at 212 and 418 MeV are 1listed in Table 16.
Qualitative aspects cf the distributions will be discussed
later with the presentation of the backward hemisghere

data. .
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Neutron B * de/dSe
Energy (MeV) (deg) (mb/sr)
212 + 2 15.1 5.70 + 0.12
31.6 4.36 + 0.08
47.2 3.07 + 0.08
72.9 1.95 + 0.12
418 + 2 22.1 4,66 + 0.08
27.5 4.29 + 0.10
49.2 2.96 + 0.06
80.6 1.69 + 0.0k

95.8 1.37 + 0.06

Table 16. Besults for the differential cross
section at 212 and 418 MeV. :
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IV.4,10 Cross Calibration Of The Monitors

IV.4. 10.1 absolute Monitor Efficiencies

With the neutrcn detector at 00, +the number of

neutrons detected is
Np(0) = Nyugw (0 Tf\

where W\ and £ are the absolute efficiencies of the
monitor and detector, respectively. All these. gquantities

are evaluated at the same incident kinetic energy T ..

%}0) has been determined in the data analysis in a
fashion identical to that in which the efficiency £ was
reasured. It includes an RF cut of i+ 20 channels from the

elastic pesutron peak. .

For the inciden£ kinetic energies 212 and 418 HMeV,
" the values of V\ for the twe neutron monitors are listed
in Table 17. Note that the depéndence on enerqgy of the
cut-of-beam monitor is opposite to that of the in-bean
monitor and the neutron'detector. This is due to the use
cf different amounts of copper ranger in the out-of-beanm

monitcr for the two energies. .



Neutron Beam Monitor
Energy (MeV)

212 in beam
out-of-beam
418 ‘ in-beam

out-of-beam

137

Efficiency

(0.604%0.034)x1072
(8.38%0.32)x10™%

(1.22%0.68)x1072

¥ :

Table 17. . Absolute efficiencies of_ the

neutron monitors. .
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The RF cut on the 00 data determines the manner in
shich the backward hewmisphere data 1is to be analyzed:
neutrons from the incident beam accepted in that
measurement must alsc come from a + 20 channel window
about the guasi—eléstic neutron peak. This cut therefore

determines the energy acceptance in the measurement,

IV.10.2 Error Estimate

/

The monitor efficiencies are calculated frow the
ratio of the neutrcn detector efficiency and the
quasi-elastic incident beam neutron yield, normalized to

the monitors, at 00,

‘The error introduced in the neutron yield was due to
the cuts applied to the data, monitor stability, and
statistics. The sources of error on the determination of
the detector gefficiency were the statistics on: the
calibration data, the choice of the fitting function, and
the enerqgy resolution of the neutron beam. These errors

are listed inp Table 12. .

There was a third source of error which became

apparent in the analysis of the backward hemisphere data. .
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This was change in the shape ¢f the RF spectrum of the 00
reutron data from that of the proton data. This will be
discussed more fully 1later in the text, The conclusion
reached wés that allowance must be made for up to 12.5%
variatiors in the final results due tc this effect.  The

final errors and normalizations are listed in Table 17..

It should be noted that the normalization errors
guoted for the forward and backward hemisphere data are
different. This is mostly due to the fact that the forward
hemisphere data was taken consecutively with the 00 data
and, so, had the same RF distribution. This eliminates the
pajority of the error assigned to the backward hemisphere

data. .

IV.5 ANALYSIS OF THE BACKWARD HEMISPHERE DATA -

With the measurement of the absolute normalization of
the neutron detector completed, the determination of the
kackward henmisphere of the n-p differential-cross section
became simple in principle: detection of elastically
scattered proton (Fig 41), with 100% efficiency, gave the
flux of scattered neutrons, while the neutron monitors

gave the incident flux.
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and momentum,
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This section discusses.the methocds used to select the

elastic protons from the spectrometer data. .

IV.5.1 Selecticn 0f Events

The problem was one of selecting elastically
scattered érotons from the. flux of charged particles
~incident on the spectrometer. 6 As discussed previously, the
tackground c¢f particles from non-hydrogen associated
events was accounted for by the empty target subtraction.,
Cf course, clean elimination of any of these backgrounds,
by additional cuts on the data, would help reduce the

dependence on the empty target subtraction.

The charged particle backgrcund was composed of the
follcuing: {i) deuterons fromn
np —» 1T°d
— ¥ 4
in the allowed kinematic regicn of typically less than
120 lab.
(ii) picns from the reactions
np -—» ppiw_

—» on ¥
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(iii) electrons from the decays of neutral
pions
np—» 7°a or

—vfﬁonp

L ¥r
\—~——b ete—

{iv) inelastic protons from the reactions
np —» npmt°
— PP
In the allowed kinematic regicn of typically less than 35°
lab. There was no inelastic production of nucleons from

hydrogen at 212 MeV. .

The elimination of these backgrounds was achieved by
~independent measurements of the velocity and momentum of
each particle defected.; The particles' momenta vere
determined from the angle between the linear tracks before

and after the magnetic field, as determined by the MWPCs,

Pz.o.zSB-oUi
50

with A®© the angle between the tracks in

radians,

SE Al in units of kg-cm, and
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P the momentum in MeV/c.

In this way, backgrounds frcm processes (i), {ii), and
(iii) vwere eliminated by correlating the TOF through the
detector with the detector, as shown in Fig 42..
Fffectively, this was equivalent to calculating the mass
of the particle. The figure shows a . clean separation

Lbetween the protons and deuterons. .,

Inelastic protons as well as pions and electrons,
were eliminated by momentum analysis., Fig 43 shows the
expected averagev.momentum difference between the elastic
and most energetic inelastic protons energies, at each
angle, neglecting enerqgy 1losses in the materials in the
farticles' paths. The elimiration of the inelastics was
complicated somewhat by the need to accept the sane
distrihution of the neutron beam as was accepted for the
calibration of the monitecr. In the latter case, the energy
determination was wmade via the TOF techrnique, which
allowed a certain fraction of the tail of the neutron bean .
to be counted: consequently the TOF method was used to
select the incident neutrons in this measurement. Thus,
€lastic scatters from these lower energy, but perfectly
legitinmate, neutrons could have been mistaken for
inelastics from the elastic neutron peak in the momentum

analysis. This possibility was eliminated by correlating
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Pig 42, Particle identification_in_the

Spectrometer '
This data 1is +taken frcr a run at 100 at a neutron beanm
energy of 41€ MeV, Particle identification is acihieved by
correlating the TOF through the spectrometer with the
particle momentum, There are thre= bands apparent: ¢pions,
protons, and deuterons,
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Fig 43. HMomentum difference Ltetween .elastic
protons and_most_energetic inelastic_protons. .
The difference is smallest near 09, but is greater than
the resolution of the spectrometer, As is discussed in the .
text, the separation was very clean..
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the time. of arrival of the incident neutron at the. 1liquid
hydrogen target with the wmomentum' of the scattered
particle, as shown in Fig uu.“It.is clearly shown that the
tail of the team separated from the inelastic protdns from

the liguid hydrogen. .

The MWPC's performed a central role in the analysis
cf this data: their information was used to determine the
momentunm of each particle, as well as its path through the
detector. .The usage of the MWPC's was identical to that in
the forward hemisphere measurement, except that the use of
four MWPC*'s to determine the incoming and outgoing tracks
to and from the magnet ensured enough redundancy to permit
a very high efficiency for fitting tracks, typically
99.5%. . Only horizontal coordinate information was used in
the bulk processing; the vertical was used only for
checks. . The path information in the +tracks helped

eliminate three sources of background, as follows. .

