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ABSTRACT

A wire chamber spectrometer connected on-line to
a PDP-9 and an IBM 360/65 computer has been developed
to study (p,2p) reactions at incident energiles in the
range 30-50 MeV. It consists of two pairs of wire
chambers, one pair on each side of the incident beam.
Outgoing protons are detected in coincidence in large
plastic scintillation counters, subtending solid angles
as large éas 0.16 sterad. at the centre of the target.
As the events arrive, the PDP-9 calculates the proton
trajectories and projects them into the target volume.
When a gaseous target is employed so that the reasction
volume is-long in the beam direction, most chance co-
incidences and slit-scattered protons. are rejected by
testing for an event vertex. If a vertex is made, then
the event pulse heights and coordinates are sent to the
IBM 360/65, where the full kinematic analysis 1is
performed. ' '

For a pair of 21.0 MeV outgoing protons. the energy
resolution of the undetected third perticle is 1.5 MeV
HWHM and the angular resoclution of each arm is_0}32°
HWHM. From the data collected during a test run pre-
liminary results are presented on the application of
the spectrometer to a study of the D(p,2p)N reaction
and the proton-proton bremsstrahlung process. '
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INTRODUCTION

A fundamental problem in nuclear physlcs is the
precise nature of the interaction between two nucleons.
The theory is simplified if we assume that the interaction
may be described by a potential. The task of defining the
phenomenological nuclear potentiai involves the acquisition
of large amounts of very precise nucleon-nucleon elastic
scattering and bound state data. These experiments mea-
sure such quantities as the total and differential cross-
sections, polarizations, correlation coefficients and
~triple scattering parameters, making possible the con-
struction of a reasonably ﬁnique set of phase shifts which
fit the data 1). Phenomenological potentials which are
quite different in character (momenﬁum-dependent, hard 
core, separable etc.) may fit the phase shifts well, but
a more critical demand must be'imposedlif a potential
is to be found which more,precisely"describes the nucleon-
nucleon interaction.

The analysis of elastic scattering data yields only
information about the p-p 1nteraction "on the energy shell".
However, nuclear physics calculatibns involving the two
nucleon interaction generally involvevoff—ener&y shell:

elements of the transition matrix. A determination of

all'of the on-shell matrix elemehts by high precision:



elastic scattering experiments will still not completely
determine the off-shell amplitude.

If & particular nuclear process involves matrix
elements which are strongly off-energy-shell, then theor-
etical predictions for that process will be model depend-
ent. Inelastic scattering between nucleons below the
meson threshold is restricted to nucleon-nucleon Brem-
sstrahlung and the difficulty of working with neutrons
has restricted the mein expérimental effort to the reaction

P*+DP > ptp+ Y
which is known as proton-proton bremsstrahlung (PPB).
The main interest in PPB a few years ago was to use this
process to remove the degeneracy of th? phenomenological
potentials on the energy shell. The unforeseen difficulties
with theory and experiment show that the fundamental nat-
ure of PPB demands a more general interpretation in
which elastic scattering will be a limiting case. The
primary motivation for_undertéking this work was to in- ..
vestigate the PPB reaction in detail and to improve the
spatistical accuracy of existing measurementsZ.B'u)near
bs Mev.
5)

In 1963 Sobel and Cromer  showed that the cross
-sections for PPB were large enough to make a measurement
possible and experimental results were first reported
by B. Gottsdhalk et a1.6). Many observations of the PPB_

process have since been made and all have detected the.
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two final state protons in eoincldence telescopes which
determine their energy and define theirvdirection. The
gamma ray is not detected (although a gamma ray detector
was used in Gottschalk's first experiment). The experiment
performed by WarnerZ) is a typical example of this
approach. Rothe et a1.7) performed an experiment quite
different in character by using spark chambers and a
gamma ray detector at 204 MeV to kinematically over-
determine each event.

A ma jor problem with all of -these experiments is
associated with the difficulty of isolating PPB events
from background events. Real coincidences arise from elast-
jcally scattered protons which are rescattered before
entering fhe detectors. Also competing (p,2p) reactions
give real eoincidehces from.outgoing protons with energies
falling within the PPB region. Accidental eoincidences
arising from independent scattering events can be re-
scattered to appear in the detectors as PPB events.
Pulse height selection by a pair of A'E counters provides-
incomplete discrimination against elastic protons which
give abnormally low pulse heights due to nuclear reactions
in the plastic scintillators. The target thickness and
beem current must therefore be kept at a level which
allows separation of random coincidenees from real events.

This has restrieted the~observed.PPB event s rates to a

few per hour.
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In our experiment, where two wire chambers.sepér-

ated by a short distance define the pfoton trajectory,

a large solid angle is resbonsible for én increase in

the event rate. At the same time good geometric and

energy definition is maintained. Background is rejected

by demanding that both oﬁtgoing protons originate from

a common vertex within the reaction volume. Kinematic
enalysis on sn event by event basis permits the definition
of a "géodness of fit" parameter felated to the measured
spectrometer properties. This is used to improve back-
ground re jection.

In the more conventional experiment where the proton
directions are constrained and the proton energies are
the pnly free parameters, almost complete feedback is
available to the experimenter in the form of the two
dimensional energy spectrum. This feedback is essential
for experiments lasting for hundreds of hours. With large
solid angles there are manylfree parameters and a h;gh
levei 0£¢hn-1inemcomputational.power mﬁstrbe avallable
if meaningful feedback is to be provided. The spectro-
meter to be described uses a PDP-9 computer, programmed
in machine langusge ,to select events which are good
jéandidaéés fo; a full kinematic analysis to be per-
formed on-line by the University of Manitoba IBM 360/65.
During data-taking runs the 1nformation returned from

the 360 provides the experimenter with an immediate
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quentitative picture of the quality of the accepted data.

During the last few years interest has been develop-
ing in quasi-free proton-proton scattering for shell model
studies of nuclei. By combining energy and angular sel-
ection of the outgoing proton pairs information on the
momentum distribution of the protons in individual shells
can be obtained. In addition,’the summed energy spectrum
of the emerging particle pairs is expected to show peaks
at the separation energles correspondinglto'the various
nucleasr shells. These (p,2p) reactions generally have
small cross/sections and experimentally they present
very similar problems to ‘PPB expefiments. Therefore,
this spectrometer can be used to study (p,2p) reactions
where the energy separation betwéen»leGels is more than - -
a few MeV.

The work described in this thesis gives a new’
apprdach to the experimental study.of processes involv-
ing two outgoing protons in the final state. In addition,
the results presénted establish the feasibility of app-
lication of the system to a study of some ﬂp,Zp)'re-

actions and in particular the PPB process at 45 MeV.
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CHAPTER I

DeSign Criteris.

General Considerations.

In 1966 when the basic principle of the experiment
was conceived, experiments at Brookhaven8) had clearly
demonstrated the applicability of an on-line wire chamber
spectrometer to analyse particles of 5 to 30 BeV/c momentum.
Our system makes use of the very considerable experience
gained from those developments and much of our high volt-
ageg) and reai out électronicle) exist in only slightly
modified form . Nevertheless, the physical and technolog-
ical probléms in bringing a spectfémeter. concei#ed for
the 75-300 MeV/c range, to operational status.were form-~

idable and in this chapter some of these design consider-

ations are discussed.

1.1 Envirohmental Problems.
(a) Effect of hydrogen eas close to the wirg chambgr.
The requirements to have large sdl;d angle,
small energy loss and multiple scattering of the outgoing
_protons in the target gas, demand that the wire chambers
are located as close as possible to the target volume.
* We are grateful to Dr. J. C. Fisher and Dr. W. A.

Higinbotham for advice and help given to Dr. J. C.
Thompson during his stay at Brookhaven National Laboratory.
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This creates a stringent environmental problem &as the
chambers must operate close to a primary beam of more
than 10lO protons per second passing throuéh a gaseous
target. The general layout of the spectrometer 1s.shown‘
in Fig.I1I1.2 and will Dbe described.in detail in Chapter II.
Protons from p-p elastic scattering in hydrogen

b protons/sec/nA

gas produce a calculated flux of L x 10
through the front chamber and subsequent measurements
have confirmed this value. Also electrons (delta rays)
from elastic scattering of protons with the orbital
electrons of the target gas are created in coplous quant-
ities. The number of delta rays with scattered energles
greater than 50 KeV, all of which are able to reach the

front chémber, when using Hp gas as a target, 1s estimated

to be much higher than the scattered proton flux.

(b) General Room Backgroﬁnd;

Electrons from the radiation background existing
in thé experimental area will create*charges inside the
wire chambers. The gémma ray sensitivity of wire chambers
was unknown and when desigﬁing our trénsport system it
was difficult to predict the.gamma ray level to be ex-
pected in the experimental area. Large solid angles demand
the ﬁsevof large scintillatioh countefs and.background.
particularly fast neutrons produced by stoppling the primary

beam in the Faraday Cup might result in excessive sparking.




" of the wire chembers.

(c) S1it Scattering.

Ih addition to the background produced by the
above physical processes, environmental problems were
to be expected at small scattering angles from protons
scattered from slits. Protons entering the scattering
chamber, which have been deflected by multiplé scatter-
ing in the HAVAR FOIL (see Fig.II.Z) and rescattered into
the wire chambers from the baffles defining the reaction
volume, are potentially troublesome. This places & heavy
‘responsibility on the beam transport design and its dir-

-ectional stability.

1.2 Wire Chamber Hodoscope.

The design of a wire chamber hodoscope for outgoing
protons with energies around 10 MeV presents quite
different problems from those at higher energy. A comprom-
1sé.mﬁét“ﬁe reached in the design characteristics imposed

by the following four design requirements.

(2) Low*Enérgy Loss.
If low energy protons are to be observed the
wire chambers must have very low. mass. This demand imposes
a 1limit on the number of wire planes which can be used

and restricts the choice of construction materials to
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extremely thin and correspondihgly fragile foils. This
in turn creates problems of containment and gaseous diff-

usion between the target gas, wire chamber gases and alr.

(b) Angular Resolution. ,

The engular definition of the scattered broton
track is important, as the angles of the outgoing protons
must be known aCcurately for complete kinematical determ-
instion of the event. This restricts the mass of the scatt-
ering material which can be toleratedzclose'to the re-

action volume.

(c) Vertex Criterisa.

' In previous'PPB experiments the deta-taking
rate was restricted by random babkground; An important
characteristic of our hodoscope design is the‘région of
vertex ‘uncertainty, es this 1s a measure of the abiiity
of the spectrometer-to.reject random events by this method.
Multiple scattering, the spacing of the chamber wires and
) the distence between the chambers all contribute‘to this

uncertsinty.

(d) Low Redundency.
It is appasrent from consideration of the number
of 'pile up' tracks'prodﬁced'by elastically scattered

protons that a system for handling double tracks is vit-
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8lly necessary. This requires a third plane to determine
unambiguously each coordinate and demands that each plane
has a good double track efficiency. Enclosing the three
plenes within a single gas envelope helps to satisfy the
requirement of low mass. However, for events having double
tracks in one hbdoscope there is zero redundancy left in
our system il.e. all planes invthat hodoscope must fire

if a recognizable pattern is to be made. Under these
conditions the total hodoscope efficiency.E,H. is very

sensitive to the plane efficiency, £ , and this will fall

D’
off exponentially with the number of planes n

i.e. £,H. = 5;2 « In the practical case a plane eff-
iciency of G9% would result in £H = o4%, while plane
efficiencies of 95 or $0%, which are acceptablé in spark
chambers, result iIlEH:Of only 74% and 53% respectively.

Wire Qhamber hodoscopes designed for these energies must

necessarily place a heavy responsibility on plane efficiency.

.1.3 Eﬁergy*Determination.

The energy of the outgoing protons 1is dgtermined
by depositing all of theif ehergy in the scintillatofs.
This is necessary if the kinematics of the event. are to
‘be determined. Also, to avoid triggering of the wire
chambérs’on all random elastic events, triggering by sel-
ection on particle energles is highly desirable. Neither

of these requirements'have been encountered previously
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with wire chambers. es scintillation counter outputs norm-
2lly only provide timing signals and momentum determin-
ation is done megnetically.

There are thrée main problems to be solved :-
(a) With large area scintillation counters the raw energy
resolution can be expected to be poor. To take advantage
of the expected geometric resolution of the spectrémeter
this would have to be greatly improved.
(b) Fast pulse height anaiysis is necessary for selective
triggering.
(¢c) The energy information in the pulse height must be
preserved in the presence of noise generated by sperks
from the wire chambers. In order to achieve good plane
efficiency every effoft is made to trigger the chambers
as soon after event selection as possible and this does
not allow time for the pulse heights to be amplified-
end digitized. A scheme for the isolation of this analog

information must therefore be devised. - .

1.4 Computer Organisation.

There are many ways in. which the raw spark data
can be analysed. For instance, in the system at Brook-
haven8) the read out hardware was designed to find the
flipped cores as quiCkly as possible énd present theilr

locations as binary address numbers to the PDP-6 computer

as én 18-bit word. The computer performed on-line calcul-
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ations of kinematics and cross secfions from this data.
In the Liverpool system described recentlyll) control is
maintained exclusively by hardware and all processing

is done off~11ne; We have used a two computer system as
an integral part of the spectrometer design and our hard-
were performence, data reduction and analysis is super-
vised on-line by software.

The role of the two computers is complementary.
The principal role of the PDP-9 is to collect and pre-
process data at bit level, to output the results or send
them for further processing to the 360/65. The 360/65
computer then operates on the data. records results on
magnetic tape and returns a sample of the results to the
PDP—9. The'types‘of output prdvided on-line by the PDP-C
are basically only those which meet the physicist's imm-
“ediate needs.

From the discussions in this chapter it is evident
that the design of a wire chamber spectrometer for use
at intermediate energies presents some unique and interest-
ing experimental problems. The next chapter describes
the approach made towards the solution of some 6f these

difficulties.
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' CHAPTER II

Experimental Arrangement.

2.1 Beam Transport.

The proton beam used by the experiments déscribed
in this work was provided by the University of Manitoba
sector-focused cyclotroan). Hydrogen negative ions were
eccelerated to an energy in the range 25 MeV-45'MeV de-
pending upon the position of an A1203 stripping foil
1.5 x 10'5cm thick and were guided into an evacuated beam
pipe by a correspondingly ad justed combination magnet
ad jacent to the cyclotron main magnet.

‘Fig.II.l shows the genefal 1ay out offthe'béam trans-
port system used in the PPB experiment. The first quad-
rupole pair (Q; and Q2) situated about u4ft from the
cyclotron exit port mekes a horizontal focus at the first
set of slits S; which are typically 2mm wide‘and 25mm
high and a vertical focus in the middle of quadrubole
singlet (Qy). This quadrupole (Q). together with the
switching magnet, makes a horizoptal focus at the second
set of slité (SZ)’ which are aléo typically 2mm wide and
25mm high. The bénding magnet (BM) performs energy sel-
ection on the raw beam and the selegted beam passes into
the experimentél area. The magnetic field of the bending

magnet, which 1s‘measuréd using an NMR probe, was calibrat-

ed using time of flight methods to yield the beam energy
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Figure IT.1

The cyclotron experimental area showing the beam transport
system for the proton-proton bremsstrahlung experiment.
Details of other beam lines are not shown.
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. baésing through ihe analysing sllts‘sz. The energy re-
~solution achieved was estimated to be 300-400 KeV at FWHM.

‘Tﬁe'final quadrupple doublet.(Qs and Qg ) produces |
& ribbon beam 2mm wide (broadened by multiple scattering
in the HAVAR FQILS) and 4 cm high in the scattering chamb-
er. During the measurements reported in this work the
steering magnet (SM) was adjusted manually before a run,
but more recently dynamic control has been provided by
BEAM POSITIONING COUNTERS allowing the'PDP-9 to precisely
steer the beam through the scattering chamberlB). Ten
feet further downstream is the heavily shielded Faraday
Cup for beam current measurement. The beam current used
for spectrdmeter dévelopment énd cross section determin-b
ation was in the range § x iofle to 10°$A.