Profiles of the liquid hydrogen target were
constructed with the front chamber data. As shown in Fig
45, the profiles were of sufficient resoclution, at wider
angles, tc show the good subtraétion of the empty target
background, Loose cuts were applied to the profileé to

eliminate obviously non-hydrogen associated events. .
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Fig U45.. Profile of events from_ the liguid

hydrogen target. .

This

14

profile shows that the majority of the background
events from the target are due tc the aluminium dome.
empty target data accurately measures the contamination of
the target full data from this source,

The
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It was also possible that particles would interact in
the S2 counter, scatter into the magpet at some  different
angle of incidence, and give a false indication of its
nonentum. ,In a uniform magnetic field, +the incoming and
cutgoing tracks, when extrapolated to the center of the
field, would be very close to intersection. A test of this
gquantity would then indicate whether the incoming particle
had deviated after the S2 «ccunter., A plot of this

intersection is shown in Fig 46,

It was found that the resclution of the spectrometer
was approximately 8% FWHM. ©Nc improvemeat resulted in
using the map of the magnetic field, so that a "block
field" approximation was made in which the field was taken
tc be constant over the entire effective length. .It was
possible to remove the tail of the incident neutron bLean
artificially, via a BF TOF cut, to examine the inelastic
events duve to full energy neutrons. . The momen tum
. distribution 1is shecwn in Fig 47, illustrating that there
is adequate separation between the two types, elastics and

inelastics. .

The calculated momentum was also used to correct the
RF TOF for time of flight of the protons from the 1liquid
hydrogen target to the detector. This was to permit the

consistent usage of the calibrated monitors, in that the
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Fig U4é. Intersection of tracks from_ the two
halves of the spectrometer at the magnet center.:
loose cuts were applied to the intersection of the front
and back tracks tc eliminate events where the particle
interacted between the front and back MWPCs, which would

give an inaccurate measure of the nmomentum. The cuts were
applied at +50 ngm..
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Fig 47., Mcmentum of the full energy elastic
protons.

This data was taken at 100 and 418 MeV. ,The tail of the
neutron beam was removed via an RF TOF cut, and a target
-subtraction was made to show the events coming from the
liquid hydrogen, There is clean separation between ‘the
elastic and inelastic protons. '
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TOF cut 1in both <cases referred to the incident bean

distribution only. .

IV.5.3 JIotal Energy Counter

As discussed previously, for large angles, the total
cnergy counter S4 was used. Due to problems with the IH
target at 212 MeV and range cutoffs for :the 1large angle
settings at 418 MeV, only the 600 (lab) setting at 418 HMeV
Wwas actually used. The only source of background fron the
liquid hydrogen was due to pions, which were eliminated by
correlating the pulse height in S4 with the TOF from S1 to
S2. ¥Fig 48 shows a typical scatter plot of these tuo
guantities, illustrating the clean separation of the T\ 's

from the protons. .

Fig 49 shows a typical pulse height spectrum from Si.
Cnly a small tail is evident, predominantly due to nuclear

reactiocns in the scintillator.
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Iv.5.3 Reduction Of The Raw Data

The angular distributions were measuréd'in 50 ({lab)
steps, from 2,50 -~ 600 at 418 NeV, and 50 - 550 at 212
MeV. Data runs which had known equipment failures and

errors in the data taking were rejected in the analysis. .

Iv.5.4 Empty Target Data

A certain fraction of the events originmated in the
vessel supporting the hydrogen, as discussed previously
for the forward hemisphere data.. To a very good
approximation, the rate for these events was independent
of whether there was liquid in the flask or not.. Fig 45
showed a typical wpair of runs, normalized to the sane
incident flux, for the flask full and enpty. The ratic of

the enmpty to full rate was in the range 10-20%. .
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Iv.5.6 Corrections To The Data Dus To Equipment

Aberrations

In the early.runs of the 418 MeV data, it was found
that the gas ballast region of the 1liquid hydrogen target
was partially filling with liguid. The 1liquid leve1 varied
with time, decreasing with the target empty and increasing
with it full. Thus the empty target data in those runs did
not accurately measure the non-flask-hydrogen backgrounds
which were present in the target full runs. .Once this
frcblem had been diagnosed and corrected, much of the 418

MeV data was retaken. .

'The variations in the target empty rates ranged from
about 20-50%, and since this background formed about 10%
of the signal, a 2-5% correction was reguired to account
for the liguid in the ballast region.. The effect was
significant only in the angular range of about 300-600
(lab), as data taking rates were lowest there., At small
angles, the target  was cycled often enough to erase the

variation with time. .

The problem was identifiable by two characteristics.
¥hen the target was empty, the event rate decreased

rapidly with time. . Also, histograms of the horizontal
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rrofile of the LH target, from angles cf greater than
about 409, showed a blurring of the events comring from the
hydrogen, so that they appeared tc merge with thoss from
the aluminium dome. These two criteria were used to

determine whether the effect vas present. .

It was found that this effect was npot correctakble.
The settings which were affected were all of the total
energy counter data at 212 MeV, and the first data‘sets of
300, 350, and 409 at 418 MeV. These data have been Tenmnoved

from the analysis. .

As the spectrometer was wheeled through the . angular
tanges for all the energies, the front of the detector
tecane offset from the nominal scattering angles, by
typically 5 cnm. This offset was measured at every angle,
allowing calculaticn of the scattering angles. The effect
cn the solid angle of rotating the counters slightly in

this way was completely negligible. .
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IV.5.7 Corrections To The Raw_ Data

The data represent the fraction of the incident
neutron flux which was scattered into the spectrometer. .As
discussed previously for the calibration dafa, corrections
were required for this 'data to account for nultiple
scattering and attenuation of the protons. . These

corrections are listed in Table 18. .

On average, the spectrometer range cutcff was about
60-65 MeV, i.e. protons scattered from the center of the
hydrogen target with less than about this value would have
insufficient énergy to reach P2.. Range cutoffs were
calculated to bkegin at 730 and 520 CM at 212 and 418 HeV,
respectively, well beyond the range of data used in this

aralysis.
Q

As for the forward hemisphere data, these data were
corrected for attenuation of - the neutron beam to ‘the
target center, and for gas in the target when it was

pcminally empty. .
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Neutron Beam g% _ Correction
Energy (MeV) (deg) (Multiplicative)
212 60 0.995
70 0.986
80 0.985
90 0.930
100 0.995
110 0.999
120 1.0033
130 1.0064
140 1.0087
150 S1.0m
160 : ‘ S 1.012
170 - 1.014
180 - 1,016
418 50 1.0086
60 1.0018
70 0.998
80 0.995
90 0.995
100 - 0.993
110 - 0.992
120 0.998
130 1.003
140 1.008
150 1.011
160 1.014
170 1.017
180 1.019
Table 18. Calculated corrections_to_the
data. .

The multiple scattering and attenuation corrections as
functions of scattering angle for the spectrometer data
are listed. .
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IV.5.8 Parameters Needed To Calculate ddras)

As discussed in Chapter II, the differential «cross
section is calculated from the expression
N (eﬁ =.ﬁhnu\(9\ ‘“t;t Qgr t*chM AS}_
4 .
" (ED dlen AR iag

wvhere the +transformaticn %o the center of mass has been

pade via the Jacobian dS%ﬁ/dSEné“

The quantities remaining to be determined are df) and
{97, the average 1laboratory scattering angle for each
angular bin. ,The area density and length of the target has

already been discussed. .

The angular binning of the data was determined by the
geometry of . the four S2 counters. This avoided the
necessity of calculating the acceptance of the
spectrometer, with the angles determined by the MWPC's. It
introduced the prcblem of calculating the . average
“scattering angles for each counter, The average angle was
cbtained by performing a similar integration to that of
the forvard hemisphere déta and is shown as a function of

rominal angle in Fig 50. .

The solid angle subtended by the detector counters

¥as calculated in a similar fashion to that for the
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<6> (deg)

Ghom (deg)

Fig 50. Average polar scattering_angle. .
The average polar scattering deviates from the nominal
scattering near 09, This variation disappears above 50,
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forward hemisphere data. . dAyl-was closely A/r2, 1i.e. .the.
co0lid angle subtended by an area A at a distance r from a
point, and was calculated to be 2.794 msr for each S2

counter, .

IV.5.9 Error Estimation

As demonstrated in the discussion of the analysis,
particle identification and ' selection of elastically
scattered protons from liquid hydrogen were unambiguocusly
rerformed. .As such, there was negligible error involved in

those cuts.

As for the forvward hemisphere data, the sources of
error were the BRF cuts, monitor stability aand the solid
angle determination. ., Table 19 shows a plot of the change
in the proton yield for variations in the RF cut. An error
of about #0.5% was associated with a +2 chapnel jitter on
the cut. Adding the three sources of error in guadrature
gives an error of 1,2% and 0.8% at 418 and 212 ReV,
respectively. . As will be discussed later in the text, the
phase shift analysis of the two 418 MeV data sets
indicated +that the second set involved more . internal
jitter than was expected from the sources listed above.. A

further error of 1% was added in to this data in order to
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RF_TOF CuEf
lower cut limit signal
4 x (chan) (arb. units)
0 0.&949 + 0.0075
2 0.491
L 0.4875
6 0.4824

-2 0.4979
-4 0.5000
-6 0.5021
Table 19. . Sensitivity of the backward

differential creoss secticn_to_the BF cuts..
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reduce its 7(3 clcse to unity in the fit. The 212 MeV data
vas also found to require this correction. The sources of
this error remain unknown, although it could well have'
been due to small instabilities in the <cyclotron or the

monitors. .

The RF distribution was found to be the dominant
source of error in the normalization of the backward data. .
The 550 (lab) settings in both data sets differ by about
7% in normalization.. The only cause fcound for this
difference was a. slightly different shape of the. RF

distributions for the two data sets, ,

The phase shift fits indicate that the two uia MeV
data sets have overall normalizations that differ by about
2%. Removing this 2%, and halving the —remainder of the
difference yields an estimate of $2.5% error in the

normalization to the RF distribution. .
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IVv.5.10 Anqular Distributions

The backward hemisphere results are listed in Tables 20
and 21, The full angqular distributions are shown 1in Figs
51 and 53, while the previous data are shown in Figs 52
and 54, for 212 and 418 MeV, respectively. These data will

be discussed and compared in the next chapter. .

The distributions are asymmetric about 300 CM and

showy peaking in the extreme forward and backward regions.,

In addition, structure can be seen in the backward

\

hemisphere.

The asymmetry is due to the contributions of the I=0
and I=1 amplitudes. . Were one absent, the distributions
would be as those for identical particles - symmetric. The
peaking can be attributed to the exchange of pions: TTO in
the extreme forward peak, and TT* in the extreme backward
{or charge exchange region), The structure in the backward
regicn suggests the exchange of heavier mesons as the

scattering becomes less peripheral. .
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C OF ¥ CROSS ERKERCE
ANGLE SECTION
119, 2 3.054 0.0¢€1
121. 1 3.306 0.064
123. 1 3.344 0.0¢€4
12541 3J.466 0.066
119.2 - 2.786 0.058
121.1 , 3.102 0.061
123. 1 3. 256 0.062
125.1 3.397 0. 065
129.5 3.916 0.0¢€0
131 4 4.104 0.062
133. 4 4,250 0.063
135.4 4.411 0. 065
140. 3 5.002 0.076
142, 2 5123 0.077
144, 2 5. 341 0.080
146.2 5.608 0.083
150.7 5.981 0.090
152.7 6.219 0.093
154, 7 €. 396 0.095
156.7 6.680 0.093
161. 4 7.491 0. 110
163. 4 7.857 0.115
165. 4 8.373 0. 121
167.4 9.016 0.130
171. 8 " 10,398 0. 187
173.17 11.038 0.197
175. 6 11.393 0.201
177. 4 11.708 0.206
98.8 1. 876 0.0230
100.7 1.925 0.031
102, € 1. 980 0.031
1C4.5 2.080 0,033
88,6 1.608 0.034
90.4 1.589 0.034
92. 3 1.639 0.034
94.3 1.650 0.034
108. 8 2. 413 0.041
110. 7 24530 0.042
112.7 2. 649 0.0u4
114.7 2.738 0. 044

Table 20.. Backward hemisphere differentia.
cross section at 212 MeV. .
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C CF ¢t CEFQOSS ERBOR C CF ¢ CROSS ERBOR
ANGLE SECTIOR ANGLE SECTIOR
138. € 3.072 0.048 138. 2 3,049 0.055
140, € 3. 255 0.049 ° 140, Z 3,214 0.058
142.7 3.416 0.051 142, 2 3.371 0.059
184, 8 3,611 0.054 144, 4 3.673 0.0¢€4
149.¢ 3.951 0.061 149.3 4,006 0.072
1515 4, 144 0.063 151, 3 4,228 0.076
153, € 4.304 0.065 153. 4 4,420 0.079
155.7 4,541 0.067 155. 5 4,727 0,063
127.5 2,234 0.040 126. ¢ 2.180 0.041
130. 0 2.330 0.041 128.9 2,384 0.044
132.C 2.508 0.043 131.¢ 2.505 0.0u6
134, 0 2.625 0.044 133.0 2,681 0.0U4E
160. 4 5.191 0.075 116. € 1.613 . 0.032
162. 5 5,438 0.078 118, ¢ 1.731 0.034
164, € 5.753 0.082 120. € 1.778 0.035
166. € 6461 0.090 122, ¢ 1,921 0.023€
86.¢ 1.489 0.042 106. ¢ 1.396 0.028
88. 4 1. 355 0,040 108.5 1.412 0,028
90. 3 1.303 0.039 110. 4 1.505 0.025
92,2 1. 366 0,040 112. 4 1.498 0.029
1st 171.32 £.003 0.132 $5.7 1.367 0.027 2nd
set 173. 4 £.924 0. 144 97.¢ 1. 327 0,027 .o
175.4 $.688 0.153 99.% 1.390 0.027
177.2 10. 361 0. 161 101.5 1,395 0,027
6€. € 1.997 0.042 1€0. 3 5.096 0,093
68.7 ' 1,943 0.041 162. 4 €. 438 0.058
70,5 1.838 0. 039 164.5 5,927 0.105
72,4 1.750 0.037 166.5 6. U85 0.113
£7.3 2.413 0.045 165.7 6.135 0.121
59, 1 2. 346 0,044 167. 8 6.624 0.129
60.5 2.350 0.043 169. € 7.778 0.148
62.7 2. 191 0.041 171.9 8.451 0. 159
76.E 1.651 0.035 171.2 7.980 0. 181
78.7 1.575 0.035 173.4 6. 740 0,201
80.5 1.534 0. 034 175.4 g.841 0.219
82. 4 1.523 0.0323 177.2 10. 137 0. 228
117.2 1.515 0.034 176. ¢ 10.179 0.210
119, 2 1.648 0.035 177. 9 10. 547 0.216
121.2 1.788 0.037 176. 4 10.010 0.207
123.2 1.808 0.0137 6545 2,174 0.046
106. € 1.432 0.023 €7.7 2.083 0.044
108. 8 1. 483 0,029 69.5 2.000 0.043
110.8 1.508 0.029 71.4 1.925 0,041
112.8 1.522 0.029
% 57.2 2.419 0.055
% 59,0 2.311 0.0%2
% 60.8 2.292 0.052
* 62.7 2,163 0.049

Table 21, Backward hemisphere_
cross _section_at 418 HeV.
The two sets of data taken at this energy are shown. Data
taken with the total energy counter are marked with a *, .

differential
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Fig 51,.. Backward hemisphere differential

cross section at 212 -MeV.