The transpoft'system is désigned in sudh a Way that
unwanted beam is not deposited on any slits within the
experimental area, w1th each scintillation counter having
8 volime of 81 cubic 1ns.{'a high level of neutron and ¥.
ﬂ“ray Bacgground'would produce too many unnecessary firings
of thé;wire chambers.”Aiéb Secondary,interactions on the
slits could produce a large flux of charged particles
through thé chambers if theée slits are close to the
.chambers. » ”

The‘beam profile at varidus stagés along the trans-
port system w;svbbserved on & serles of zinc sulphide

screens. Particular interest was directed to the shape
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of the béam inside the scattering chamber and this was
investigated with a zinc sulphide screen.'thé beam posit-
joning detectors mentioned above, colouring of perspex
plates, scattering of protons from stainless steel wire
probes and finally the wire chambers themselves. Detailed

13)

results of these investigations will be given elsewhere .

2.2 Scattering Chamber and Hodoscopes.

The main features of the spectrometer are shown
in Fig.I1.2. The séattering chamber is normally filied
with target gas at atmospheric pressure. The nuclear
interaction takes place in a 17cm long ribbon-like reactibnv
volume defined by the beam profile and the upstream and |
downstream baffles pdsitioned to 1ntércépt'only scatteréd
protons. Each of the two outgoing protons péss through
two wire chembers defining their trajectories énd:into
plastic scintillation counters where their energies are
determined. The scattering chamber, which may be seen
in the centre of the photograph Fig.II.3 and in more de-
tail in the photograph Fig.II.4, was made with six flat
'sides to a2llow the wire chambers to be moved around thefeby
permitting investigations in the polar angular range 129-1689°,
The solid angle subtended by the rear chémbervis usually
determined by the requirements of the reaction undergoing
investigation. The range extends to an upper limit of

0.55ét. in. the specilal case.when the outgoing particles-
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Figure II.2

Scale drawing of the spectrometer showing scattering
chamber, wire chambers and scintillation counters. The
chamber is filled with the investigated gas (hydrogen
at present) at atmospheric pressure. Propane and He
jackets are used to separate the Ne-He mixture from
the target gas and to decrease multiple scattering.
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Figure II.3.

Photograph of the spectrometer hardware taken from a
‘position close to the quadrupole pair, Q< and Qg+ in
Flg.IT1.1. The beam coming from the left énters the
scattering chamber just to the left of the centre of
the picture. The high voltage pulsers and core driver
boards for the front right wire chamber may be seen
mounted on the vertical aluminum plate at the centre
of the picture. Some of the fast electronics and read-
out electronics are shown on the rack at the extreme
right. - :

Sk, 10
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Figure II.4.

Photograph of the inside of the scattering chamber taken
from above. The beam enters from the bottom right, passes
through the mylar trough, which acts as the delta ray
filter and leaves at the top left. The opening presented
by the front right chamber can be clearly seen. The white
object close to the downstream baffles is the light pipe
of one of the beam positioning detectors which are mounted
on 2" photomultipliers seen as black vertical cyclinders.
The top corner of the movable ZnS screen may be seen just
- below the centre of the pilcture.

ks
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from a solid target are viewed with the front chamber
only. Fig. II.2 shows the position of the wire chambers
used during the development and testing of the spectrometer.
For the ééme geometry Fig.II.5 giveé the relative length
 of the target volume as a,functldnybfwthe scattering angle,
’ e.and the azimuthal sngle,¢. .

As it is desirable to reduée;multiple scattering
of the primary proton beem to a minimum, 1 thick HAVAR
'TFOILS'are used to isolate the cyclotrdn;vaCuum.from the
chamber ges. The folls cover openingsﬁ3" X 0.§“ and the
beam line 1is brokeh} as shown in Fig.iI.Z. at the'scatt~
_ering'ohamber'in ordér to protect the,wire chambers from

;p6581b1e‘foil fraéturé}

2.3 Wire Chambers.
(a) ConstruCtion.‘

The spectrometer uses two'wire éhamber hodoscopes
each consisting of tﬁo wire chambers specially designéd
for operation with fluxes of low energy protoné. Low méss
has been an over~r1d1ng design consideration ;n orde; to
minimise energy loss aﬁd multiple scaﬁtéring. Fig;II.63
shpﬁs thatAthe lower energy cut-off 11m1t ofvthe spectro-
meter for protons 1s'dniy a few MeV. When the delté ray..
absorber shown in Fig;II:Z is not in blace the principal-
contfibution.to the angular fesolutionkcqmes frdm multipié

scaﬁtering in the front chamber. Fig.II.6 shows the var-
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1étion in the root mean squafe of the ﬁrojected éngle
with energy to be expected with and without a 0{0029 thick
delte ray filter. |

Each wire chamber was built with three plénes. a
common ground electrodé and two high voltage electrodes
all made from strung wires. Ferrite core read-out is used
with the core céntents directly transferred into the PDP-9.
The techniques used were essentially those developed at
Brookhaveng’lo) and a detailed description of the design:
parameters together with the essential methods used in
the construction of the four wire spark chambers may,be
found-elsewherelu).

Each plane in the.tWo front chambers wés strung
wiéh copper coated (7% by Weight) tungsten.wires.lz miis
in diameter aﬁd spaced at intervals §f 50 mils. The cenQ
tfal ground plane, henceforth called the diagonai plane,
wes orlentéd‘at an angle of 450 to the horizontal bléne
and was separated by 3" from the'high ﬁoltégemplénes —
strung with horizontal and verticai wires. The wires were
| strung by hand on fibre giass frames and the frames were
glued together. The wire chamber‘assembly ﬁasvcontained
‘within a gas énveIOpe haviﬁg mylér entrance and exit
windows 0.15 mils thick. The larger rear chambers were
constructed in a similar way although here 3 mils thick
aluminum wires with‘a Zn-Cu-Au coatlng’(?% by weight) -

were used. Invordér to overcome diffusion the thickness
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Figure I1I.5

Angular ranges resulting from the geometry shown in
Fig. II 2,

Curve (a) gives the relative length of the target,
called geometric efficiency, plotted as a function of
the polar scattering angle,f. The maximum target length
was chosen to be 1l5cms, with the centre of the scatter-
ing chamber acting as the target centre.

Curve (b) gives the geometric efficiency as a function
of the azimuthal angle.¢
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Figure II1.6.

The smooth curves give the energy lost by protons,
deuterons, tritons and < -particles in passing from
the reaction volume to the scintillator.

The dagshed curves give the root mean square projected
angle of multiple scattering for protons as a function
of the scattered energy. Curve (a) has been calculated
~for protons scattered from hydrogen gas at 32. 5 and
passing through a delta ray filter 2 mils thick.

Curve (b) has been calculated for protons scattered

at H5 from hydrogen gas but with the delta ray filter

. removed.,
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of the entrance and exit mylar windows was increased to
0.25 mils and 1.0 miis respeétively. The wire chambers
are mounted in accurately machined apertures cut in 4
vertical aluminum plates which rest on a 1" thick 4ft
square,éluminum plate.

The magnetic cores used in the éxperiment are div-
ided into 108 groups of 18 cores each. The cores are
mounted witﬁ the 'write', 'read' and 'sense' lines on
a 'coreboard' containing the required number of groups
'fdr each plane and attached to the vertical eluminum
plate adjacent to the plane. Electrical connection is
made between each wire in the Wiré chamber and the app-
ropriate 'write' wire on the coreboard. The electronic
circuits used for seﬁding the 'read"current through the
ferrite cores are assembled on 'core driver boards' and
mounted nearby on the vertical aluminum plate. A photo-
graph of the back right-wiri70?amber and its peripheral

equipment is.given elsewhere .

P

(b) High Voltage Pulses and Pulse Bias.

Tﬁe high voltage pulsing system used for the
four-wire chaﬁbers 1s a someﬁhat_modified version of that
described in reference iU.AThe system at present in use .
is divided into three gquite distinct parts.

(1) Two master pulsers are triggered from two simul-

taneous 700 mV fast electronic pulses and each delivers
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six 800 volt positive pulses 20 nsec wide. These-pulses
are longer than the chamber charging time but shorter
than the spark formation time.

(11) Twelve high voltage pulsers, which are triggered
by the master pulser outputs, deliver current to the wire
chamber planes at a sufficient rate to raise their voltage
to a few thousand volts before a spark has time to form.
In order to provide sufficient current to charge the front
chambers to 3,000 volts in 25 nsec three 6DN6 vacuum tubes
each providing 25 amps were necessary for each high volt-
age plahe..The higher capacitance inherent in the lareger
rear chamber was judged to require six 6DN6 vacuum tubes
per high voltage plane to prévide a similar performance

(111) The sensitive time of the chamber is controlled
by the D.C. clearing field hence ions created by tracks
not of particular interest are not allowed to linger
within the chamber volume. The field also assists in the.
'plganing'up' proééss after a spark but for opefatipn»ofw
the chambers at high repetition rates it 1is necessary
to provide a higher pdtential in ordér*to decreése the
chamber dead time..In our experiment pulsed bias is used
following the read-in of the 1nformatibn,étored in the
magnetic cores. This removes lingering ions even though
thé sparking rate for the data presentéd never exceeded

100 pulses per sec.
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‘2.4 Spectrometer Control Logic.
(a) Computer and Control Hardware.

| The Manitoba cyclotron computer system as used
in the PPB experiment 1is shown in Fig.II.?lS’ 16). The
trajecpories of the two outgoing protons are defined by
the information from the wire chambers and the proton:energies
are defined by the pulse heights from the scintillation
counters. The PDP-9 assembly program tries to reconstruct.
e vertex from the proton trajectoxries andzif successful
theArelevant coordinates of the proton trajectories and
counter pulse heights are sent to the IBM 360/65 computer,
.otherwise the event 1s‘rejected. The latter computer then
performs a full kinematic and statistical analysis. of
the eveht_usiﬂg Fortran programs and returns some histo-
grams of interest to the PDP-9 for visual on-line display
on the.oscilloscope; storing on DEC TAPE or for plotting
on sn x-y plotter (CALCOMP). Data computed from each good
event ‘1s also stored on a magnetic tape (MAG. TAPE) by
the IBM 360/65 for later off-line sorting, selecting and
histogramming. A sample of tbe processed data is ;gcorded
on the line printer (PRINTER) which also keeps a compre-
hensivgfbookkéeping record of each run.

The logic controlling the operatioh of the.speqtro-
meter is organised through an 1ntimaté relationship bet-
ween software and hardware. The PDP-9 assumes full admin-

istrative responsibility through the interfaces to the
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wire éhambérs. fast electronics, pulse height analog to
digital converters and the data link to the 360/65. In
.this way the experiment utilises the economic and reliable
characteristics of software whenever possible and it also
provides_the'flexibility necessary during the development
stages. There are nevertheless some very important decis-
jons to be made within a few tens of nanoseconds, where
fast electronic hardware is vitally necessary, and here
the computer controls only the time when these operations
may begin. Once the wire chambers have sparked and some
preparatory hardware operations completed, control 1is
again invested in the PDP-9 which retains executive resp-
onsibility until the next sequence. |

The event timing sequence is‘éh6wn in Fig.II.8.
It is represented as a logarithmetilc plot and although
care has_been—taken to specify the time aécurately. it
‘1s mainly intended to show: the chronoldgy of the operations.
When & random or true coincidence occurs between pu;ses B
withiﬁ’the_selected.energy range, the fast electronic
_eircuits trigger the chambers, stop the data-tsking and
Vinitiate the ferrite core read-in circuitry. The spark
will form within the next hundred nanoseconds ceausing
substantial noise in the experimental area. Thevanalog
pulses however, afe isolated electronically from this
noisé and during this time they are being prepared for

digital conversion. The exact time taken for conversién
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Figure ITI.7

Manitoba cyclotron computer system as used on-line-
to the wire chamber spectrometer
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Figure II.8

.Event timihg sequencé.
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is of course dependent on the pulse height but within
the next 100 microseconds they are digitised. At the
completion of this operation an Automatic Priority Inter-
rupt is produced in the PDP-9 and the pulse heights are
stored into the computer memory.

When the noise has subsided the core driver enabling
procedure is begun. This tékes 180 usec and the system
must wait for this period._However. if the fast electronics
specifles the event to be a random event, the random flag
1s raised 50 usec after the chambers were triggered. When
the core drivers are fully ready for.interrogation. the
ferrite cores are read into the computer memory. This
takes approximately 2 msec and on completion the computer
analysis is begun. During this period pulse bias is switch-
ed on for 1 msec to speed the recovery of the chambers.
Onvcompletion of the analysis the computer enables the
fast electronics and the system begins again its wait
for a new event,

(b) Fast Electronics.

The practical ad#antages to be gained by locating
all of the fast electronics in the control room is incom-
patible with the requirement to trigger the chambers as
soon as possible'after the passage of the particlé of
interest. This requirement is imposed in order to keep

theféensitive time of the chambers to a minimum as this
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reduces the probsbility of multiple tracks. This 1is part-
jcularly inconvenient with low energy accelerators as
it is usually not possible to reside in the experimental
area when the beam 1is on.

The schematics for the fast electronics is shown
in Fig.I1.9. The anode pulses from the XP 1040 phototubes
are used for event selection by pulse height as well as
for timing purposes. The negative pulse heights from the
mixed anode pulses from each tube muét lie within the
range set by.the differential discriminators (DIFF DISC)
before passing to the coincidence circuit Cl. When the
anode pulses from each arm arrive within a resolving
time of 28 nsec the decision is made to trigger the wilre
chambers.

The circuitry required to trigger the chambers with
reandom coincidences only is also available. A delay of
35 nsec (the cyclotron RF cjcle time) is imposed on pulses

from the right coﬁnter to the ihpﬁt of C2, while the left

vside is prompt. The output pulses from Cl are delayed by
35 nsec and in this wéy the random events may be slightly
overestimated &s delay in triggering the‘wire chambers
means operation of the éhambers'at lower efficiency. This
however is expected to be very'émall in a period of only
one RF cycleg);

The outputs of Cl aﬁd C2 are followed by integral

discriminators and after passing through a fan-in, they
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Figure I11.9.

Schematics of fast electronics.
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'. trigger logic fan-outs which sénd pulses to (1) GATE 1.
which closes the fast electronics thereby stopping the
data-taking (2) the two high voltage master pulsers (see
Fig.I1.9) which in turn trigger the wire chambers via

the set of high voltage pulsers and (3) GATE 2 whose role
is described below. '

The dynode pulses from the phototubes are inverted
by pulse transfqrmers and sent via 250 feet long double
shielded cables to the control room. GATE 2 is opened
20 nsec before the arrival of the analog pulses and after
’ lengthening in a pair of STRETCHERS and digitising in a
_pair of N.D. ADCs, they pass to the computer memory via
the ADC interface. GATE 2 is open for only 150 nsec and
the noise from the chamber sparks carried along the cables
is thus prevented from reaching the stretchers. The pulse
from‘GATE 2 is also sent to the éxperimental'room to init-

jate the interface read-out circuitry.

(c) Core Read-out Logic and Interfaces.to the PDP-¢

After the chambers have been sparked the inform-

etion required to‘reconstruct,the tréjéctbry of the 1on-w
izing particlé through the wire chamber hodoscope is

contained in the ferrite cores. The problem is to transfer

this information from the memory core boards, which are
physically attached to the wire chambers, to known

locétions in the PDP-G memory.
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The eequence’of operations,twhen a perticular event
fs identified by the fast electronics:to have the cher-
acteristics necessary for a full analysis to be'carriec
out, is implemented by the electronics shown scnematically
in Fig.IT.10. A more detailed description showing the
physicel lay-out, individual circuitry, operating and
programming documentation, together with testing and main-
tainance instructions 1s given elsewherel?)._

After the noise from the wire chamber_sparks has
subsided,the TIMING CIRCUITS éend an enabling pulse (A)
to the CORE DRIVERS preparing them for interrogation,
and approximately 50 usec later send pulse (B) to clear
the UP COUNTER (see below) The TIMING CIRCUITS then in-
terrupt the computer by sending a pulse to the INTERFACES.“

The spark information contained in the ferrite cores
is read into the computer memory by interrogating the
core drivers in a sequential manner. This 1is accomplished
by meeting the demands of a unique combination of inputs.
controlled by the UP COUNTER and some associated logical
gates (DECODERS). The current from the energised core
driver passes through a 'read"wireAresetting any cores
which were 'written' by the chamter spark. The voltage-
induced by resetting the core from a ‘one' to a 'tzero!
state, called the ‘'sense' pulse, 1s amplified (18 SENSE AMP)
and sent to the INTERFACE in the control room, where the:

1nformation is read into the computer memory under program



- Ly -

Figure I1T1.10.