There vas no overlap of the forward and backward
hemisphere data sets due to problems with the hydrogen
target. . Phase shift analysis fits indicate that the two
sets are consistent in their normalization. .

i
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Fig 52. . Previous_backward_ hemisphere

differential cross secticn data_near 212_HeV. -

Fhase shift analysis of the data set indicates that the
relatively normalized Lampf data should be renormalized
vpwards by 11%. .
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Fig 53. Backward hemisphere differential
cross_section_at 418 MeV. . .
Lue to the amount of data in the backward hemisphere, only
cne set of data is shown for each laboratory angle
setting. There is good overlap of the forward and backward

hemisphere data sets.
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Fig 54, . Previous_backward hemisphere

-differential cross section data_pear 418 MeV.

The PPA data at 414 MeV disagree strongly in shape and
rorralization with other data. K They have been removed from
the data set.
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IV.6 IN RESTROPECT

Looking back on the experiment, it is clear tbhat
there were features of it which could have been imprcved. .
Overall, the results were limited by the stability of the

. cyclotron and of the neutron bean ‘monitors. .

The results depended on the constancy of the RF bunch
widths between the forward and backward hemisphere data
taking. A competing factor here was the wide bunch width
required for high intensity production of mesons on BL 1,
so the solution to this ©problem would probably 1lie in
dedicated runnihg for neutron experiments or the
(doubtful) introducticn of a medium intensity beamline in
the meson hall so that running conditions would be well
matched and allow a narrow, stable bunch width.f The
moniior stability cculd 1likely be improved by including
cne or two more scintillators in each arm.. This would
reduce the moniters! sensitivity to low enerqgy

backgrounds. ,

An unfortunate drawback tc¢ the technique used in the
forwvard hemisphere measurement was the very low efficiency
of the neutron detector, which fell from about 1.4% at the
highest energy to about 0.3% at the.lowest.JThis as a

factor 4 less than what was expected from the Los Alamos



data for a similar setup3% (on which the techanique for
this experiment was based). The efficiency could be
increased by using a CH,p ccnverter, which partially avoids
the "nuclear screening" of carbon nucleons by having the

"free®" hydrogen. This could give a factor 2-4 increase.,

A significant source of background in the experiment
originated from the aluminium dome surrounding the
hydrogen target. As shown with the spectrometer, most of
the background of protons came from there. If that was
alsc true for neutrons in the forward hemisphere
measuremnent, the remcval of this dome would greatly reduce
the backgrounds. , Self-supporting mylar-and-styrofoan

targets are now available,

IV.7 CCMPARISON -OF EXPERIMENTAL TECHNIQUES -

it is instructive to make a comparison of the
techniques wused in the experiment with those previously

used to perform similar measurenments,

Previous measurements of the forward hemisphere used
either thick scintillatcrs or a conversion method, as done
here. . Use of scintillators has two advantages: the

detection efficiency can be high (typically 20%) and it
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has only a slow variation with energy over the range
100-500 MeV, This is tc be contrasted with the 1low, very

energy-dependent efficiencies obtained with a converter.

The <converter wmethod gains the overall advantage in
cther areas.vThe active area can be 1limited, eliminating
edge effects, This also gives an accurate determinaiion of
the sclid angle subtended by the counter. .The active area
can'be measured to about *1 mm, whereas by timing in large
scintillators; accuracies of cm's are obtained. PFinally,

the +trigger. timihg from the converted charged particles

will have less jitter than from a large volune
scintillator. .
Turning now to the detection of protons, the

techniques used are either thick scintillators, magnetic
spectrometers, or range telescopes. . Below the inelastic
threshold, all three techniques are comparable, though the
scintillators suffer somewhat from straggling and nuclear
reactions. . Above the threshold, the range technique fails
to provide particle identification and good energy
resolution for selecting elastic protons. ., At high

energies, the spectrometer is best due to its simplicity.,
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V. INTERPRETATION OF THE DA

s

I

As discuss<ed in the Introduction, information can be
cbtained on the F~-N scattering amplitudes through
rhenomenological phase shift analyses. .This chapter will
describe the current state of the PSA and the inclusicn of

the data from this experiment into the world data set.

V.1 BRINCIPLE OF PHASE SHIFT ANALYSIS

The formalism of scattering theory has been
extensively described3S, and an excellent summary  of the
formalism describing the R-matrix and N-N phase shifts has
been given in Ref. 36, in which the possible transitions
between the allowed states in the N-N systen is

paranetrized by scattering phase shifts.

It is convenient to describe the scattering theory in
terms of an angular momentum expansion: all approximations
are automatically wunitary, and the expansion can be cut
off at a given l-value with the higher phases calculated

from heavy boson exchange (HBE) theory37, .
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The Hamiltonian for N-N scattering conserves total
angular momentun, pgrity,time reversal (TRI) and isospin.,
As a consequence of these symmetries, it follows that
total spin is conserved as well. From the extended Fauli
exclusion principle, the total wave-function for the N-N
system must be totally anti-symmetric, which leads to the

cendition

f+s+ 1

-2 = »—i

Coupled with the symmetries of the Hamiltonian, this
equation gives the allowed states of the N-N system and

the possible transitions, In spectroscopic notation these
are, for I=0

i 3 3 ' 3 3 Sy 3 1.3
BSU Pngbn D‘}.: D3» F%) &'3, 6(‘4) Cg' HS) IS') IL, -I?;"'
and for I=1

So, Po,?'; ?11 ])7_, ra, F!, F‘h C_4, H‘h H;) H", ‘J'L)"'

The notation used is
2¢+t

L

¥ith 1 =0,1,2,3,4,5,..+ .Ccorresponding to 5,P,D,F,G,Hse0u.

j

The allowed transitions are for the cases of
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scattering of the state |pjls> into the state }p?!jl's> of

1'=3 Lem==D> 1=3 ;s s=0
1'=1 {====> 1=j ; s=1

1'=541 £====> 1=j+1 ; s=1
1'=3%1 ====> 1= F 1 ; s=1

The amnplitudes for these last two transitions are
equal if TRI holds. .Furthermore, the 1last four are not
diagonal with respect to the angular momentum, 1, which
results in mixing of the states ianvolved, i.e.>those of
equal Jj and s but unequal 1, Two new eigenstates can be'
generated by a unitary transformation, which involve a

pixing parameter, Es , fer each j value3e,

The phase shifts describing the scattering are guoted
in the same spectroscopic notation as for the states. The
two new eigenstates are quoted by their 1' value of either

j-1 or j+1l..

Above the pion production threshold, there <can be
inelastic scattering, which is characterized by the rphase

- chifts becomring complex. As they are written as

o
e

vhen complex they becone

N\e\'ﬁ
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where

0 :’:~\£~.1

Therefore, the N-N scattering cam be described by
prhase shifts as in the above notation, mixing parameters

and inelasticities, .