Simplified schematics of the scintillation counters,
fast and slow electronics, wire chambers, ferrite core
read-out circuits and interfaces to the PDP-9.
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control. The program then causes a signal to be sent from
the INTERFACE to 1ncrement the UP COUNTER so that the
next group is interrogated. Th;s process 1s repeated and
on completion of the interrogation of all the ferrite
core groups, the core drivers are automatically disabled
and the Software analysis begins. At the end of the soft-
ware analysis a pulse is sent‘from the INTERFACE to open

GATE 1 which enables the fast electronics.
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"CHAPTER III
Software Identification of Event.

3.1 General Description of Software.

Each time the Spectrometer detects an event, 2,016
bits of raw data are obtained. At event rates'of 100 per
second, & 2,400 ft. megnetic tape would be filled in about
10 minutes if a permanent record of all this information
-was made. In an experiment lasting for maybe 100 hours,
considerations of economy and practicality maeke a strong
argument. for some on-line data reduction.

In all nuclear scattering experiments somevdata
15 selected by the hardware for furﬁher_lnvestigation
~ and the rest is discarded. There 1s'neth1ng unueual about
-the’selection performed at this level in our-experiment}-
bt the logical comﬁlexity usually inherent in software
reductions of data, greatly exceeds that of fast elect-_;
ronies 1mpo$1ng a proportionate increase in risk by using'
this method. For this reason & primary condition for on-
1ine work is that the data reduction software must be
trustworthy and a necessary preliminary is the thorough
off-line testing>w1th raw data stored on magnetic tape.

In our experiment the PDP-9 is dedicated to data
collection and software data reduction while the 360/65

1s used to provide the complete kinematic and statistic-



- 48 -

al processing needed for feedbaék as well as bulk storage
of preprocessed and fully processéd data. Although details
of the software will be described later in this chapter,
it is appropriate here to summarise in Fig.III.l the
general arrangement used for the acquisition and process-
ing of data. Route 1 is used for hardware debugging. Route
3 along with routes A and B were used in the development
stages for software debugging and preliminary data-teking.
Route 2 is used for normal data-taking.

Software plays such an integral‘part of the spectro-
meter's performancevthat it will be considered in some
detail. It is organised within the framework of two
specialiy written monitors, SALMON (Symbolic Assembler
Langusge Monitor) for the PDP-9 end FORMON (FORtran
" MONitor) for the 360/65. SALMON is present all the time
in the PDP-9 memory and handles three basic input-output
devices, namely, teletype, DEC tape and data-link. It
performs~éome preliminary bookkeeping,and reguests and
acceptsg . .control messages from the experimenter. By typing
appropriate mnemonics of two characters, SALMON loads
the selected program from DEC tape into a predesignated
section of the PDP-G memory and starts its eiecution.

This fééture enables us to "overlay" programs without
disturbing areass of memory which might include the collect-
ed déta or constant parameters. Efficient use is there-

fore made of the 8K memory words available. FORMON is
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a very short‘program written in Fortran. It is based
entirely on a feature of the 360 system of overlaying
Fortran subroutines. Therefore, all Fortran programs in
use are declared as subroutines and the overlay structure
can be arranged to restrict the size of 360 memory re-
quired to 60K bytes. FORMON then merely selects the sub-
routine which was called from the PDP-G by typing 1its
four character name.
Several programs performing very different functions
are in use and their roles are explained briefly.
(a) PDP-9 programs on-line to the wire chambers.
These programslare used meinly for testing of ex-
perimental equipment. We have four programs of this kind.
(1) PLNHST checks the program‘éontrbliéd'intérface.
.»ferrite core read-out 1ogic and circuitry. If requested
it stores.all raw information from the ferrite cores and
ADCs on DEC tape fof future use, mainly for debugging
purposes.vThis'program also histograms thé ADC infofmation
‘and the frequency of firing of each 1nd1v1dual wire 1n 
all 12 planes. These wire maps provide information on
sparking efficiency and are a valuable test foi the pre-
sence of edge sparks and "dead" wires.

(11) CHEF proﬁides'the experiménter with 2 more det-
ailed pilcture of wire chamber characters for given operat-
ing parameters. At the level of each individual wire

. L 4
plene, the program lists cluster multiplicities and

* The term ‘cluster' refers to the condition where adjacent
cores have been set. 'Multiplicity' 1is defined as being

the number of ad jacent cores flipped in one cluster. It is
assumed thaet one sperk produces one cluster.
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Figure IIT.1

Flow diagram of basic software used for the on-line and
off-line data collection and processing.

Taking route 1 the spectrometer performance can be invest-
1gated by processing the data in real time.

Route 2 follows the normal data-taking procedure with
vertex and kinematic analysis performed by both computers
in real time. Samples of processed and correlated data
are returned to the PDP-9 for display and plotting.
Processed date can be reprocessed, correlated and re-
turned to the PDP-9 for detailed investigation by the
experimenter.

Taking route 3 the raw data, containing all original

ferrite core (spark) and pulse height information, may

be stored on tape by the IBM 360/65. This raw data is

later processed off-line. Taking route B the spectro-

meter's performance can be investigated and taking

. route A the raw data can be processed through the
VERTEX and KINEMATICS programs.
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fabulates the numbér of missés. single, doﬁble.:triple

and quasdruple clusters found; The program also 1dentif1és
cluster patterns 1h each wiré chamber and ascertains whether
there is just sufficient information to determihe the
coordinates of as many as two tracks unamblguouély. _
Finally, it histograms the calculated horizontal and vert;
1cal spark coordinates from each wire chamber.

(111) VERTEX reconstructs particle tracks and tests
if they make a vertex in the reaction ﬁolume. The vertex
coordinates can be histogrammed in a variety of ways to
suitvthe experiment. All rejected events are monitored
to'provide some information of the wire chambers' behav-
iour during the run (explained in section 3.2(b)).

(1v) NS Prngam. This is a prosrem which handles only
pulse height information from Nuclear Data ADCs. It pro-
duces two single pulse height spectra, a two dimensional
coincident spectrum with an arbitrary (within memory
avallable) number“of channels in each dimension. It'alsow
lists coincident information from the ADCs in sequential
“‘order in mem&rya

vAll four proérams mentioned above can display formed
histograms. on the oscilloscope which can be.operated upon
with a light pen. Futhermore, single histograms from all
programs as well as scatter plots from the ADCs can be

plotted on an incremental plotter (CALCOMP).
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(b) PDP-9 and 360/65 programs on-line to the wire chambers.
There are two types of programs which serve the |

followlhg purposes.

(1) STAR which simply controls the transfer of raw data
from the ferrite cores and the ADCs to large capacity
IBM tape. The large quantitieé of raw information can
be repeatedly analysed later off-line from the wire chambers,
which is very convenient for initial testing of software
and data analysing procedures.

"(11) The VERTEX-KINEMATICS programs are the most
important ones as they are used for on-line real time
data-taking and analysis with the two computers. They
employ virtually all available prbcessing facilities
and they will therefore be described in more detail.

A simplified flow diagram of the Vertex-kinematics
program 1s given in Fig.IIT.2. The following procedure
is used in loading and executing these programs:
with SALMON residing in the memory of PDP-9, the experifw
menter'types the mnemonic 'W3' which loads a special
initialisatioh program together with the vertex program.
The initislisation program is used first to recelve con-
stants from the teletype or paper tape and store them
in the memory. These constants are used by fhe vertex
program to specify the geometry (see Appendix B) and to:
impose the constraints on the acceptance of good events.

At the start of execution FORMON requests the 360 operator




- 54 -

FPigure III.2.

Simplified flow diagram of the VERTEX-KINEMATICS program
combination which uses both computers for on-line data
reduction and analysis.
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to enable‘the data link and release the program to en-
gage the PDP-9 program. It then requests from the experi-
,ménter the name of the program to be executed by the 360/65.
The experimenter responds,by-typing a four character name
of the program (say KIN1) which is loaded from disk into
the 360 memory. The execution of KINL is begun at this
point and the experimenter must type the bookkeeping
1nformation essential for a complete record'bf the run.
In eddition, miscellaneous constants needed to define

the experiméﬁtal conditions are sent to KINL as well as
some constants needed‘torspecify the histograms to be
formed and returned to the PDP-9 fof display on the os-
cilloscope.

When KINL is reesdy to accept data the vertex pro-
gram performs the following functions. It turns on the
fast electronic gates, jumps into an oscilloscope display
routine and waits for an interrupt. When a2 wire chamber
;nterrupt comes, -the ferrite cores are read into the
computer, decoded, track coordinates computed, double
. track smbiguities res¢;v§d and an attempt is mgde tq
reéonstruct'é vertex. If successful the track coordinates,
scintillatiqn counter pulse heilghts and event number are
stored in a buffer whereupon the PDP-9 returns to the
display routine. When this buffer is full its contents
are transferred to the 360/65. After the data is received

froﬁ the PDP-9 KIN1 computes, in both the laboratory and
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centre of mass system, the angles and energies of the
outgoing protons (corrected for energy lost before reach-
ing the scintillators) and the third particle in the final
state. In addition from the errors df these quantities
a)ﬁvalue is computed. At this point all of the information
received from the PDP-9 and that computed by KIN1 is stored
on magnetic tape. Finally, some histograms are updated and
after all the data from a given trénsfer have been pro-
cessed the histograms are sent back to the PDP-9 which
displays them on the oscilloscope; If the termination
index, &s set by the experiméhter,.is recognised, some
bopkkeeping information and the histograms are returned
to the PDP-9, whereupon the run is terminated.

(c) Off-line‘programs.

Among the offfline programs‘CORRELATE (CORR) 1is
the most important. CORR reads from magnetic tape data
taken in pest runs, stores it temporarily on disk, com-
bines it as requested and produbes histograms in a
manner very similar to that of KIN1. Thewhistogram con-
stents are reed in from the PDP-9. The formed histograms
are returned to the PDP-9 for display on the oscilloscope
or plotting on the CALCOMP.plotter; For practical reasons
it is vefy important to be able to call and run CORR ﬁ
from the PDP-9 console as it provides a facility for
"quaéi-on-line" data processing. |

" During the initial stages of the spectrometer de;'

velopment, CHEF and the VERTEX-KIN1 programs were adapted '
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- for off-line processing (called AKIN) of rew wire chamber
and ADC data stored on IBM tape. This was vitaily necessary
in order to Satisfy the condition of trust in the soft-
ware and hardware performance discussed at the beginning
of this chapter.

In a different category, many progréms exist which
run in batch processing on the 360/65 quite independently
from the PDP-9. The most important of these is OKIN where
the preprocessed data can be reprocessed with slightly
modified geometric,energy and statistiecal constants or
modified output parameters. The existence of this program
1s desirable for more refined processing following a
searching off-line investigation of the data by CORR.
’”Many other off-line programs have been used during the
development stages and all have either been incorporated
into theron-line programs or have played their part in

the spectrometer design and are no longer active.

B.é;Véffé% AnaljSis'by the fDP;9.
(a) Event scceptance criteria.
| After the decision has been made by the fast
electron;cs that an event of interest has occurred the-
four wire chambers are triggered. The VERTEX program
s designed to read the ferrite cores‘into the computer
~memory, decode the raw data, compute track coordinates,

resdlve double track ambiguities and attempt to construct
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a vertex. An event must obey a set of clearly defined

eriteria if it is to be accepted for further’processinga

Some of these criteria are demanded by the nature of the

event to be investigated (eg. in the PPB case we require

to know the trajectories of the two outgoing protons)

but in addition some acceptance criteria are imposed by

computational complexity. To pass the demands of the

vertex progrem all of the following properties must be

met:-

1l
2.
3.

6.

7.

8.

Not more than two non-empty groups per plane.v

Not more than one émpty plane per wire chamber.

In the case of a wire chamber with one empty plane
only one coordinate can_exist in thé‘other two planes.
Not more than two coordinate points per plane.

Where ail three planes in:a wire chamber are non-
empty. only those coordinate points which satisfy
H+V -J2D ¢ £ where H,V and D are the horizontal
vertical andvdiagonal coordihates respectively and €
is a predetermined constant.

Not more than two coordinate points per wire chamber.
Not more than a total of six coordinate points in all
four wire chambers in any combination.

Each track must intersect the beam / vertical plane
within a clearly defined area (target volume).

For any two tracks being compared it 1is reéuired that
each track must intersect the beam / vertical. plane

within a small error of one another.
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The vertex program 1s organised to 1nvest1gaté the
properties of eaéh wire chamber in turn rather than the
event‘as‘a whole. Acceptance criteria 1,2,3,4 and 5 are.
applied to the Front Left (FL), Front Right (FR), Back
Left (BL) and Back Right (BR) wire chambers in turn and
events are discarded when any violation occurs.

If an event is rejected by the VERTEX program the
event characteristicé up to the point of rejection are
recorded in a set of guality counters. These counters
are useful for monitoring drifts and changes in the in-
strumental properties of the spectrometer during a run,
besides providing a convenient means of testing the
logic of the program itself.

(b) Testingrof'VERTEX proéram.

In the PPB experimeht most of the raw date fronm
the wire chambers will be discarded on-line by the VERTEX
program. This program consists of approximatelva.OOO
instructions and during operatibn.a very large number
of logical decisions are made before an event is class-
ified and accepted. If is most important that the program
is free from errors which might bias the data and consider-
. @ble attention has therefore been paid to testing this
”'program. |

(1) Experimental conditions.
During testing and preliminary calibration the.

- wire chambers were placed in a position where true elastic
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éoincidencés froﬁ a solid CHé target céuld_bevrécofded.
A collimator with an 1/8" diameter circular hole was
placed between the rearvchamber and the scintillation
counter consequently the proton trajectories triggering
the wire chamberslwefe accurately defined. A detailed
investigation was made of a small sample of 99 events
which formed part of a set of data recorded on magnetic
tape using the STAR program. A larger sample was &also
investigated in less detail in order td find events with
special characteristics. The raw data was subsequently
read out onto the line printer on the 360/65 for detailed
investigation by hand and in addition was transferred to
DEC tape for off-line inveStigation-by the VERTEX program.
Thevprogram was modified tovbutput on the teleﬁype»the
quality counters after processing each event hence the
status awafded to each event could be easily identified.
The data chosen for these tests were taken under
very different flux conditions. They were selected from .
threeﬁfiles recorded when beam currents of 0.05 nA, 0.2 nA
and 1.5 nA were 1ncident on fhe solid target. The delta
ray absorber was not in place during these runs. This
provided a range of plane cluste} frequency from which-
the program was‘expected to identify the vertex elastic
event known to be present. Detailed analysis by hand was
performed on the 99 events from the 1.5 nA file as 1t |

was expected that this would provide events of greater
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complexitil The data sample was found to encompass all
of the possibilities to which the vertex program could
be expésed}

| (11) Cluster combinations.

The VERTEX program begins by searching for
non-empty groups in the three planes of the front left
chamber. The results of the investigations are given in
Teble 1 and reference will be made to this table as the
appropriate sections are discussed. The table 1(a) applies
to this section end here the results for the FL, FR, BL
and BR are tabulated by dividing the events into thé
following U4 categories:- (starting from the left) events
with a cluster combination which satisfy all criteria
aﬁ this level, violations of criteria 2 and 3, copplete
misses inzall 3 planes (violation of criterion 2) and
greater than two clusters per plane (violation of crit-
erion 1). The top line of table 1(a) shows that 13 events
were rejected by criterion 1, 2 events were rejected by -
criteria 1 and 3 and 84 had good.combinations. A careful
check by hand of the raw sparks agreed with these humbers,
aithough during the ‘initial tests it was discovered that
the progran yielded a totsl which was in excess of the
-hand processed data by one event. An error in software
logic was discovered so that the particular configuration
of event No. 85 could increment two quality counters.

The  programs then compute the coordinates of accepted
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events by studying the non-empty groups. The coordinate
uy is given by:- _ | E
u; = (ng - 1) 18 +'ng + 0 +1 :

2

where n, = number of the group in the plane
n, = number 6f wires in the group to the left
of the first fired wire.
n, = multiplicity i.e. the number of adjacent
wires fired for a single.coordinate point.
The smallest coordinate count of the wire chamber 1is assumed
to be helf a wire spacing.
(111) Coordinate consistency.
Two crossed planes are required to determine
a point in space and a third plane placed at an angle to’
these two planes will overdetermine it. For example, with
the horizontél and vertical planes giving x and yvcoord-\
inates, the diagonal coordinate must agree and if the:
accuracy ié high it 1s possible to 1dent1fy as many sparks
Vas"oné wishes. The section of the program whidh tests the
coordinates for consistency 1is divided into two parté.
The first part treats the speciai case when only two
planes were found to be non—empfy and each contains one
coordinate only. The H and V coordinates are détermined
from the equation H + V = ¥2D .
The second part is used when all three planes have

been found to be non-empty end therefore contain one or
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Table 1.

Quality counters accumulated by the vertex program for
a test semple of 99 events. There are 3 main divisions:-

(a) Cluster Combinations. Events are rejected for
violation of the plane cluster combinations
shown. Good events pass to the next wire chamber

- for further analysis.

(b) Coordinate consistency check by the demand that
H+ V- J2D {¢'. The categories of -acceptance
or rejection are explained in the text in

«Subsection (b)(1ii).

®.

Lt
B

(e¢) Track projection and tests for vertex.
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'tﬁo coordiﬁates..A table 1s éet'up in the progra@ to
accomodate the eight‘posslble.combinations:of tﬁe horiz-
ontal, vertical and diaéonallcoordinates (H.V.D) and a
test of consistency is made by demanding that .
H+V -&DE= £ where € is a small error.

| In addition to providing a check on the accuracy
of the wire positions within the chamber, the E'distribut-
ion is a measure of how falthfully the spark propagates
along the proton trajectory. Fig.III.jishows the bias
which results when protons from elastic scattering pass
at an angle of 12° to the plane of the chamber. The bias
of 1.5mﬁ 1s close enough to dtani2°® where d ié the inter-
plene gap (L/4") to conclude that the spark follows the
prbton track within the fesolution ﬁrbvided by the wire
spacing. The distribution for protons ffom the D(p.Zp)N
reaction which illuminate all of the chamber at incident
angles from -12° to 12° {(although not uniformly) 1s seen
to be centered at zero. Any inaccuracy in the relative
locatidn of the wife chamber frames could of course be
" corrected by software.

The success or failure at these consistency checks
is monitored by'a set of qualityECOunﬁers covering this.
part of the program. Each event will fall'into one of the
following categories:- |

(a) one track zero cdordinates (1ToC)
(b) one track one coordinate (1T1C)

(¢) two tracks zero coordinates (2T0C)
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(a) Cluster Combinations

Good ' : , Reject
Insufficient | Complete
information miss 2 clusters
FL 84 1 1 13
FR 54 8 0 : .9
BL 37 0 0 0
BR 37 0 0 0

‘(b) Coordinate Consistency

Good Re ject
- 1T1C 2T1C 2T2C 1T0C 2TocC, 2T,> 2C

FL | 42 | 22 | 5 T 14
FR 19 13 5 6 11
BL 30 3 b 0
BR 31 1 1 0 L

(c) Track Projectioﬂs

Outside s No. of
Too No reaction Good Event events
complex vertex volume vertex - number .analysed

0 8 2 23 99 99
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Figure III.3

Coordinate consistency distributions for (p,p) elastic

and (p,2p)reactions. The (p,p) elastic protons were coll-
imated so that they passed through the chambers at an
angle of 12° to the chamber normal. The bias amounts to

1 wire spacing. The D(p,2p)N events are distributed within
a renge of 12° on both sides of the chamber normal.
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(a) éwo trécks one coordinate (ZTlC)‘
(e) two tracks two coofdlnates (212C)
(f) two tracks greater than two coordinates (2T, »2C)
(a), (c) and (f) are rejected. Table 1(b) givesfthe results
of these investigations by the VERTEX program on the test _
deta. They are tabulated according to the definitions
given sabove.
| Comparison with the raw data is not quite so easy
at this level. The data must be processed either‘by hand
calculation or the events may be reconstrudted graphicaliy.
The latter method was chosen as it yields a more readily
‘1ﬁterpretable picture of the wire chamber sparks. The
spark patterns from 30 wire chamber triggers were accur-
ately reconstructed not'oniy tO'test the program but also
to investigate'the wilre chamber properties. Thére were
‘some events taken with high flux intensity where the
'pile-up tracks' (i.e. the track of a charged ﬁarticle
which passes through the chamber during its sensitiye time)
rob the 'firing' track (i.e. the track of the proton which
gave & coincidence and caused the chambers to be triggered),
giving a coordinate point displaced from the expected |
region. This is a property of thé environment and in all
cases 1nvestigated the program interpreted the pattern
correctly. A typical example of coordinate reconstruction
is given in Fig.III.4 and the detailed analysis of this

eveﬁt.will be discussed in detail in subsection (v).
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- (iv) Track reconstruction.

After finding coordinate points in space the
VERTEX pfogram computes and compares all pairs of possible
tracks until a pair is found to have a vertex within a
certain error. With a maximﬁm of 6 coordinate points
there are 11 different configurations possible, from the
simple casé of a siﬁgle pair of tracks, to the case where
the trackvon one arm must be compared with 4 possible
tracks on the other arm. Unlikely. but, logical construct-
lon is  greatly reducéd by demanding that ali constructed
- tracks must originate within a clearly defined target
region. The equations used in the calculations performed
by the PDP-9 are given in Appendix B.Z2.

.This part of the program was again tested by graphic
reconstruction but it was also found convenient to format
the raw data on the line printer in such a way that
clusters displaced from the expected position could be
easily identified. In this way a much laréer vqlume_of
data'could be analysed. Particular attention was paid
to those events in our collimated elastic data which

(a) did not make a vertex

(b) whefe the projected track lay outside the
| reaction volume. |

'From‘Table 1(c) we see that 33 events were analysed
through this part of the program, 8 of which were rejected

by the vertex demand and 2 events weré_rejected because
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the computed track did not lie within the reaction volume.
These computer decisions were verified by hand calculation
wheré graphical construction did not yield an unambiguous
result. In every case it was found that the !pilé-up track!®
robbe@ the 'firing track' and the spark occurred at a
point well removed from the collimated area. These com-
peting tracks are closely bound up with wire chamber
efficiency and will be studied in the next chapter.
During the early stages of this 1nvest1gation'one-‘
event in our semple was judged by the program to be .a.
Qertex reject,yet'graphical constructioﬁ showed'that it
nmust make a veriex at the position of thé-solid'éafget.
It was later revealed that with fhié particlﬁar geometry
~overflow could oéduf with & small proportion of events
when the 18‘bit capécityvof the computer was excegded 1n» 
.,the calculafion.'This problem was subsequently corrected.
| The demandé 1mpbsed upon a_pfogram designed to
anaiysefraw'data. whiéh can.prQSent itself in a large
nuﬁber bf:quite‘1ﬁdependent’logiqa1 cohfigurations._ére
-considerable.~The choseﬁ data exposed all of these prop-
erties and it can be cdncluded-that the program is free
" from logical errors that coﬁld materially'affect bhe
_.present measurements. _
fv) Analysis of a typical event.
| Fig.II1.4 shows a reconstruction df event number

68, whose character illustrates the pattern recognition -
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Figure ITI.4

Spark pattern of a typical event showing the wires which
fired when the chambers were triggered by a (p,p) elestic
coincidence from a spot beem incident on a CH, target.
The scattered protons were collimated on the left side

by a collimator 1/&" in -diemeter.
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and track feconstruction properties of the prbgram. In
the FL chamber 2 clusters are present on the horizontal
coordinate plane (vertical wires), 1 cluster on the vert-
ical plane and 2 on the disgonal. Each intersection is
tested by the program for consistency and of the 4 poss-
ibilities only 1 lies within the required limits. Thus
the program concludes that 1 coordinate point 1is présenﬁ
in this chamber, although two sparks must have occurred.
The event 1s then designated to have a 2T1C configuration
for the FL and the horizontel and vertical coordinates
are stored for use in the track reconstruction part of
the program.

In the BL chamber with two wires firing on eacp plane,.
there are 8 possibilities which muét'ﬁéntested for con-
sistency. Fig.III.4 shows that 2 coordinate points are
present, one of which is at the poiptAwhere a proton 1s
known to ﬁave passed.. The program recognises this pattern
toarepregent a 2T2C configuration in the BL chambe:.v

“ %éé FBHchamber is an example of the special case
mentioned in subsection (iii) where one wire fires on
each of two planes. Here the redundancy invested in the
3 plane design must be exercised, and the assumption 1s
made that the intersection of the vertical wire and dia-
gonal wire defines the point through which a particle
has passed. The vertical coordinate is calculated from

the equation V =V2D - H, stored with the known horizontal
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aoordinate:ahd the pat}ern_is designatéd by thelﬁrogram
to have a 1TIC configurafion:in the Fﬁ;chaﬁber.fThe battern
found'iﬁ the BR chambervis quite straight forward and the
one possibility is clearly a 1TI1C COnfiguréﬁion;-

There are, therefore, 5 coordinate points from ﬁhichv
a paif of tracks (L; and Lp) in the left arm of the spectro-
meter and a single track (Rp) 1h the right arm can be
constructed. The program chooses the simpler side firét.
which in this case is the right traék,‘and calcuiates the
coordinates Yp and Zg of the intersection with the re-
ection volume. If the values obtained.aré not within thé
allowed range the event is discarded. The program tests
each left track in turn for 1ntersectioﬁ with the reaét-
ion volume and cbmpares the YL’and 21, coofdinates of this
intersection with Yy and ZR.vThe‘trackbLl is discarded
~ because (Y, - YR)>55X where iybis'the allowed error in
the Y coordinate but the track Lp 1s accepted and the 8
coordinates together with the‘event number and the.ADC
. channelmnumbefs_are stored for further processiﬁé by the‘

'KINEMATICS program.

3.3 Event Analysis by the 360/65;

Tﬁe computational detalls on geometry - as perfofmed
by the KIN1 program are»glven in Appendix B.3.‘The7pro§6n}
trajectories are calculated and the intersections with

.the.Y-Z plane are determined. In additibn the shortest
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distance between the two straight lines in space is also
calculated and finally the event is specified in & spher-
ical cobrdinate system. The energy-momentum conservation
relations are used to determine the momentum and the ex-
pected error in the momentum of the third particle. Detalls

of these calculations are given in Appendix c.

(2) Calculation of the proton enérgies.
| The energies of the detectedfprotOns are det-~
ermined in three distinct staées:-

(1) Thé raw pulse heightsiare corrected for the dis-
tribution in pulse height response over the surface of
the large scintillation counter using the geometric
.1nformation supplied Ey'the wire?éhémbérs; bétails of this
procedure afe given elseWheréls).

(11) The energy deposited by the proton in the scin-
tillator is determined from the assumeﬁ straight line
dependence between pulSe height and energy. This calib-
~‘_r£tigﬁnis performed before the'run begins aﬁd-is descfibed
elsewherelS).

(111) The energy lost by the proton in passing through
the hodoscope.arm-is calculated in order to find the
scattered energy. Fig.I1I.2 shows that from the point where
the nuclear interaction occurs the protons must pass through

‘thirteen media qonsistingbof mylar foils, several 4diff-

erent gases and aluminum féil before reaching the scin- .
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tillator. The stopping power,gﬁ%. is calculated'for each

medium using the Bethe-Block formula:-

_ O dE _ smZet o s ) - g
Lo T et NZ Qg Rpe - Aqlod)d
where .,...,.(1)

" E = energy of the incident particle.’
x = thickness of the medium:.in cm.
m,v,Z,e = mass, velocity. atomic no., and charge of the
‘incident particle. |
N = number of atoms per cm3 in the target.
Z = atomic no. of the target.
I = is a parameter related to the mean atbmic
excitation potentiallg).,
A smell correction can be applied for thick media and
the energy loss AE4y for the ith pedium is then given by
the first two terms of the Taylor expansion,
sE, = 4E o x, (' = 05 'i’;—g; /’.."w) een(2)
dx d x
where.the secénd term is 1mportant;for media giving large
energy losses and,ﬂi 1s.the density of the mdeium.
-The procedure folléwed is to find the energy (E)
of the proton as it leaves the 1£h medium and then cal-
culate AE4y. Then the energy lost in the E(i-l) med jum:
cen be determined using E + AE, 1ﬂ the calculations. For

example the energy determined from the pulse height in-

: | » E ong LE
formation makes possible the calculation of‘i—)—cand a—'-’-c_for;
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the aluminum foil. Using equation (2) the energy lost
in the aluminum foil can be determined and hence the proton

energy leaving the previous medium, in this cése air is known.

This process is continued for all the media until the

d 2
scattered energy is found. As-—E and ££ are functions of

dx & x>
energy, the energy loss must be calculated on an event

by event basis.

(b) Goodness of fit.

S1x kinematic variables are measured in the
final state and using momentum conservation the momentum
(and hence the energy E3) of the third pafticle can be
determined. The total energy, (Eg), including rest masses,
in fhe final'state~is then given by

EF{=E1+v'E2+'E'3 A ¢
where El and E, are the total energies of the outgoing
protons. As'the incident proton energy is known the event
1s overdetermined. Using energy'conservation the deviation
from the total energy in the initial state (E;) must be
governed by the kinematic resolution of the spectrometer.
We can define a ‘goodness of fit* parameter, which we
., call chi squafe (%), to relate this deviation to the
expected error in the total final staté energy, AEF.

i.e. we define X" = E; - Ep 2"
' M sessesssa(2)
AEg

It i1s not expected that this simple definition will allow
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chi Square to be governed by well known statistical

distributions. _

The analysis used in the KIN1 prograﬁ is é.simplified
version of the approach used ih bubble chamber Work20):
There a program combines the geometrical information about.
all tracks connected to one polint and |

(1) makes a hypothesis as to the nature (i.e. mass)

of the particles involved.

(11) introduces the conservatioh of four-momentum as

equations of constraints.

(11i) if the numbef of constraints is higher than the
number of'unknowns. the parameters derived from
meagurements ate varied according to the method
of least squares and a 1fis,calcuiated:for the
hypothesis in questioh, -

(iv) the whqle_procedure'is repeated for every other
possibléihypothesis (l.e. set of other particles).

For the;preSent work the assumption is made that
each event 1s either a PPB event or & D(p,2p)N event, as
deuterium is thé only contaminant known to be always
present. A X'value is célculated:for each reaction.

. The calculations forAAEF afe carried out in a sep-

arate subroutine in the KIN1 program. In the final state.

+.(P;g+ m;)%

EF=E + B ooooon'.o-(B)

1 2

The error in the azimuthalvangle.z&¢.bis a function
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of 8 ,but as protons are scattered within a restricted

engular range we have chosen an average value. The un-

certainties 1n the outgoing proton energles make the most

significant contribution to the error AEF' These are cer-
\

tainly 1hdependent and if we asssume to a first approxim-

‘ation that all errors are independent then

3 bR 2% a2 L 2.
2 . . E » E,
A - feled - (fe)ee <57 )ae +(i5) 4w

28 a1 ag (2 Tant

where all the errors are determined experimentsally.
Performing the above partial differentiation where

P3 = f(El 'Ez)

z z . = ‘2.
NE. = (_l P B )—Z})AE, ji'(l*ﬁ ii)AEZ +

E, 2E, E, JE, |
{'f:. 2R AE.,)‘ ; (5. 3P, ABY +(fz. 3P Aab)"
E-, 3 o - E, 39, ' E_‘ 39&
P, 3P A¢)‘ ; (P YA A¢)"
4 [ =2 =2 ' + Js 3 2
) £ P E, 3@’_
Rearranging =
- * » Y P" by s 3P L P
= - . s 25 Py Py
AE, I A Z(aE,AE' - AE,_) ?
where
* . (28 ‘)L, z {) P;‘)t L ()P, )" 2 3P )" L
AR = (5) e ¢ (2) ek - [TF) a0 - (3a0) el

*

| a9 *(‘:‘%‘)1”’: "'(;%—)LAE: eeeee (1)

8 -]

d

‘The detaills of the calculation to. evaluate APB are given

3 A
)

in Appendix C.
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Before using the X‘parameter to'sepérate and reject
data it is important:to test the progfam énd t& obtain
some measure of its sensitivity to the meésured variables
of the outgoing protons. The uﬁcertainties in these var-
jables were determined experimehtally and aré discussed
in the next chapter. The results of these tests are‘
shown in Fig.I11.5. |

In Fig.III.S(a) the two closed curves (henceforth
referred to as ‘ellipses') are,the'kinematic loci for
PPB for polar scattering angles Q;Zqo'énd 0,=30°. The
dashed ‘ellipse' is the locus fOr'copianar events (@ =0°)
and the smooth ‘ellipse’ is for eveﬁts with non-éoplanar'
angle ? =14°. The variation of X*as a function of Ei.‘
with B, = 10MeV is plotted for $ =0 (dashed curve) and

6 =140‘(smooth curve). It is seen that }:is:Zero aé it
intersects the curve and 1ncreases rapidly aé E1 mbves
away from the kinematic:lbcué. B | |

Fig.III.S(b) gives the vafiétion of 7fwith,5,fof

8 =20° and ©,=30° and for two seﬁs of,eheréiesbas;shown
in the figure. In neithér.case'doesyl?excegdafhe_value_Z
until the value of & goes beyond the kinematically allowed
range, whereubon it’increasés véry rapidly. Although'thls
suggests that )fis relatively-ihsensitive to @ the curves
behave in a way which lends somebcredibility to'the )(L

calculation.