The most general form of the scattering matrix
satisfying the previously discussed symmetries can be

¥ritten in the form3°
! (» (z\
M= ar b (GG 4 ¢ (6.4 08 1 m 0770
(e ) (N @) W) M~ @)

where a,b,c,m,g and h are the compléx Wolfenstein
amplitudes, =n, K, and P form an orthogomal vector set in
the center of mass system, and the U} are the Pauli spin
matrices. The amplitude b expresses the degree of . iscspin

violation in the N-N system {(primarily due to

electromagnmetic effects).

Hoshizaki3®? has compiled the <formulae reguiied to
calculate ®R~-N observables using this form of M. The object
ct the phase shift analysis is to calculate tbhe
observables from initial guesses for the phase shifts and

iterate the quesses until the best fit is obtained for the
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. A
data. The fitting criterion is the NK

o SEEL L~ dak)! freor?

shich 1s to be minimized.

Vo2 CURRENT STATOS OF THE PHASE SHIFT ANALYSIS

A phase shift analysis has been developed to
incorporate the TRIUNF N-N elastic scattering data into
the world data set to determine the phase shifts.,single
energy analyses bave been performed which group data
ércund four energies in the energy range 200-500 MeV. The
ones at 212 and 418 HMeV will be described here.. The
details of the analysis have heen well described in Refs
40 and #1, with the world data used listed in Ref 41,  The
PPA%7 data at 414 MeV has been excluded since it differs
significantly in shape and normalization from those of
Eonner et al.*2 and Biza;d et al¢3, Recent spin
correlation data from SINSS at 446 MeV has been added to

the data set.

The angular momentum expansion was cut off at H waves
for :the 1I=0 phases and I vaves for I=1, The higher waves
were fixed at the prescription of Vinh Mau et al. 37, using

OPE and HBE potentials.
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at 212 MeV, Lelow the inelastic threshold, no
inelasticity was allowed. A4t 418 MNeV using the isobar
rodel?4, all inelasticity is assumed to be in the 1I=1
bhases via delta production. Assuming that the delta and N
are in a relative s state, the lowest available N-N state
which can couple to it is the lDZ, state. . Inelasticities

L4

have neen calculated from the mcdel of Green and Sainio?5,

Only the k Dz‘ phase was allowed to have variable
inelasticity..It has been found that if more phases are
permitted to hLave variabie inelasticity, the phase shift
analysis becomes unstable and cannot unravel the

correlations between the varicus inelasticities. .

The phase shifts which result from this analysis are

listed in Table 22. The errors quoted are calculated fronm

1
2
\YY v &S

3 L
where q{.v is the 3( per point of the fit and é;jis the
diagonal element of +the error matrix for the Jj th

L .
raraneter. .Since the }(\/ of the fit were always greater
than unity, the errors in the parameters were increased to
acccunt for the quality of the fit. The large values of
ot 8

“Kv suggest that there is still some erroneous data in the

set, Note that using é.- gives only an estimate of the

N
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Phase | Vaiue Phase | Value

(deg) (deg)
3s, 0 17.71%0.84 %, 1 -1.83%0.56
& 4.08%0.49 is, 4.53%0.59
3p, =18.94%0.68 3, -22.69%0.21
e, - -23.50% 0.89 %, 16.18 0.16
%, 28.00+ 0.64 i, -2.870.10

212 MeV , ,

D 5.11 ¢ 0.42 F 1.03%0.24
3 5.15 £ 0.27 'p; 7.34%0.22
%, -3.05 ¢ 0.38 %, -2.66 + 0.17
! : 3

F3 -2.27 £ 0.40 Fu ) 1.69 ¢ 0.13
%, k.94 + 0.4k §, -1.17 + 0.0
%, 0.36 + 0.33 3, 0.33 * 0.05°

'e, 1.06 2 0.08
s -0.86 * 0.05
3H6 .. 0.19+0.05
Phase | Value I-'hue [ Value .
“(deg) i : (deg)
) o0 -6.36 + 0.94 P 1 +20.35 + 0.58
. ‘
2 7.33 4 0.63 R -19.58 + 0.46
. . 3
0, -25.32 + 0.53 . -35.85 +0.30
R . :

1 -38.69 + 1.13 ‘ 2 18.26 + 0.17
>, 22.64 + 0.71 €2 -2.29 + 0.16
3 3 .

418 Mev 0y 5.09 + 0.37 F2 0.30 + 0.19
.o . 1 ‘
€3 7.35 * 0.30 P2 N.61 % 0.14
3 e 3 : : -

3 -4.88 + 0.42 : 3 ~-2.60 + 0.13
1 3 L

F3 -4.97 + 0.27 . Fu 3.54 + 0.10
%, 6.78 + 0.5 Ey -1.68 +0.10
3 3 .

/ G5 -1.68 +0.29 " _0.75 +0.07
&y 2.22 + 0.10
3
Hg . -1.2840.10
3 .
6 0.66 + 0.07

Taktle 22. = Phase_shifts predicted from the
previocus data at 212 and 418 HMeV.

These analyses included all the BASQUE spin dependent
data. : o
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error.., The errors also do not account for possible
inconsistencies in the treatment of the inelasticities at

418 HMeV. .

V.3 NEW DATA IN THE FHASE SHIFT ANALYSI1S

The phase shift analysis of data provides not only an
estimate of the phases, but also a quantitative comparison
c¢f the individual data sets used in the analysis. . This
will be used to discuss the the shape and normalizatiocn of

the various cross section data near 212 and 418 MeV.,

V.2.1 Data -Near 212 HeV

In the forward hemisphere alone, data is from FPA¢S
entirely. In the backward hemisphere, there is data from
FPA47, Bdchester“a, and relatively normalized data from_
lampf42, . Over the entire range, there is a measurement
from Dubna¢®, which was ncrmalized to their measurement of

the total cross sectioh. .

In the analysis, data sets are assigned an overall
normalization (and -errcr) which can be varied to give an

t
overall fit to the data. From a calculation of_the )Q of
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individual data from the fit, a gquantitative measure of

the agreement between the data sets is obtained. .

Our forward and backward hemisphere data sets vere
put into the analysis with separate normalizations in
crder to verify that the fits would 1leave them -equal,-

within the error limits set. .

2
In the fit, our backward hemisphere data had a ngof
1.3, indicating that there was scme jitter in the data not

yet accounted for. The error bars were increased by 1% to

2
lower the‘w(qclcse tc unity. .

Hithout our data, all the cross section data sets are
in reasonable agreement, whereas the introduction of our
data shows up disagreement with the two data sets which
cover the 750-1250 (cm) range. These are the data from
Dubna and Rochester. .The shape of our data is in good
agreement with. the Lampf data down to 1260, suggesting
that the older data sets are faulty.. This is not
surprising for the Dubna data where the separate
measurements of the forward and backward hemisphere were
made to be equal at 670, Any error in this data would show

ur as a shape error in this region..

The final phase shift analysis at this energy wuas

performed 1leaving the Dubna data out entirely, and
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excluding the Rochester data in the 750-1250 range. Our
recent measurement of the total «cross section was» also
included.  The fit gave a 3(1\, of 1.6 for 271 data and 25
parameters, indicating that there are still somne intérnal
~ipcorsistencies in the data set. The total cross section
frovides a strong constraint on the normalizations of the
differential cross secticn data, since the analysis will
attempt to shift them so that the integrated differential
cross section fits the measured value. In order to do
this, the analysis renormalized upwards all the af 7af.
data, by 3% for the Rochester and PPA data, 11% for the
relatively normalized Lampf data, 1% for our forward
hemisphere data, and 4% for our backward hemisphere data.
Table 23 1lists the fitted normalizations for eaﬁh

differential cross section data set. .