Fig.1IT.5(c) shows the sensitivity of )fto changes
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Figure III.5

Calculated dependence of X on kinematic variables for
test events from PPB and D(p,2p)N reactions

(a) X*as a function of E, for PPB.
(b) Xas a function of '6 for PPB..
(e) 7?as‘a function of 9 for PPB.
(d) 7fas‘a function of E; for D(p,2p)N.

Theﬁefnprs%usedvin the calculations for the incident prd;
ton and final state proton are

AE, = 0.3 MeV
AE
A ©

0.3 E MeV
Ad = 0.3°
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‘_in 2 . Two poinﬁs have been chosen on the kinematic locus
for PPB events with © = 9= 25°, § = 0 and with energies

" as shown in the figﬁre.'The kinematic locus tends to move
parallel to the major axis of the 'ellipse' when one polar
angle_is kept constant and the other is varied. The two
“energy points were chosen to be at the éxtreme ends of the
.major and minor axes of the ehergy locus. The dashed curve
giveé the variation of X with Q,for ©,= 25° and the enersy
point on the major axis. The. value 6f Xffalls_to zZero

at two points where the kinematic locus, moving parallel
to the major axis, passes through the point. The smooth
curve shows the variation in 7ffor the energy point on

the minor axls and the single broad minimum indicates

ﬁﬁét uhdef these cogaitions X1s relatively 1ﬁsens1t1ve

. to changes in g . , ' ,

The behaviour of W?for coplanar events from deuterium
break-up was evaluated for 9 = 20° and € = 30° at two
différent energy points on the‘D(p.Zp)N kinematic locus. ..
”lTﬁe‘dgggonal curve on Fig.III.5(d) is the kinematic locus

and the two curves, each with a Single minimum, shows

. the variation of Xwith E; for E, =.30.1MeV and E, = 21.2MeV.

A more éophisticated calculation with a complete
3-k1nemat1c fit for each event may increase the discrimin-
ating properties of )?. Work on the adjustment of the

kinematic variables to minimise )fis in progress but has
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not been used in the present;calcuiatibns._lt may be
6onc1uded. that although X as calculafed above is not
expécted to obey exactly the sﬁatlStical distribution

for PPB, it does have the ability to separate events within
the PPB regioﬁ.
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CHAPTER IV

Calibration and Measured Properties of the Spectrometer.

4.1 Wire Chamber Properties.
| As wire'chamber hodéscopes have not pre#iously
been used 1n‘low energy nuclear physics experiments, their
performancé under actual operating conditions is of some
interest. The ability of the hodoscope to reproduce accuf-
ately the trajectory of the scattered particle depends
on multiple scattering and spatial resolution of the chamber.
The variation of multiplicity with pulse voltage is given
in subsection (a), although the low redundancy of our
system precludes a méasurement of the spatiai resolution.
A critical property of the spectrometer, which is
directly related to wire chamber performaence, is the
fraction of events which make a vertex. This problem of
specﬁrometer efficlency 1is apprbached in the discussion.
which follows in three steps. In subsection (b)(i) plane
efficiency is discussed. The ability of the chamber to
define a consistent set of coordinates is investigated
in subsection (b)(ii). Finally, the efficiencies of all
tfour wire chambers are joined in subsection (b)(iii) which
deals with vertex efficiency.
Although wire chamber efficiency depends on.a large

number of parameters, it is not always necessary and
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worthwhile to optimize each of them. For example, the
quantity of alcohol vapour in the chamber gas 1s known

to be important, but in our case the Ne/He gas mixture

was siﬁply bubbled continuously through aléohol at 0°c.

In practice our operating conditions were determined by
the three easily variable parameters pulse voltage, operat-
ing flux and clearing field. A high clearing field will
decrease the sensitive time and hence the probability

of multiple tracks but ﬁill also tend to decrease single
track efficiency. The compromise to be reached is strongly
dependent on the beam current which in turn is influenced
by considerations other than wire chamber efficlency. At

" this stage we have not investigated the effect of clearing
field in any detail. The}variation inrspectrometer eff-
jciency with beam current is discussed in subsection (c).
The effect of pulse bias on the.chambers has not been

1nvestigated.

S

() Multiplicity.

As the high voltage 1ncreéses the average number
of cores set per spark increases. Fig.IV.l‘shows how
multiplicltyvvaries with applied voltage for the horiiontal
~and diagonal planes on the back right chamber. These planes
‘are representative of the‘pulséd and ground planes for
the other chambers. The voltage scale is the D.C. input

to the pulser but the voltage level on the plane Just‘
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Figure IV.1

The multiplicity of pulsed and ground planes as a function
of chamber voltage for the back right chamber.
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cefore the:spark develops 1s not known'accurateiy. The

Sampie of 1,000 triggers includeé events with two clﬁsters.
On the plateau thc pulSed plane multiplicity is

almost independent of applied voltage with 90% singles and

: 10%_doub1es at the operating potential of 2,630 volts.

;The higher multiplicities on the diagonal plane are due

to this central ground plane collecting current from both
H and V planes slmultcneOUSly. As the diagonal plane is
used only for the coordinate consistency check, éxcept

for the special and infrequent (0,1,1) case, the higher
multiplicities on this plane do not affect the spatisl
résolution. The multiplicity resulfs for pulsed and ground
planes are in basic agreemeht with the results found by

. : . 21) .
Blieden et al. .

.(b) Wire Chambcr Efficiency.
. (1) Plane efficiency. |
The plane efficiency is influenced by many factors
which have been studied in detail by several-workerszz’ZB).
.if thé experiméntal conditions are such as to ensure thgt
all chamber triggers are due to genuiﬁc prcton eicstic |
coincident tracks then we can define the plane efficiency,

£P » as the fraction of events, not rejected by software,

that produce & spark. Hence
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where
Np = number of events producing & spark.
T = number of triggers.
Ng = number of events with greater than
2 élusters.i.e. events re jected by
software. |
Ns represents a software constraint and is not a property
of the chamber but of the environment. |
Investigations of wire chamber efficiency were made
with the rear wire chambers placed in a position so that
true elastic coincidences could be observed. A 0.2 nA
proton beam incident on a 0.006" CH2 solid target was used.
The flux of scattered protons passing through the fronf
and rear wirebchamﬁers undér these conditions was measured
previously to be 3.4 x 10u/sec and 1.1 x 104/sec respectively.
The delta ray absorbers were not in place during these
runs so the flux of ionizing particles from thiS«source
was unknown, but later measurements (see Fig.IV.7) have ..
shown that at this beem intensity it was relatively small.
The raw data was stored on magnetic tape using STAR program
and later processedboff-line with the CHEF and AKIN programs. 
The varietion of plane efficiency, Ep .‘with chamber
pulse voltage for a clearing fileld of 120 volts is shown
in Fig.IV.2. At the operating points more than 99% of

triggers produced a spark. The larger rear chambers reach
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Figure IV.2

Variation of plane efficiency with chamber voltage. The
voltage scale is the D.C, voltage 1nput to the H.V. pulser.
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a plateau at 2,650 volts, 450 volts lower than the corresp-
onding point for the front chambers. As the diagonal plane
coilebts chafée fromAboth pulséd planes, it is réasonable
to expect that these planes will reach a plateau at lower
voltages than horizontal and vertical planes.

| (11) Coordinate efficiency.

The test for consistent coordinates to resolve
ambiguity from double tracks can lead to rejection, if the
coordinates are not consistent within the allowed range,
(see subsection 3.2(b)(iii)). Also as this allowed range is
T 3 wire spaclngs (see Fig.II1.3) there is a finite chance
of over;ap for simultaneous tracks. Miyamotozu) has shown

that the probability, P, for unresolved multiple tracks‘

is given by

- 2.
P = nin - 1)
2
( Ny, Nv)/B
where n . = number of tracks.

Nh‘ = number of wires in the horizontal piane.
Nv = number of wires in the- -vertical plane.
B =

H+ V - /2D 1.e. the FWHM of the coordinate

consistency distribution in ﬁire spacings.

For example, with 2 simultaneous tracks in the front

.chamﬁef. P =0.02 and for 3 simﬁltaneous tracks, P = 0.12.
For a particular event which has passed the tests

at plane level, the probabllity of passing through all of

c.

the coordinate consistencyvtests. &, , is shown as a fﬁnction
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of applied voltage in Fig.IV.j._At the operating point

€., is GU4E for both front and rear chambers, with most
of the rejecfions falling into the two track, zero coor-
dinate category. This is probably due to the robbing of
one track by another. Fig.IV.3 also gives the wire chamber
efficiency, &, , as a function of applied voltége. Ew is
the probability of a 'less-than- three-cluster' event
giving a consistent set of coordinates , hence,

£, = &, &
as E? = 99% the wire chamber efficiency is controlled by ¢ .
(111) Vertex efficiency.
The software is organised to 1nvestigate all
4 wire chembers in turn and then the probabllity, ET. that
a particular event will reach “that point in the 'p'rogrémj
where sufficient information allows-piotoh trajectories
to be compared 15 given‘by |
¥
€ - (68

The above simple power relationshlp forf}.dées not take .
| correlations into account. At the operating point in the
case discussed above, the FL, FR, BL and BR had values of
63.5%, 94.0%, 93.4%, and $9% for £, . Hence 8l% of these
events could be expected to undergo track analysis. In
effect the measurement gave £.= 0.8?;‘This could be
éasily understood 1f.one keeps in mind that some events
will violate the accepténce.criterla in more than one-

chamber.
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Figure IV.3

For those events which qualify for test at coordinate
consistency level the variation of the percentage which
~survive, £., is plotted as a function of applied chamber
voltage for the back right and front left chambers. The
product of the plane efficiency £, and &, gives the
probability £, that an event with consistent coordinates
w1ll be found.-



"EFFICIENCY %

EFFICIENCY %

COORDINATE AND CHAMBER EFFICIENCY

100

--o---o“so

BACK RIGHT

25 26 27

PULSE VOLTAGE (KV)
(a)

2.8

100

80

60

40t

20

FRONT LEFT

30 3.1 3.2
PULSE VOLTAGE (KV)
(b)

33



-98 -

Figure IV.4

() Variation of vertex efficiency with pulse voltage
for events with vertical and horizontal vertex errors
less than 1" ‘when a 0.2 nA proton beam was incident on

a 6 mil thick CH, target.
The curve with closed dots is normalised to include

only those events with less than 3 clusters in any plane.
The curve with open circles is the efficiency of good
vertex events for.all chamber triggers.

(b) Variation of conditions responsible for rejection
with chamber pulse voltage., .
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Fig.IV.4(a) shows the variation of vertex efficiency
with voltage for all events (open circles) and for events
which had leesathan-threefclusters (fﬁll circles) in any
wire chamber. It 1s instructive to note that excluding
1ess—than-three;cluster events a higher voltage above
the operating point increased the vertex efficiency to 89%.
The overall vertex efficiency remained unaffected when
the 1ess-than-three—cluster events were included.

The cause of vertex inefficlency is illustrated
in Flg.IV.4(b). The lower curve labelled ‘vertex rejection'
gives the percentage of the fctal number of less-than-
three-cluster events which'are rejected on vertex. This
re jection initially rises to 10% and then decreases with
an increase in applied vo1tage. Some evente ére undoﬁbtedly
rejected in the ceee where the triggering track is robbed
by a ‘pile-up’ track and a larger applied voltage may
increase the double track efficiency.

The number of 'MISSES' is defined to be

number of events not reaching tracks
MISSES = '

T - Ng
where T aﬁd Ng are defined in subsection (b)(1). Fig.IV.4(b)
shows that the.greatest contribution to vertex inefficiency
comes from the various types of misses which can occur. It is
concluded that the maximum overall'spectrometer efficiency
will be echieved at the.higher operating potentials provid-
ing che beam intensity is not so high»as to produce meany

more-than-two-cluster events.
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(c) Beam Current Dependence.
In experiments with low cross sections the data-~
taking rate is of consiéderable importance. In practice
this is controlled by the magnitude of the primary beam
as the target is usually determined by other considerations.
It is important, therefore. to determine hoﬁ the wire
chambers perform over a wide range of beam current.

In the discussion in this subsection, vertex eff-
iciency is defined as the number of events making vertex
divided by the number of chamber triggers. Some preliminary
results on the variation of vertex efficiéncy with beam
current are shown in Fig.IV.5. The open circles represent
vertex efficiencies taken when a 0.2 nA proton beam was.
incident on é;0.00é“ thiek CH2 solid target placed 3"
downstream from the centre of the scattering chamber .
The chambers were triggered on elastic protoh-proton
coincidences. The delta ray absorbers Wefe not in plaée
during these three runs. |

The closed circles represent ‘data points taken
under éimulated PPB data-taking conditions. With the
scattefing chamber filled with hydrogen gas, the beam
transport was adjusted to provide a beam profile in
the chamber identical to the PPB data-taking conditions.
The geometry and electronics were arranged to trigger on
p-p elastic scattering from the hydrogen gas target. A

0.061“ thick delta ray filter was in place for these runs.
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Figure IV.5

Vertex efficiency as a function Qf»beam current.

target was used and the chambers were triggered on hyd-

rogen elastic coincidences with the delta ray filter
removed.

Curve with closed circles was taken by triggering on
elastic coincidences from a hydrogen gas target but
with 2 0.001" delta ray filter in position.
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| The dé%erioration in overall efficiency at higher fluxes

is attflbuted mainly to the robbing of the tracks giving
fhe triggers. |

The background to be expected from elastically scatt-
ered protons, delta rays and gamma fays was mentioned in
Chapter I. The effect of delta rays is illustrated in
Fig.IV.6, The chambers were'tfiggered by coincidences
from collimated eiastic protons when a current of 1.5 nA
was inckident on the 0.006" thick CHp target. If the delta
ray filter'was removed the efficiency‘of the horizontal
plane of the front right chamber dropped to 18% of its
original peak value.

The independent contributions from delta rays and
gamme rays were investigated bylfriggering the chembers
at a rate of 60 times/sec with a pulse generator. The
beam profile and geometry were those used for PPB data-
taking with hydrogen gas as ﬁhe target. A series of
runs of 1,000 triggers each was taken at different beam -
eurrents under control_of the PLNHST'pro;fam. The integ-
rated number of set cores on each plane was typed out
on completion of each run. With the delta ray absorber

completely removed the integrated values were found

‘to be identical on both spectrometer arms. A 0.002"

mylar foil sufficient to stop 50 KeV delta rays from
reaching the front ehamber. was then placed along the

length of the beam so that the delta rays were filtered
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6n the 1eff side'but thé right siae renainéd opén.
Fig.Iv.7 sths’how the'number of set cores varies

- with the primary besm intensity. It 1s apparent that delta
rays are sufficient to saturate the chambers alﬁost com-
pletely at 1.0 nA. We know from Fig,IV.l that on the
pulsed planes ovér 90% of the sparks have single multip-
licity..henCe. we can conclude that approximately every
trigger,which was a random trigger.‘produced a8 spark. The
0.002" mylar foil reduced the number of sparks by more
than an orden of magnifude.at O.i nA andfa factor of 4‘
at saturafion. Some delta rays are obviously sufficiently
energetic to penetrate the mylar and reach the front left .
chamber where saturation becomes compleﬁe at 10 nA. If
it is desired to take‘data at highér”currents the thiCknessi
of the mylsr absorber can be 1ncreased at the expense of
L_angular resolution.' | | |

,'F%g.IV.7 also shows that gamma rays produce'a back-
ground within the chamber volume ﬁhich create Sparks on -
triggering the chambers. Runs were taken with brass plates
positioned 1n front of the front chambers. These were
sufficiently thick to stop protons from entering the hodo;
scdpes. The wire chambers were t}iggered with ﬁhe pulser
as befnre. The open circles are data points taken with
PLNHST under these conditions. Théy show that at 5 nA
the number of sparks will.reach 7.5%. The background level

of éamma radiation between the front and rear chambers
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Figure IV.6

Distribution of raw sparks for collimated elastic scatter-
ing for a 1.5 nA beam on a 0,006" CH, target showing the
effect of delta rays and other pile-up tracks.

In figure (a) the delta ray filter, 0.001" thick, was in
position and the chamber was triggered 5,000 times with
scattered protons passing through a 1" collimator placed
behind the rear wire chamber. As the beam had a ribbon
type profile the sparks are localised in the horizontal
plane but broad in the vertical plane.

In figure (b) the vdelta ray filter was removed and the

~.-efficiency of the horizontal plane dropped to 18% of its.

original peak velue. The vertical and diagonal planes

dropped to 70% and 55% respectively of their original
peak values. _
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Figure;IV,?

Spark contributions from delta rays, protons and gamma
rays as a function of beam current.

Curve (a)(b) and (c) were taken with the chambers triggered
with a pulse generator. ,
Curve (d) gives the number of cores set by the 'pile-up’
tracks when the chambers were triggered by elastic
proton coincidences under the control of the VERTEX
program. , '
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was measured with a gamma ray mon;tor and found to be
3 mR/hr/nA, when these data Were taken.

Elastically scattered protons from the target gas
are also a background problem in the PPB experiment. The
target gas and beam profile were organised to simulate
PPB data-taking conditions with a 0.002" mylar filter in
position. The geometry and electronics were adjusted so
that the chambers could be triggered by elastic proton
‘coincidences under the control of the VERTEX program.

The number of double tracks found in the front right

chamber can be interpreted in terms of the number of set
cores by referring to the multiplicities found for pulsed
planes in Fig.IV.1. The curve with closed circles in Fig.IV.7
rgives‘the variation of the 'piie-up' tracks 'with,.. bégp
current.‘Protons. delta rays and gamma rays must all
contribute. The decrease in the number of sparks from‘
.curve(a) to curve (b) can be attributed to the robbing

of Qe¥§a ray and gamma ray tracks by proton pracks..The .
number of;greateerhan-two-cluster events never exceeded

1% in these runs.

4,2 Geometry.

Optical alignment was used to éosifioﬁ the primary
geometric -components in the transport system. The slits
'Sz, the final quadrﬁpole doublet (Q5>and Q) in Fig.II.1,
the centre of the entrance and exit ports of the scattering

L chamber:were ad justed to be colinear with the geometric
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.centre of the bending magnet. The scattering chamber wés
then firmly bolted to the 4 ft. square resting plate with
lines drawn on the plate at 32.5° to the centre of the
scattering chamber (the lihe normal to the wire chambers)
and at 45°'to a position 3”.downstream from the centre
of the chamber. In the latter position a CHp solid target
'was placed when it was desired to observed p-p elastic
scattering. |

The above procedure still allows 2 degrees of free-
dom in the precilse détgrmination of the geometry (in add-~
ition to the possible errors in optical alignment and the
mechanicai“tolerance in the manufacture of théAscatfering
chember and wire chamber) namely the beam tuning conditions
which,determinehthe exact trajectory of the jrimary;proton
beam and the position of the rear chambers. The former
was investigated by determining the beam pbsition aﬁ ﬁhei:
‘entrance ahd exit to the scattertng chember with the aid

of the discoloration produced on perspex absorbers..

(2) Calibration from (p,p) scattering.

Facilities were provided for small controlled
movements of the rear chamber along a line norméllto the
'.32.'5o line and #he position of the rear wire chambers
.was determined to a first approximation with the aild of
the 32.59 and 450 lines drawn on the platé. However, it

waé considerably more accurate to make use of the high:/
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‘ séatial resolution of the wire chambers. With a 39.5 MeV
incident proton beam on the CH2 target pleced 3" downstream
from the chamber centre, only those prdtons which were
scattered through an 1/8" diameter collimating hole in
a 1/2" aluminum plate, placed between the left rear wire
chamber and the scihtillation counter, were allowed to
triggér.the W1re chambers. The béam was tuned so that a .
.double focus resulted at the centre of the solid target
and the prbtons detected in the right hodoscope necessarily
followed a trajectory in the same plane as the collimating
hole and the target centre.
Using the PLNHST program é run was taken in which

histograms were formed of the raw sparks on each plane.
 The collimated arm_showedAWeil defined peaks coveriﬁg 2
or 37w1res and alfhough the pesaks on thé oﬁposite arnm
werevkinematlcally broadened it was possible to determine
the centre of the peak to-an;accuracy of 1/2 a wire spacing
.without very much difficulty.

| Fig.IV.8 shows the positions of the peaks in each of
the four chambers for a typical run under these conditions.
The beam and the left protoﬁ vector are in the horizontal
plane but 0.7‘t 0.5 wire spacings higher than the mechanical
-centre. The vertical coordinate in the front right chamber
1s 0.3 % 0.5 wire specings low and this consistent with’
the fact that the géometric constants used in the VERTEX

- program required an asymmetry of 1/2 a wire spacing in order



v-;113 -

to remove the as&mmetrylin the difference between the vert-
icel intercepts with the Y-Z plane (vertical vertex error).
Henceforth we shall refer toithe Y-Z plane as the beam

symmetry plane.

(b) Sensitivity of Geometric Constants by Calculation.
The outgoing protons from elastic p-p scattering
must have vectors normal to each other énd they must lie
in the same plane as the vector of the incident particle.
In this plsne, however, the incident proton vector has a
wide range of freedom and to rehove this degeneracy it
1é necessary to investigate thé intercept along the bean
symmetry plane. There are 4 geometric constants required
by the VERTEX program for calculation of thé trajectory
of the ﬁroton in each arm namely, for the right arm, P&.
Pp, Q3 - Py and ® (see Appendix B, Fig.B.1). It is nec-
essary to determine the effect of these quantities 1ndepe-
endently and'isolate those quantities which are 1mpprtant.
- The effect of each constant for the elastic traj-
ectoriéS‘represented by Fig.IV.8 1is shown'in Table 2.
The distance bet&een the wire chambers, Q3 - P3 (called'
G.in the Table ), has an error of * 0.005" and the angle
whiéh the normal to the wire chember makes with the scatter-
ing chamber axis, £ , has an _error of g 0.1°, hence the
most critical parameter 1s the position of the rear chamber.

This is controlled by the constants Pl and Pé. Investigation
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Figure IV.8

Calibration of the geometry from (p,p) elastic scattering
from a CHy target. The figure shows wire numbers for the
centre of the peaks on each plane.
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Table 2

The table shows the effect of variation in wire spacing (P)
(where P; is horizontal and P, is vertical), distance
between the chambers, (G) and the angle, « , which the
normal to the front chamber makes with the beam. All

distances are in 1/2 wire spacings and angles are in
degrees.



ELASTIC SCATTERING (COLLIMATED).

VERTEX INTERCEPT - EFFECT OF EFFECT OF

ANGLES ON'

WIRE SPACING ON WIRE SPACING GAP (6) | CHAMBER ANGLE
do, . dg, dy dz_ do, | dz | de, dz
ary *, | s Py @ | 9 | d« et
0.09 | 0.13 | 1.36 1.9 | 0.02 {0.11| 1.0 7.3
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of”the effect of these constents w1ll show the dependence
of angular and vertex resolution on the wire spacing in
the front chamber.

The sensitivity of the polar scattering angle; © ,
the azimuthal angle, § , the vertical coordinate, Y ,
and the beam coordinate, Z , to the spacing between the
wires, 1is represented in Table 3. Proton trajectories
were chosen from extreme parts of the reactlion volume
to extreme parts of the rear wire chamber so that Table 3
provides values for the limits of'the variable dependence
and the corresponding limits for 9 and ¢ +« The spatial
resolution of the rear wire chamber will also contribute
to the intercept uncertainty but, es will be shown in
the'ﬁext sectioﬁ the front chaﬁberyis more important. It
is readily apparehﬁ from thebvalue of - 5.98 for dz/dPl at
1547°'that at small angles the intercept with the Z axis
‘is very highly geared and any geometric error will be

greatly accentuated in these cases.

(c) Tests using D(p.2p)N scattering., -

The validity of this analysis and the values
presented in the Tables 2 and 3 were tested by systematic-~
ally varying the constants in the VERTEX program end pPro-
cessing a sample of 2,000 raw D(p,2p)N events obtained
when the scattering chamber was filled with hydrogen

'enriched-with deuterium gas. The variation in the inter-
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;ept with the beém symmétry plane énd fi and Pé:are pre-
sented in Fig.IV.9(a) .end (b).»Events!were'acceﬁted from
all points in the reaction volﬁme and in the polar angular
range from 15° to 370. The curves show that to first order
the plane 1nterpepts, called in the figure the average
vertex error, in the horizontal and vertical directions
are decoupled. The slopes of the curves give the horizontal
and Qertical intercept dependence and these are 2.55 and
1.bk0 respectively. |

The smooth curves in Fig.IV.9 (¢) and (d) show how
this dependence on wire spacing varies along the reaction
volume calculated for specimen trajectofies which are
incident normally on the wire chambers. As the solid angle
increases with Z & weighted mean mustjbe takeh~1n placing
the data point from Fig.IV.9 (a) on to (c); The agreement
is satisfactory. The situati&ﬁ is more complicated for
the horizontal 1ntercept as in this case there is also
a dependence on the polar scattering angle, € , (see next
section) and a welghtéd mean must be taken of both Z and © .

Here again the agreement is considered satisfactory.

4.3 Geometric Resolution. /

Multiple scattering and the Spatial’resolution of
the wire chambers are the causes of the uncertainty in '
the determination of the 1n1t1a1»direction of the scattered

proton. They contribute to the angular resolution and
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Teble: 3

The sensitivity of the vertical and beam coordinates to
the spacing between the wires in the front chamber for
some extreme trajectories from the centre of the scatter-
ing chamber and 3" upstream from the centre. The limits

of the polar scattering angle, © , and the azimuthal
angle, ¢ , are given for these trajectories. All distances

are expressed in units of 1/2 wire spacings and angles
in degrees.
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Figure IV.9

- The figure shows the results of systematically varying
the geometric constants controlling the position of the
- spark coordinates in the front chamber. For the tests

a small data sample of 2,000 (p,2p) events from a
deuterium gas target was processed for different values
of Pl and Pz (see Fig. B.l1 for notation). The intercepts
(or average vertex errors) of the proton trajectories
with, the beam symmetry plane are plotted as a function
of Pl and PZ in (a) and (b). The slopes of these curves
are compared with calculated variations of the 1ntercepts
along the reaction volume in (c) and (d).
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 vertex uncertainties in quite different ways.'The calcul-
ations for the RMS of the projected angle of multiple
séattering,(vz‘, are-baéed oh~the following formula first

25)

derived by Rossi and Griesen .

9 ] E, " \
( >m 2, X, ( 11—/"')
where
Es = 15 MeV.
t = thickness in gm/cm?.
4}§° = radiation lehgth in gm/cm2 .
S = is a small correction for thin f011526).
Eks = kinetic energy expressed in MeV.

The spatial resolution of the wire chambers which is a
function of the width of the spark and the number”of wires

per unit length was discussed’briefly in section 4.1,

- (a) Angular Resolution.

Measurement of the angular resolution is com- -
;1icéted by the fact that there 1s‘horiéon£ai divergence
in the beam direction which is comparable to the uncertainty
in the'scattered proton track. Héwever. observétion of
both elastically scatteredvprotdh tracks from a hydrogen
géshtarget permits a measufement'of the intrinsic angular
resolution of the hodoscope arms combined. Fig.IV;lo shows

a histogram of the sum of the two polar angles for an

incident energy of 42 MeV. A ribbon beam profile was used
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with hydrogen éas as the target. The delta ray filter

"was not in position. A coarse vertex error accepted tracks
which had a vertex error of £ 1" in both the vertical and
beam directions. The histogram is distributed about the
mean value of 8¢.4° and as it may be assumed that the
uncertainties from each arm add in quadrature the intrinsic
angﬁlar resoiution is 0.32° HWHM. The tails in the distrib-
ution are thought to be due to either multiplevscattering
in the chamber wires or the acceptance of sparks caused

by delta rays.

From Table 2 the contribution to A9 from the wire
spacing in the front chamber is 0.090. hence the standard
deviation for the uncerteinty due to both front and rear
chambers is J2 x 0.09° =-O.13°. From Fig.II.6 the RMS
pro jected éngle of multiple s¢attering.at 21 MeV is 0.26°
and.summing‘the expected errors from muitiple sCattering
ahd spatial resolution gives an expecﬁéd value for the

angular resolution .of
(e

This is in reasonable agreement with the measured value

U

[ o)+ <e>j ]L oﬂ;q"

_of 0.32° at this energy.

The effect of the wire spacing of the chambers on
the angular resolution can be observed in Fig.IV.ll. Here-
the protoh beam was incident on a CH, target andbonly;-

protons elastically scattered from hydrogen and passing
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Figure IV.1i0

The figure shows the distribution of the measured sum

of the scattering angles of two protons from (p-p) elastic
scattering for an incident proton energy of 42,OAMeV and
Hy, gas as the target. From this curve it follows that the
angular resolution of each arm of the spectrometer for
21.0 MeV protons is * 0.45°/J2 = T 0.32°, For this
measurement the delta ray filter was not in position

and a 'coarse' vertex limit of T 1" in the vertical and
beam directions was used. The tails are due to pile-up
tracks and scattering from the wires in the front chamber.

st
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Figure IV.11

The effect of wire spacing and geometric broadening on
. ¢,, and ¢1. from elastic scattering tightly collimated
. on one side only. The histogram has a bin size of 0.1°
on top of which the chamber resolution is superimposed.
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Athrough a 1/8" collimating hole on the left side of the
beém'in the median plane were allowed to trigger the chambers.
Fig.IV.11(a) shows the distribution in , §, , where the
discrete nature of the distribution is superimposed on
the histogram bin size of 0.1°, Fig.IV.ll(b) shows the
histogfém>of, ¢L. This side of the spectrometer was un-
collimated and the histégram is centred at 180° as required
by elastic sgattering. The discréte nature may again be
observed in the distributioh.broadened by the finite beanm

width and the geometric resolution.

(b) Vertex Uncertainty.

The spectrometer was designed with good geometric
definition mainly to minimise the vertexbuncertainty so
that good rejectidn of backgrouhd could be achieﬁed in
the PPB experiment. Fig.IV.lZ(a) gives the difference in
the vértical intercepts of the left and right track with_
the beam symmetry plane for the outgoing protons frqm
p-p elastic scattering created 2"-3" downstream from the
chamber centre. The vertical vertex error is 1ndepéqdent'
of Beam width, ﬁafget thickness and possible beam-mis-
allgnmgnt for events in the median plane, therefore it
r;péeéénts a figure of merit of:the spectrometer. Fig.IV.12
(b) gives the distribution in the horizontal vertex error
i.e. the‘difference'in the horizontal intercepts of the

left and right ﬁracks with the beam symmetry plane in
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the chamber. This error is dependent on the beam width

and the precise centering of the beam. The equations used

in the calculation of these errors as 1ntercépts with

the symmetry plane of the chamber are given in Appendix B.
If a line drawn normally to the wire chamber from

an origin in thebreaction volume, intersects the delta

ray filter at X; the diagonal plane of the front chamber at

Xp and the diagonal plane of the rear chamber at X3. then

the uhcertainty(AYLin the intercept with the beam sym- |

metry plane due to multiple scattering is given by

2 , 2 2. A* t
(ay) - [0y %] - (oo < B (oS« (@ 2T ] )

where(Ay)

M1s an uncertainty of one standard deviation

assuming a Gaussian distribution and (9,").’(9)”1_.('9)m.(_6>mL
are the RMS projected angles for the delta ray filter,
hydrogen gas, front wire chamber and helium bag reSpectively.
The equation shows that mass, which is important whenv
angular resolution iSvconsidered, becomes rela;ively
unimportant when the ?ertex.errors are considered. This
is especially the casé Wwith the delta ray filter as X, 1is
only 1.0% and.(a%is‘indépendent of distance for a given
angle. It therefore cqntributes little to the vertex
‘uncertainty.