The normalizaticns cbtained for our two data sets are.
in agreement, within the error limits set, and with the
other absolutely normalized differential cross section
data also. . This lends good confidence to the normalization

of our data. .

The phase shifts which result from the analysis are
listed in Table 24, Comparing these to the ones obtained
from the previous analyses, one finds that there are some

changes in the phases by several quoted standard
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Data Set: ' Normalization
BASQUE (forward data) 1.01
BASQUE (backward data) 1.04
PPA 1.10
Dubna 1.00 (not floated)
Rochester : 1.02
Lampf 1.1

Table . 23. . Phase_shift fitted_gg;geg;gg_ghg
3 i . . Vo -
normalizations_for data near 212'M§_;v ]
The Dubna data was not included in the fit..
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Phase Isospin Value Differ- Phase Isospin Value - ipiffer-
e _‘(deg) ‘ence .(deg) ence
’so 0 17.1hi9,69 0.57 3Po L -2.1240.45 " gi29
¢ 3.2440.41 0.8 's, 4.3240.49 10.31
o, -19.65+0.59 o, 71 <3 -22.82+0.16 -g.13
| JP] -25.39+0.76 2.26 3P2 16.22+40.13 -0.04
~3DZ 24;7§ip.63 3,24 &, -2.86+0.08 -0.01
303 3.6040.34 1.c] F, 1.0740.19 -0.04
513 :5.7259.19 -0.57 TDZ 7.41+0.18 -0.04
%, -4.23+0.32  1.18 ’, -2.67+0.14 0,01
‘F3 73421031 4 44 3, 1.7130.11 -0, 02
36, 6.07+0.33 _1.i3 £, -1.18+0.01 . g1
%6, 0.45+0.30 _g_og n, 0.34+0.04 —y o
s, 1.06+0.07 4
3H5 -0.86+0.05 , o
Mg 0.20+0.04 _,
Table 24, Phase _shifts _from the current

analysis -at_212 PFeV, .
The differences from the previous analysis are also shown..
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deviations. ., This points out the fact that the error bars
do not yet accurately represent the true error in the
rhases, The changes in the phases will be discussed in

more detail in connection with their energy dependence.

V.2.2 Data Near - 418 MNeV

Again, all the data im the forward hemisphere wvas
rerformed at PPA%S, ,In the backward hemisphere, tﬁere are
statistically precise measurements from Lampf%2  and
Saclay%*3. These latter two sets were normalized to the
deuteron production frcm neutrons, and, so, have overall
prormalization uncertainties of about $7%. There is also a
seasurement from PPA47 which has been found to disagree
seriously with both the Lampf and Saclay results, and bas
teen excluded frcm the analysis.. Pinally, there 1is a

reasurement over the full range from CarnegieSoO, .

In addition to giving our forward and backward
hemisphere data sets separate normalizations, the two
tackward sets were each given a separate normalization.
The fitted normalizations for all the differential cross
section data are listed in Table 25. Within the error

limits, our three data sets agree in normalization. .
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Data Set | Normalization
BASQUE (fosward)‘ I.Of
BASQUE (backward, 1st set) 1.04
BASQUE (backward, 2nd set) 1.02
PPA 0.99
Carnegie 1.00
Saclay , | 1.00

Lampf 1.04

Pable 25. . Phase shift fitted pnormalizations

for data near 418 HeV. . ) o
The fitted normalizations for each differential cross

section data set are listed. .
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The 1st backward data set was well fit 1in the
analysis, having a."%tof about 1, while the 2nd set showed
a much higher }C} cf about 2. This indicates a source of
instability in this set which has not been accounted for
in the error estimate. .To account-for this an error of 1%

kS
was added to kring the‘XM close to 1..

The 177.99° point had a very bad  individual 1{1— of
about 10, and was rejected from the data set on this
tasis. There is mild disagreement of our data and those of
lampf and Saclay at angles greater than 1700.,, No «reason

has been found for this.,

The agreement among the data sets is acceptable, with
some small shape disagreements among the three
statistically precise data sets. This is an indication
that the internal consistency of the data " has been
overestimated, Most of the data lie within one standard
deviation of the fit, while npone 1lie more than three
standard deviations away. .The total cross section was fit
to within one standard deviation of the value measured at

1”8 MeV, .

L
- As for 212 MeV, the §(V of the overall fit was mpuch
larger than unity. The phase shifts which result from the

fit are listed in Table 26., They will be discussed in



190

relation to the ones at cther energies. .

V.3 ENFRGY DEPENDENCIES

Using results from Ref, 33, differential Ccross
section and phase shift results at 325 HMeV, the energy
‘dependencies of these quantities can be shown. ;Previously,
the phase shift predictions for the differential <cross
section at forward angles did not show a smooth energy
‘dependence., Fig 55 =cshows that this situation has been

remedied by our data. .

Figs S6 and 57 show the energy dependences of the
rhase shifts that are left free in the analysis. .Our data
has 1little effect on the I=1 phases, and they are included
cnly for completeness, showing the effect of the new p-p

data. .

The results of the previous analysis is also shown,
indicating that the new data has improved +the energy
dependence of the 23 pixing parameter and the ;Gsphase.,

The ‘F; phase shows a poor energy dependence and
indicates that, as in previous analyses, the real pait of
the forward spin-averaged scattering amplitude will have

to be included to constrain the phase shift fits at 325

MeV. This amplitude will have to be re-evaluated,
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Phase Isospin Value .Differ- Phase |Isospin Value Differ-
(deg)  ence (deg) - ..ence

. 0 -h.78+0.77 -1.58 e 1 -20.88+0.47 0.53

£, 7.05+0.51 0.28 s -20.25+0.29 "0.67
%, -24.7740.41 g s Py -34.76+0.22 -1.09
" -39.03+0.83 '3 P, 18.3140.14 -0.05
o, 22.62:0.49  0.02 £, ~2.1140.13 -0.18
%o, 3.7440.36  0.35  3F, © 0.38+0.15 -0.08
€, 8.49+0.20 --1.14  Tp, ~11.61+0.12 0.0
3G3 -5.48+0.31  0.60 3F3 -2.99+0.13 0.39
", -5.1220.18 -.0.15  F, 3.44+0.08 -0.10
6, 6.78+0.41 - 0.0 £, ~1.64+0.05 -0. 0k
%, -1.4740.25 -=0.21 34 0.80+0.06 ~0.05
s, 2.42+0.07 -0.20

s ~1.23+0.06 ~0.05

3H6 0.65+0.05 - 0.01

' Table 26. Phase _shift results from the

current analysis at 418 MeV.
The differences from the previous analysis are also shown.
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Fig 56. Enerqgy dependence of the I=0_phass-

shifts, - .
The q§pendence3has improved over previous fits, especially
for £, and G, . The resultsi3 of the Paris group's
dispersion relation approach are also shown.
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Fig 57., Epergy dependence of the-I=1_phase

shifts, -
The I=1 phase shifts are virtually unaffected by our new
data., They are shown to update those of Ref 41,  .with the
new p-p data. The Paris group's results!? are also shown,
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including the new values of the total n-p cross section in
the intermediate energy region. This re-evaluation may
affect the conclusicn concerning the gGsphase improveament,

hcwever.