There is a random source.of error due to the spatial
resqlution of the chambers. In addition,as the program

refers the coordinates to a plane and ignores the spacing
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Figure IV.12 .

The distribution in the vertex error i.e. the difference

~in the intercepts of the left and right track with the

vertical symmetry plane in the chamber. The vertical

vertex error 1s independent of the beam width, target

thickness and possible beam misalignment. The horizontal

vertex error is dependent upon the above factors and the

%ata presented from curves are for elastic scattering at
2 MeV.
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between the chamber planes there is a systematic source
of error which has a value af approximately 1/2 wire
spacing in the extreme case when the particle is incident
at 12° to the normal of the wire chamber. The contribution
to the vertical vertex error from spatial resolution is
or] - pixy &%)
> 2 .

where AS= is the error in coordinate determination in

ooooocoo'oooo-(Z)

. each chamber. As xl,’xz and X3 are functions of the pos-
ition along the reaction volume the vertex error will

be a function of Z. Fig.IV.lj(a) shows how each term in
equation (1) eand how equation (2) depends on Z. The

term containing;(9% is neglected. The significant point

ﬁo note is that the éffeéfiofﬁwire épacing in ﬁhe'éhamber

is now the dominant factor for this geometry, whereas
with anguler resolution, multiple scattering was domingnt.

A test of the above calculations was performed by

investigation of (p,Zp)'eveﬁts from deuterium break-up.

The émount of Dy gas in the‘scattering chamber was increased
and the events wéfgffuliy processed through the VERTEX

and KINEMATICS programs. Using the CORRELATE. program

events were selected on vertex position within the reacf—
" fon volume and the FWHM of the verticél vertex error curve
obtained. After division‘by JE the uncertainty in 1nteréeptA
. is plotted as a function of Z. Although most of the ex-

perimental points lie above the expected curve the agree-
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ment shduld be considered as good in view of the approx-
imations used.
The horizonteal vertex error, 8Z , is related to the

vertical vertex error AY'by

The two curves plotted in Fig.IV.13(b) are plotted for
two positions along the reaction volume. The above data
was selected on both Z end ¥ and the widths of the'hor-
izontal vertex errors 1nvestigated; These vertex errors
are dependeht on the width of the beam and the precise
centering of the beam along the beam symmetry plane. The
analyéed data had a bias from the zero position of 0.125"
and the widths are therefore correspondingly 1argerjthan

their optimum values. Nevertheless, the dependence of AZ

on @ follows the general shape of the curves.

.4 Energy and Momentum Resolution.

The energy resolution of'thé'spectrometer is_of
special 1nterest‘particular1y as‘the third particle in
the flnéi state 1svnot'detectéd. In (p+2p) reactions the
5inding energy can be meésﬁred by Calculatiﬁg the total
change in kinétic 'energy caused by the reaction. Like-
wise in PPB .the energy of the photon may be obtained from
momentum conservation where the angulaf resolution 1is
also folded in, or directly from energy conservation.‘In
this‘section we consider the experimental properties of

both méthods.
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Figure IV.13

Dependence of vertex uncertainty on vertex position and
angle.,

(2) The individual contributions from multiple scattering
in the target gas, front wire chamber and helium bag, to
the FWHM vertical vertex error, Ay, is plotted as a func-
tion of the distance, Z, from the origin in the beam dir-
ection. The independent contribution from the spatial
resolution in both the front and rear chambers is also
plotted as & function of Z. Their quadrature sum is com-
pared with experimental points obtained from deuteron
break-up in deuterium enriched hydrogen gas. Each point
represents the /2 x FWHM of the vertical vertex error

of events selected from 3.18 cm long sections in the
reaction volume. . -

(b) The horizontal vertex error is also a function of ©
ang-is related to AY by AZ =4Y/sin® . The two smooth curves
are the expected variation of AZ with ® for 2 = 6.25 cm
and Z = 13.0 cm. The data points show the observed var-
iation with © . The systematic displacement is due to

an asymmetry in AZ caused by a displacement of the beam
during this run from the beam symmetry plane.
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(&) Energy Conservation.

The pulse height calibration of the scintillation
coﬁnters was performed by three independent methods. |
Calibrastion points were pfovided by :-

(1) elastib écattering from hydrogen and carbon in
2) CHz target. The incident béam energy was varied
but the scattering angle remained constant.
(11) allowing scattered protons to pass through var-
ious thicknesses of aiuminumlabsqrbers.
(111) 1nelastic scattering from 12q,

The pulse height is a function of the position
where the proton strikes the scintillator due mainly to
light absorption in the scintillator. The spread of 15%
is fqduced by storing a two dimensidnal correction métrix
in the 360/65 computer and the computer uses this array
with the coordinate informaetion from the rear wire chambers
during event analysis. The correction matrix 1s obtained
from the ofoline anélysis»of data taken when the chambers
were spa}kéd on random coincidences from protons elastic-
ally scattered from a tantalum target. The pulse height

resolution for 22.2 MeV protons collimated at the centre

~of the counter was measured to be 2,2% HWHM and the un-

"y

collimated corrected resolution for 42 MeV protons scattered
from a 0.001" thick Ta target was  3.1% HWHM. Full details
-of these results and procedures used in calibration are

18)
dlscusseq in reference .,
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In order to measure the spectrometer resolution in

the bomputed photon energy, E_, we analysed p~p scattering:

¥
data as if they were due to a 3 body final state process.
The histogram in Fig.IV.14 shows ﬁhe distribution obtained.
From these results it follows that the energy of the third
pérticle can be obtained with an accuracy of g 1.5 MeV

at zero energy.

Let the energy of the third particle, E{ » be given

by
E, = By - (B + E2)
If the uncertainty in the energy determination of each

outgoing proton AE obeys the relationship

g
AE ='a..3E§
where va-'ié fhe resOlutipn'coeffibient of the couhﬁéf,
Then for identical counters

L
2

AEK

l:(AEo)2 + a2 (By + Ez)]
[(6E)Z + o® (&, - B

Fig.IV.15 shows the expected dependence of the resolution
AE, on the energy of the third particle using energy

conservation.

(b) Momentum Conservation.
By measurement of the vector momentum of both
protons, the recoil nucleus or gamme ray momentum is then

,fouﬁd by conservation of momentum. Besides allowing the
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Figure IV.14

In order to measure spectrometer resolution in the com-
puted photon energy, p-p elastic scattering data are
analysed as if they are due to the PPB process.

' The histogram shows the distribution obtained.
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Figure IV.15

Expected and measured variation of the uncertainty in
‘the photon energy with the incident energy from energy
conservation. The curve represents the expected variation
normalised to the measured value of the uncollimated
scintillation counter resolution. The data points were
obtained by analysing p-p scattering as PPB. The 3.8 MeV
point was obtained when the beam had a ribbon profile

and one counter was collimated but the other counter was
open. The point at 8.0 MeV was tasken with the counters
completely exposed.
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angular distributions of the third particle to be deter-
minéd. the final state energy obtained by this process
can be compared with the incident total energy. This
procedure allows a "goodness of fit" parameter to be defined.
(See sectioﬁAS.j(b))

P-p elastic scattéring data was agailn processed as
- a three body,final stéte process and the vector componehts
of the unmafched momenta shown in Fig.IV.16 demonstrate the
resolution of the system in recoil momentum space. The
resolution of Ej, by momentum conservation compounds to

be 3.5 MeV/c at HWHM when E = 46.2 MeV.

" Figure IV.16

‘The spectrometer momentum resolution has been measured
by analysing p-p scattering at 46.2 MeV as if it was due
to the PPB process. Figs. (a), (b) and (c) give the dist-
ribution of the momentum components of the "third" part-
- lele after analysis as a PPB process.
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CHAPTER V
RESULTS OF A TEST RUN.

In July 1669, during a cyclotron run lasting nine
days, éome preliminary results were taken on the D(p,2p)N
reaction and the PPB process. The main objective was to
calibrate the spectrometer, to test data-taking procedures
and to collect a statistically meaningful sample of events.
These events were needed for testing hardware performance
and the prdcedures for data analysis, leading to further
improvements in computer programs. No attempt was made
to optimisé all parameters as would Ee necessary before.

starting long data-téking’runs.

5.1 Data from the D(p,2p)N reaction.

The probability.of (ps2p) events occufring is usually
small and the expression of the cross section as a four
" of five times differential is often severely limited by
fstatistiCall considerétions. As 1ntegratioh over some
kinematib variables 1is usually necessary, it. is desirable
that the distribution of events should be expressed as
& function of those variables where the séatterlng matrix
'shdws a strong dependence.

As each event is characterised by 60 variables written

on magnetic tape, including all the laboratory and centre
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of mass kinematic variables,}cbrrelations and selections

can be made in & way which is uncommon in nuclear physics
experiments. The flexibility that this allows is illustrated
by observation of the break-up of the deuteron into the
available phase space. The deuteron is so loosely bound

that this reaction provides a ready source of (p,2p) events.

The yield of events, Yr. can be expressed in the form

yrooo=EP E’V//f g?r N (Pq))d.JLd,d;Lq;E A A
: .......(l)
where .
‘n = number of target atoms/cc.
t = length of the target.
p = number of incident protons which have traverSed
the target.
£, = spectrometer detection efficiency as defined
in subsection 4.1 (c).
£3=‘geométfic efficiency.
Expanding. | ' '
s _
froz mEP 5///[£ %EN )d.(wse)d-(ci:)ew d¢, dE, d(cos0) dleose,)

x d.¢, ¢¢L CLE:
o9 5000 (2)

-£% is a complicated function which would be almost
impossible to derive analytically for our geometry. In

Fig.I11.5, for example. the’gepmetric efficiency'for a_gas |
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target, determined by graphical methodé. was presented
gs a function of © and ¢ « The geometric variables are
interdependent giving rise to curves of similar functional
compleiity, This problem can be épprdached using the Monte
Carlo method to generate events withih the availlable phase
space. Alternatively, (and the ﬁethod we shall use later)
the space can be carved up into bins where all variables
are independent and the efficiency is constant. For these
special cases we -shall assume (and continue to do so unless
stated ofherwise) that Eﬁé 1. Then for a certain small
range in 9 , ¢ and E, we have a yield, Y, and the cross
sectioh is given by

4o - y

A dr, dE mtp £, 009 AP, AD, AH, s Sng, AE,
. ’ 000001000(3)

A 0.,007" thick CD, target was placed in the centre

of the scaﬁtering chamber fi;led with H, gas and an‘in—
cident proton beam of 10"11 amps produced a trigger rate
of-20=25/sec. A toﬁal charge of 8.0 nC produced,39{677-nu
raw events of which 464 were initiated by triggeré ffom the
random electronics.From this total 23,994 fell within

the allowed range for the vertex errors of t 1" in both

beam and vertical directions:

o
_ dr, dA, LE, v
E1 at symmetric angles of 300 and 3&0. As expected,

Fig,V.llshows the variation of with

kinematically the energy of the corresponding neutron |

decreases with increasing opening angle, (5, * §,), hence
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the neutron is becoming more .of‘ a spectator in the reaction.
The cross section is higher at the 1arger opening angle.

To investigate the spectatorvproperty further. suppose

we take all of the events and integrate over the energies
constraining vso that only events are' aocepted within the

narrow range Af and & ¢, . Then

Y = /n,tp& ap o6, [[d,( B) (o5 d'(w593¢(‘059)....h)
It is usually desirable to present experimental '

results as the distribution of events and with conventional
counter telescopes cross sections are usually expressed
in the ahove form with the solid a‘ngles already folded in.
However, here the cross section can be expressed in terms
of the open;ng, angle, 95,. and the asymmetric angle o,;(v=(_‘v,-91)>. ,
Equation (4) then must be transformed in order to ,express '
 the cross seotion and the volume element in terms of the

new coordinate system. The yleld of events is vnow given by

| 3(e,, 8,) 30.8) |
\ = mt L9 o X : X X sinf sinb, df d.9
/ - PE g ¢}/d,9 de, (Cose cosa) 3(9590‘) Los 0
where the Jacobians are . ‘
3 (6,,6,) 26 35 R I
d(cosq,c088) T A(cose) a( ceso) | = [ B swb, _______2;___..
36 36 o e s5un@, sun b,
deost))  y(wsH) snd,  send)
and o
2 {6,,6) 38 26, L L
3 (e, 6,) - 36 26 - = z - -4
;é.—e‘l- 2 9:- A -4
z z

o
150

o

AL
o
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Figure V.1

Relative differential cross sections for the D(p,2p)N
reaction as a function of the proton and neutron energies.
The cross section increases with opening angle while at
the same time the peaks in the neutron cross sections
shift to lower energies.
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- substitution gives

V = mtpg,ad A¢,_f[ dedfng do, ds,

. _ _ t Ys .
Fig.V.2 shows a scatter plot of events in the 8 -6,
plane. There 1is obviously_a‘stroné dependence of opening
angle on aSymmetrié angle and in'order to make E? (65,5 )

(see page 147-148)equal unity we take a horizontal cut

in the range A6, and project 6nto the % axis. The cross

section obtained can then be expressed by

d*s ) y
de, do, " mtp E, A9 A9 A9, 06,

The dependence of the cross section on opening
angle given in Fig.V.2 shows an 1ncreasevin thevkinematic
region corresponding to the emission of two protons with
high relative energy and‘é low energy neutronJin the lab-
oratory, implying a quasl—free scattering process. Similsarly,
the constraint in, 9, , can be removed and imposed on 6, .

Fig.V.Z(C) shows the distribution of events when the

“opening angle 1is kept constant and only asymmetrie events

are accepted. The distribution must be symmétrical about
Zero. If does nof have any charactefispic features.

‘The (py2p) events collected can also bé expressed
in a form which leads to the dependénce of the cross
sections on the angle of non-coplanarity @ + Changing

the coordinate system from variables (cos6,,c056,,8,,4,) to

(8 x%.,ﬁ,g) gives
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e hesdd) B, 5n 0,
,\/1 = ntpf, [[ﬁf_ (99 ‘P‘P) 9, ds, d¢ed (3(6059 w58, P, Q’;)) e
' % d9 dg d9, aé '

Solving the 4 x 4 determinant for the Jacobian leads to

- £.(666¢) d«v | do, de, dg d¢
Yr o ® “tf’&vf[[ Fo 45, 4§ 4%

If events are selected within a small range 49 and A®9,

then

BF)d e g df
\/ = 'rLtPEV Ag’ Ae,_f d?e{dﬁ,_‘d»ﬂ d'f

Fig.V.3(a) gives a scatter plot of a sample of events
in the ¢545plane. To express the cross section as é four
times differential one could use the same method as that
employed with the variation of cross sections with.opening
angle in Fig.V.2. However, aé the beam 1s unpolarised
the distribution in §, is uniform and such a procédure is
wasteful. The two variables Q and E are;strong1y inter-*
dependent but if the space is carved up into sections |

‘ wheré‘the independence of.¢,and 5 is approximated the
integration over ¢,can'be performed by counﬁing the number
of events in each bin. | |

‘The 1ﬁtegrated cross sectibn evaluated at an angle

i

¢ is then given by

L o b4
do, do, d B ntp f.v A9, 08, A¢ f—g.(&)

where E?(ﬁ)isvthe'geometric efficiency for each bin. In

the simple case where constraints of pa ﬁ_are,imposed on ¢,
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Figure V.2

J

The distribution of events from D(p,2p)N reaction with
opening angle and asymmetric angle. The scatter plot

in the top right shows a higher concentration of events
at larger opening angle. Vertical and horizontal cuts
are made to provide the projections giving the variation
of the cross section with opening angle at the bottonm

right and the variation with asymmetric angle at the
top left.,
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Figure V.3

Thevnon-coplanar cross section for the D(p,2p)N reaction.