The shape of the n-p elastic differential cross
section has been measured tc¢ about 2%, with overall
rormalizations of 23-4% at 212 and 418 MeV, over the full

angular ramnge. .

The energy dependence of df/dfl. in the extreme forward
angles has become more Treasonable than was previously
indicated in phase shift analyses. Furthermore, the energy
dependence of the phase shifts has improved, notably those

cf & and ?G.ﬁ
: z

The BASQUE measurements of n-p elastic scattering
observables have provided unambiguous information about
the I=0 N~-N phase shifts in the energy range 200-500 MeV. .
This ties in with the I=1 phases which were already well
determined to provide a good phenomenological description
cf the N-N interaction in this energy region.. This

phenomenology can now be used tc compare with strong
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interaction models, which, as yet, provide no theory. This
information can also Le directly applied to nuclear

physics calculations requiring knowledge of the N-N force..
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APPENDIX A. MWPC TRACK FITTING CRITERIA

The MWPC's have an effective 4 mm wire spacing, and,
giver the integral wire number of the wire hit, the x (or
y) coordinate can easily be calculated. Often several
wires in a chamber fired, so that some procedure was
required to determine which wires formed clusters and
which had fired singly, as it was guite possible to have

pcre. than one track going through the chambers. .

Groups of consecutive wires were treated in two ways:
if three or less fired adjacently, they were comsidered to
have been due to a single track which had passed through
the centre of the cluster. Fer greater than three, the
entire cluster was passed on as single wires. .No a priorl
decision could be made as tc¢ where, in a large cluster,
the track had passed. This decision was left to the track

fitting code. .

once the number of discrete wire firings in each
chamber had been determined, the granularity of the
integral wire numbers was removed by randomizing the
coordinate, using a sguére distrihution, over the 4 mm of

the wire resclution. .
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To find whether an event had a fittable track, tbhe
code tried all ccmbinaticns of wires fired in the WNWEC's
in each plane, eg. for three wires in each of three
chambers,in one plane, fits to 27 lines were attempted..
For each set of wires a linear least squares fit was made,
with the gocdness of fit requirement based on the errcr of
the intercept of the fitted line, which was proportional

T
to ther X of the fit.,

Events where only two chambers fired, in any plane,
were accepted on the condition that +there was only a
single cluster in each chamber. 0f course, a fit was not
required to obtain the equatiocns cf these lines, . In the
vertical plane, where there were four chanmbers, it was
assumed that any one could misfire. If noc four-chamber fit
was obtained, all combinations of wires in any three
chambers were tried to se€e if an acceptablé fit could be

found.

In the «case of multiple lines fit, rather than loock
for a vertex (in that plane) at the carbon, thé line with
the . smallest )(L was taken as the best, and was the only
cne used to characterize the event. Originally, a vertex
criterion sas used, but had a lovw success rate. The MWPC's

were found to often fire wires close to each other, but
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rot adjacent. Frequently, lines were fit to all these
wires, giving  wpultiple lines which diverged on their way
to the carbon. The ﬁ)(Lc_riterion Was used to eliminate
those 1lines, rather than a test on the proximity of the

clusters.
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AEPENTIX B. CORRECTION FOR INCOMPLETE AZIMUTHAL ACCEPTANCE

OF_DETECIORS

This appendix describes an algorithm whose purpose is
to coﬁpensate for :the 1limited azimuthal acceptance of
detectors, ., Consider a planar detector viewing particles
ccnming from a point source. As the polar angl€ v}
increases, there ccmes a value for 0 for which detection
becomes a function of the azimuthal angle 46, as well. For
these values of O, cnly particles having a restricted
range of values of-1¢ can be detected. This algorithm
calculates the region of Qﬁ accessible and then determines
a factor 2 N/ ¢&Mmmk which is used to weight the number
cf detected particles, eliminating the dependence on 9é .

and so the dependence on the gecmetry of the detector.
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E.1 PRINCIPLE OF THE ALGORITHH

Differential cross sections dep$nd only on the. polar
angle of scatter, v) . .Therefore, the number of particles

cbhserved by a detector is

&me

Nobs b \(‘o N () §¢d¢

where the azimuthal angle q5 is integrated over all

regions allowed for that value of © , as shown in Fig Bl..

Befine

[dg - ang

If the detector were of infinite extent, there would

te nc limits on §6 , and

le

and s=o the true number of events scattered at angle.

would be

Nhue = NO“‘S/F
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\

allowed reglon

of ¢

Fig Bl.. Allowed regions of the azimuthal
- scattering angle. .

The amcunt of the azimuthal range available depends on the
polar scattering angle, being unrestricted at small angles
and zero at large angles, .
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with the result that a calculation of (3 would allow the

determination of Nhuefrom the data. .

Consider now the case shown in Fig B2. An incident
particle whose direction is (eo . (ﬁo) with respect to the
2 axis scatters at angle {( o, ¢ ) into the detector. .In
general, the cone generated by rotating the scattered
track about the incident one would intersect the detector
forming an ellipse. In order to determine the fraction of
the ellipse circumference inside the detector, it is
necessafy to calculate the interaction points of the

€llipse with the detector boundaries. .

pefine a coordinate frame based on the incident track

l

z = smét%cosqﬁo X x g.,.;eosu;qéoﬁ r tos 6, &

/

(\/k
= 2 x2

s>

’ !

A,
= Z\(J

X 1

then in this frame, the major axis of the ellipse will

intersect the cone at azimuthal angles

$'= o
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P

/2

carbon block charged particle
) track

axis of '
detector /

Fig B2. Geometry of the ¢-.-§ algorithm. .
A typical event is characterized by a track incident on
the carbon at (4 , @), with a scattered track at
(6, @) into P2.. °
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One uses the transformation matrix ¥ to go from the

primed frame to the detectcr

£
"

=
Cs
(]

end back by

IR b

14

frame
(Cos § cos, -Swf, Smb,cosf, Y'\

0D, 5w, cos g, va:eos*““é, b,
\ S B 0 @s$, 4'}

X X c;;séocosqsa 50, Smp, -smt, | [ X

; _ . A t
7 2 swo,csf, smbsmf cosq [\ |
Note that for 6;: M reduces to the unit matrix as
expected. .

Repeated use of these transformations yields the two

peints on the major axis
frame: the distance between
semi-major axis, and the

center of the ellipse., Note

of the ellipse in the detector
these two points gives the
average of the two gives the

that the center of the ellipse
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does not correspond to +the intersection point of the

incident track with the detector,.

For an ellipse with its major axis along an axis x",
the equation of the ellipse with semi-major and -minor

axes a and tk, one has

1t wil

:f_ * ;Xa = | (’k' fB
o’ b

1f this ellipse is rctated by an angle q5 , @as in Fig B3,

then

ft .
X COsﬁﬁo ghni$° A%
"

J | : ~S"‘:‘¢o O°S¢o J

The mincr axis is obtained in a similar fashion to
the major axis. A point on the come is chosen which lies
¢cn the intersection of the detector and the ellipse, and
is tranformed back to the detector frame. Then the center
roint and this point are transformed to the double-primed
frame where equation b.1 holds, so that the minor axis can

be sinmply sclved for in terms of x",y" and the major axis..

Upon transforming equation b. 1 to the detector frame,
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Fig B3.. Rotaticn_of -the exit track ellirpse
by the incident azimuthal angle.
The azimuonthal angle of the incident track will determine
the amount of rotation of the ellipse c¢n P2, .




the equation of the ellipse becones
2 1
X
X\‘ \\
with
obaddeatnld
.1 2
Y R R qSo v ot cos é,
AN
. 2 z‘)
oz —su @, cos@ (b-a

Given the equation of the ellipse, one can obtain the’
eight possible intersection points (Fig B4) of the ellirpse
and the four boundary lines of the detector. These eight
values are termed the qé*l » Transformation of these
intersection points into the primed frame yields the
azimuthal angles on the cone. Setting the angle qglto cy
for all Qé;gintersection points outside the boundaries,
and to c, all those which did not have ah intersection

point, the weighting factor is

- QT\Sd¢ 2‘ G‘){ ¢L’

t"‘

For every data point, with (6,¢), ﬁ is



qu ’ 4;3

4

)

Fig B4, . Definition of the eight possible
intersections of the ellipse and_the detector boundaries.
Depending on the size of the ellipse, there are
pessible intersecticns of the
boundaries. ,

eight
ellipse and the detector

213
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calculated and used tc weiqght that point, compensating for
the finite size of the detector. The data itself then acts

as a Monte Carlo inteqration over the allowed polar angles

.

E.2 APPLICATION TO THE NEUTRON DETECTOR

As discussed in Sec IV. ., at 212 HMeV the detectcr P2
developed a region of low efficiency, so that P2
effectively had a "hole" in the bottom. . With a cut of 17°
cn the polar angle, the only source of loss in gb was in

the inefficient region, P2E.,

There was no informaticn on the incident neutron
track, so that their origins vwere randomized over . the
target volune, { 6%, ¢é) was then calculated using the
reconstructed interaction point at the carbon converter.
The Qé_salgorithm was used to calculate the allowed region

’
cf ¢ ‘ \6 so that weighting the data by the factor

1. 4
; g - f

corrected for the loss of P2E..

The algorithm was tested on the 22.50° setting at 212
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MeVv, and 100 at 418 MeV., P2E was operational for both of
these settings. . The data was analyzed as usual, and with
P2E artificially removed using the MWPC's and then
fireplaced" by the QaJaalgorithm.'The agreenent between the

pairs was better than 0.25%. .

3

Fig B5 shows a similar pair of histograms for a
setting at 212 MevVv im which P2E had failed.. This is
illustrated by the distinct slope in the profile in the
uncorrected data. The slope is removed by the algorithn,
showing that no instrumental or geometrical inefficiencies

remain. .
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FPig BS.  Yertical profile at the carbon_with

P2E failed.

The vertical prcfile shows a distinct rise from the bottonm
to the +top of the carbon, This is due to the failure of
F2F, which is at the bottom of the P2E hodoscope.
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APPENDIX C. DENSITIES OF LIQUID AND GASEQUS HYDROGEN_ IN

THE TARGET

This | Appendix describes the rprocedure. used to
determine the density of the para-hydrogen liquid in the
target vwhen it was full, and of the gas when it wuas
rcminally empty.. The thermodynamic data used in this

Appendix are frcm Ref 52. .

The pressure of the target was maintained at
17.00+0.25 psia by the refrigerator.. A plot of vapour
pressure versus temperature is shown in Fig C1, indiating

that the liquid temperature was

Ty;, =20 76£0.06 K
"1

In Pig €2, a plot of temperature versus demsity is
shcwp. The 1liquid density was 0.0350%#0.0002 g-mole/cm3,

corresponding to

E&ﬁ =0,0701+0.0004 g/cn3
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Fig Cl.. Temperature_of the ligquid_as a

~function of the pressure. . ]
The data was taken from BRef 52. The pressure was held

constant by the refrigerator, allowing the temperature to
be determined. .
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Fig C2. Density of the liguid hydrogen_as_a
function of temperature. .
The data was taken from Ref 52. Note the units of
g-mole/cn3, .
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The temperature of the target was monitored by
Cus/Constantan thermocouples, which, u4sing the liquid

temperature as a base, gave a gas temperature of

T =484+8 K
4ns 48+

Plots of temperature against dehsity were not
available for the gas phase, and intermediate isotherm
rlots of pressure versus entropy and density versus
entropy (Fig C3)  vwere used. Fig C4 shows the relation

Letween the temperature and gas density at the constant

rressure of 17 psia, yielding
?%“S ={2.7£0.1)* 10—4 g-nmole/cm3, or

Vﬁas =(S.4xCus2)» 10—% gs/cm3
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Fig C3. _HBydrogen_gas_pressure_and density_ as
functicons of entropy.. _
As data on gas density versus temperature were
unavailable, intermediate plots of density and pressure
against entropy were used to cobtain the isobaric plot of
density versus temperature. .

-4 g-mole

pgos (10

cm
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I I " | il J

0 | 2 3 4 o 5

Density gm-mole/cm3

Fig C4.. Hydrogen gas_density as a_function

of temperature. .
The points kelow 50 K were obtained usiang Fig C3.,Above 50
K the hydrogen behaves as an, ideal gas. ,
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APPENDIX D. INVENTORY OF MATERIALS

This appendix deals with the amcunt of material
between the point of scatter in the hydrogen target and
the detectors.. It will pertain specifically to  the
spectrometer, with small charges required in the length of
air to describe the <cther two configurations. This
information is required for the corrections applied for
attenuation and wnultiple scattering, and to range-ernergy

cutoffs in the spectrcemeter, .

Protons scattered out of the hydrogen target lost
enerqgy before +they reached the spectrometer magnet, so
that the measurement yielded a value less than the true

scattered momentum, .

The energy lost by protons in matter by Coulonb
cscattering from electrons has been well documentedS3.,, The
range of protons in non-hydrogenous materials can be

related to each other bys#®

£, A

-

R, \ Ay

vhere the R's are ranges {in g/cm2) in the materials, and
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the A's the atcmic numbers, For simplicity, the
thicknesses of all non-hydrogenous materials gere

converted toc carbon egqguivalent using the above relatiocm. .

Table D1 lists the materials between the hydrogen and
the spectrometer magnet.., The mean path 1length of the
protons in the hydrogen was calculated and is shown in Fig
D1. .For scattering angles less than 349, the curvature of
the aluminium dome made it normal to ‘the proton
trajectories, while above that angle, the thickness varied
ijnversely with the sine of the angle., As a function of

scattering angle, the material thickness was
for 6(3140
t = da(0) (@) + .44 (C)  (g/cnm?)
and for 9 >340,
t = a(h) H) +0.45/sin(H) (O +0.99

{C) {g/cn2)

The gquantities in brackets refer to either hydrogen

or carton-equivalent materials, and d(g) is the mean path
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Material Thickneis Carbon-equivalent
(g/cm®) Thickness (g/cm?)

——— - e m—— e emev e e o on o -

mylar surrounding 0.053 0.041
the target

aluminium dome 0.274 0.4

air before magnet  0.277 . 0.31

‘scintillator 0.50 0.32

MWPC wires before 0.17 0.20
magnet ‘

mylar surrounding 0.21 0.16
MWPCs

air after magnet 0.24 0.27

MWPC wires after 0.17 0.20
magnet

mylar surrounding 0.21 0.16

MWPCs after magnet

Table D1. Thickness of materials between the
hyvdrogen target and speciromeiers
The materials are listed in terms of linear dimensions and
carbon-equivalent thickness.
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d (cm)

10

6 I0 20 30 40 50 60 70 80
9LAB (deq)
Fig D1., Hean _path length:oﬁ scattered

protons_in hydrogen. -
The mean path length was calculated from the geometry of

the apparatus and the differential cross section predicted
from phase shift analysis, . '
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length in hydrogen. .