(2) shows a scatter plot of ¢ v é-for events in the rénge
B =6 = 34°22° —16°C P CIb” and 16k ¢, < 196°

(b) the space is divided into So_bins.in the absolute
value of the non-~coplanar angle ¢ and integral number

of events in each bin 1s normalised to give the dependence
of the cross section on ¢
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and ¢, then Eﬁ (@) = |- 9/%L

Fig.V.3(a) shows that the density of events decreases
strongly as the‘angle of non-coplanarity increases and
Fig.V.3(b) shows the variation of the integrated cross
section with_tﬁ. This strong dependence 1s consistent
with the predictibns of the spectator mod3127)and'the

. 28)
experimental results of Slaus et al. at 46 MeV .

5.2 Data from the. PPB process;
bata was taken at an incident brdton energy of
39.5 MeV with the wire chaﬁbers in the PPB position,
hydrogen gas as a target and without the delta ray filter
in position.'Using STAR, i.e. récording-all raw data on
tape, four fiies wérejwriﬁﬁéh.;two ofuﬁhich had a total
6f 38,413 triggers taken at i;o na, bné with 29,007 friggers
taken at 1.5 nA and one ﬁiﬁh 40,040 triggers taken at 2.0 nA,
giving a total of 107,460 raw events. The total charge
was about 8.6 nA-hrs reducing to a net charge of 7.7 nA-hrs
after correction fof dead tiﬁé. The PDP-9, with a "coarée"
vertex of ¥ 2" in the beam direction and T 1" in the vert-
‘ical direction, accepted 11,199 of these events which
were subsequently processed in the kinematics program.
Fig.V.4 shows an E;-E, scatter plot of a sample of
the events when a tight vertex of £ 0.3" and t 0.8" is
respectlvely imposed in the vertical and beam directions.

The density of points along the diagonal comes from'D(p.Zp)N
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events (as deuterium is present as an 1mpu?1ty of 0.015%
in H2 gas) and the lower left corner contains PPB events
with background. Events in the top right corner come from
random elastic coincidences.
The energy surface can be divided into regions using

the constraining variable E{+E,, hence the PPB region
can be investigated quite independently. Figs.V.5(a) and
(b) show the distribution in chi square for the PPB region
for events which lie within the tight vertex 1limit end for
events which lie Qutside the tiéht vertex limit respectively.
If only events having chi square less than 5 are accepted
inside the PPB energy boundary. then good PPB events ﬁust
have smell vertex errors in the beém symmetry plane._Fig.V.é.
Shows a scatter plot of eventsisatisfyiﬁg these criteria |
and the density of pcints around the centre indicate that
PPB events are present. Out of a ﬁotal of 335 events sat-

i1sfying the coarse vertex presented in Fig.V.é. 297 of -
'fthese events are concentrated within the tight vertex
region. When the constraint defining the energy region
is removed an additional 8 events are added and these
lie close to the E;j+Ep boundary. |

The chi sguare distribution.for.events within the

..D(p,2p)N region are shown 1n.Figs.V.5(c) and(d). fn Fig.V.5
(¢) 211 (p,2p) events have been analysed statistically as
coming from deuterium bresk-up and out of 361 events in

the diagonal space defined by =3([Ea-{E,r§ﬂ<7 only 8
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Figure V.4

E{-E, scatter plot, taken at 39.5 MeV, of a sample of the
events which lie inside the tight vertex limits, when
hydrogen gas is the target. The density of points along
the diagonal comes from D(p,2p)N events (as deuterium. -
is present as an impurity of 0.015% 1n'Hg gas) and the

1

lower left corner contains p-p bremsstrahlung events with
background.
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Figure V.5

Chi square distributions for events selected on the diff-
erence in the incident beam energy and the sum of the
energies of the outgoing protons.

(a) Chi square distributions for tight vertex events in
the range [, - (€, +E)] > 7 MeV.

(b) Chi square distributions for events in the range

Eo -(E, +E)] > 7MeV but which lie in between tight and
coarse vertex limits. They must be multiplied by 0.6 to
obtain the equivalent number of background events within :
the tight vertex 1im1ts.

(c) Chi square distribution for events which lie in the
energy range -3 <[E -(E’+EQJ< 7 MeV processed as deuteron
break-up. 5 - '

(d) Chi square distribution for the same events as (c)
but processed as PPB events.

ey
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Figure V.6

Two dimensional scatter plot of horizontal and vertical
vertex errors for the data taken with Hy gas as the target.
The events are selected to have a chi square value less

.than 5. The concentration of points in the centre is due
to PPB events.
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events have values of chi square less than 5.

The source of events with chi square'in the_range
5 to 100 lying within the PPB‘enérgy boundary demands
further investigation. There can be no doubt that they
make a vertex as shown . in Fig.V.7. The procedure to est-
ablish feal events by vertex demand can be tested by in-
vestigating the 50 events in the energy range where

[E.- (E+E) < — 35 Mev |
These events must originate from accidental coincidences.
Fig.V.8 gives the distribution for these random events
and it does not show any concentration at the centre.
Also an investigation of -these bad chi square‘evénts
within the PPB energy region showed that the tracks orig-
inated along the'feactidn volume, well rémoﬁed from the
collimating slits., It must be concluded therefore, that
these are indeed true (p,2p) events.

Thé El-EQ scatter plot of the contaminants of Fig.V.9
show clearly the D(p.2p)N line. There seems to be another
disgonal line nearby but they do not lie 6n the kinematic:
loci for air contaminatiop which would bgla suspected
contaminant. Excited states may be populated which would
lead to a higher density at lower energies. The high density
of points near the low energy cut-off but not traversing
the El-Ez plane along a diagonal are of unknown origin.

29)
They are also present in the data presented in reference

. 30)
where their identity was not established either .
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The E,-E, scatter plot of events with polar angles
less than 370. which lie within the tight vertex error
.limits'and have vaiues of chi square less than 5,1s pre-
sented in Fig.V.10. The solid line is the boundary imposed
by the geometric and energy cut-offs. This defines fhe
energy region where PPB'events should populate. The faint
curves show & few typical kinematic loci at angles which
define the geometric boundary. It 1s expected that the
region will not have ﬁniform density not only because
of the variation in cross section but, more particularly,
because the geometric efficiency is 100% only near the
centre of the région and falls off to zero at the boundary.
The boﬁndary.is clearly reproduced lending credibility
to our cdnCluSion that the events satisfjing the vértei

and chi square criteria are génuine PPB events.
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Figure V.7

Scatter plot of vertex errors for events with energiles
. Eo -(E+E)) > 7MeV and with a value of chi square
between 5 and 100. The concentration at the centre is
due to genuine (p,2p) events from a contaminant.
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Figure V.8

Scatter plot of vertex errors for events with energies

E,+E, > E, + 35 MeV. These events must be due to
random coincidences. The space lacks any concentration

of points at the centre.
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Figure V.9

E{-E2 scatter plot of good vertex events with values of
chi square between 5 and 100. The D(p,2p)N events can

be easily identified. The identity of the concentration
of events along a diagonal line close to the deuterium
locus and near the energy cut-off boundaries has not
been established.
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Figure V.10

Effect of geometric efficiency and energy cut-off on the
‘distribution of PPB. events.
The heavy line gives the boundary imposed by =

(2) the accegtance of events with polar scattering angles 0-
less than 37° and greater than 16°

(b) the minimum scattered energy detectable by the scin-
tillation counters. ‘

The faint lines show some typical kinematic loci which
define the geometric boundary.:

o The full dots are events which satisfy the vertex and
chi square requirements necessary to qualify as PPB events.
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CONCLUSIONS.,

wé have constructéd a spectrometer designéd to study
(p,2p) reactions in general and the PPB process in part-
icular. The motivatién for use of wire chambers was to
provide large solid angles and at the same time to main-
tain good-angulaf:resolution. This'eliminates the nécessity
foricompromise between angular resolut;on and event rates.

The geometry chOSen for the results preéeﬁted'in
Chapters IV and V gives a solid angle of 0.16 sterad. to
the centre of the reaction volume. The angular range of
events extends from 16° to‘u2° in the poiar scattering
angle, 9 , and from -28° to 28° in azimuthal scattering
engle, ¢ . The angular reéolution was limited_by mﬁltiple
scattering and.was.measﬁred_to be 0.32o HwﬁM at 21 MeV
with tﬁe delta ray filter removed. The energy resolution
of the large scintillation counters is 3.1% HWHM at 42 MeV.
~For a. pair of 21.0 MeV outgoing protons the energy resol-
ution of the undetected third particle is 1.5 MeV HWHMf
For a pair of 23 MeV outgoing protons the momentum resol-
ution of the third particle 1is 3 5 MeV/c.

Background re jection is accomplished by two methods
not previously used in (p.Zp)Aexperimentsﬁ:-

(a) Vertex Demand.
The effectiveness of this requireﬁent is depend-

ent on the reaction undergoing investigation and the

&
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narticular.geemetry in nse. The specing betweenjthe wires
makes a greater.contfibutionithan muitiple‘scattering

witn the given geometry; The‘area.of verte# nncertainty

at two standard deviations is 0.35 cm2 in the dewnstream
position for polar scattering angles of b2°.‘UpStream and
~at poler angles of 21° the area of uncertainty was measured
to be 1.16 cm?. It is expected that more than 95% of the
rendom nackground can be rejected for the PPB reaction

using this criterion.

(b) Goodness of Fit.

" The energy resolution tends to dominate the
" precision with whieh an event.can be_specified kinematic-
EIli. Neverthelese; chi sqﬁare;can be defined so thatlv
 almost complete segreéation between events frbm‘deuterium
-break-untand PPB is possible. Lying'witnin the kinematic
v'limlts where PPB events are e#pected to populete. the use
‘of chi sqnare mede posslble_the separation of events,
all-of #hichfmade a goed'vertext Eﬁents withbch17square
less than 5 were accepted as PPB events and these formed -
a pattern on an E1°E2 plot consistent with the boundaries
imposed by the geometric and energy cut-offs. |

The.spectrometer can aiee be used with a solid tar-

- get end some relative cross sectlons areApresented for |
the D(p.ijN reaction. The purpose here was'malnly‘to

. apply the spectrometer to a three body final state re-
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-action which has been previously investigated. The en-
hancement of the cross section at large opening angle
corresponding to quasi-free scéttering was obéerved. So
also was the rapid decrease in cross section with the
angle of nbn-coplanarity. 6 .

A test run revealed the desirability of having coﬁ-
tinuous control of some important drifts that éan occur
over extended data-taking periods. It was found that the
overhead required to check energy celibrations, wire
chamber efficiencies énd beam tuning conditiqns Was severe.
As a consequence the rear wire chambers have now been
répositioned so that = small sample of protons scattered
elastically from part of the reaction volume trigger the
chambérs.‘Besides{mon;toring drifts. cross sections can
be normalised to the accurately known elastic cross sections.

ﬁnfiltered delta rays, produced in hydrogen gas
by the primary beam, caused a severe deterioration in
‘Wire-chamber efficiency. When the event rate is high at -
low beam currents, the delta ray filter can be removed
and advantage taken of the good hodoscope angular resol- .
ution. When it 1is necessary to use a current. in excess
of 0.5 nA these rays must be filtered if the éhamber
-efficiency is to be preserved.

| The fundamental nature of the PPB process demands a
larger sample of events than that collected in previous

experiments. Therefore, event rate is a primary consideration



- 179 -

in any new experimental approach designed to study this
précess in detail. In the most recent publication near
this'energy29)the event rate was approximateiy 2 per hour.
In our preliminary calibration run we identified 274 % 17
PPB events in 6.8 hours. When the changes discussed above

are fully realised an increase in this data-taking rate

can be expected.
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APPENDIX A,
Three Body Kinematics.

The relativistic equations for energy-momentum

conservation are:

PO=P1+P2+P ) ....'.............(l)
ET=E1+E2+E3 =EO+M 000000.0..(2)

Where ET'is the total energy, Wifh EOAreferring_to the
incident particle.\} refers to the particle detected on
the left side of the beam looking downstream, 2 refers
to the.particle detected on ﬁhe rigﬁt’side of the beam,
end 3 refers to the particle ﬁhich is undetected in these
experiments. M 1s the mass of thé stationary target and
suffix T refers to the total enefgy in the initial or
final state. In a2 three body final state reaction there
" are nine degrees of freedom and the kinematics of the
third particle can be determined if at least five of
the independent parameters‘are measured experiﬁentally.
Appendix B.1 pfovides detalls of the coordinate
systems.used in the experiment._It is coﬁvenient to
speciff the evenf in a spherical coordinate system with
its origin at the event vertex and 1its polar éxis co-
inciding with the 5eam directiqn. This is shown in Fig.A.l.

Azimuthal engles are measured relative to the plane con-
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Figure A.1

The notation used in the text.



INITIAL  STATE

FINAL _STATE
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taining the bean line‘and the centres éf the hodoscope
arms. The szimuthal ahgle, p + is the éngle:ﬁetwéen the
median plane and the conponent of the velocity ﬁormal to
the besm axis. A particle scattered to the left in the
median plane has ¢ = 0, while a particle scattered to
‘the right in the median plane has § = 180°. Azimuthal
angles above the median plane are between 0° and 180°
and angles below are between 180° and 3600.

When both detected final state particles have mom-
entum vectors lying in a plane containing the beam axis
then, 9, - ¢, = 180°, and the event is said to be coplanar.
In,the-same way, an event 1n.wh1ch the.plane'containing
~ the beam axis and one of the detected particles but does
- not contéin the other detected particle is said. to be
non-planar. The angle of non-coplanarity is gliven by

0 = ¢ - 0 -180
For PPB the relatively small amount of momentum carried
away by the gamma ray imposes a limit on & « This 1limit
1s.a fun;tion of the polar angles observed. No such limit
- exists for the other (p,2p) feactions studied.
In componént form, the moméntum conservation equations

¥
are

Posin® cos¢, * P sin® ¢, * Psinbcosd = 0 (3)

P, #in ®, pim § + P, Am 9, ain 9, "'Pg/i“""gz A‘:""¢3 = 0 (4)

P

s 0, + P cs B, *+ P ocs9 = P, ()
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Energy conservation gives

(Bem o« (e m)* o BFem) - & S ®
Squaring (3) and (4) and adding we have
P in* 8, + P sin>8, + 2P P sa 6 ainb, cos (4, —:p)) = P;,:.:.JQB
Also from (5) , (7)
(P - B ocos ® - P, cos 91)L = P st 8, (8

Adding (6) and (7) then

2 - :
(P" - f: cos B, - P,_cosez_) + P,LAW-LB, + F:_LMLQ_

P ARR A b s (-8) = PF (@

Rearranging

P:-r- Pl" + P;—__ Z,Po(f”(_ose' + P,_COSBJ_)

+ 2P @_(cos% o059, + Sun 8 Sun B, cos(§, - ¢z)) =F  (10)

From (6) _ :
. z 2
(E, - £ -E) = P* v mp
Substitution for Pj gives
.(Eo +M-E - E,_) = E:' * E"'- + E:' - 3rn.; + m: - Z,(E:; m:)’i

[(E=mi feos, » (67 m))t s 0] 2(E>- i)

(E:- m;)‘i[cés 8, cos6, + Sun.D, Sm. 6, os(§ - ¢,_)] '

This equation is avrelativistic equation of second order
in the energy of one of the outgoing particles and_mqy’
“be solved numerically to give the allowed kinematic loci

of the energiles of the two final state protons.
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Figure A.2

Kinematic curves of some (p,2p) reactions at an incident
“proton energy of U5 MeV. The closed curves are for the
PPB reaction at various polar scattering angles (shown
in pairs in the figure). The number close to each curve
is the angle of non-coplanarity, ¢ .

The diggonal curves.are for symmetric polar scattering
angles of 30° and 9 = 0.
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‘In.Fig.A.Z some typicalisolutidné are;given for
6op1ahar e#ents from the reactions D(p;Zp)N.léO(p,Zp)Nl5
‘énd Ciz'(p.Zp)vBl.1 to the ground State of the thifd'particle
and for cdplanar and non-coplanar PPB events. Sélutions
exist for PPB onl& for a restricted range of proton energies.
In this renge with one protoh energy fixed, say E;, the
enefgy of the other proton; Exy 1s always double valued.
If these two values of Ej are plotted as a function of
E{ a smooth closed curve is obtained. For‘the reaction
D(p'2p)N; E, is always either a single valued or a doﬁble
~valued function of E;. In this experiment ﬁhenever Es o
was double valued the lower energy EE wés below the det-'
ection threshold of the scintillation counters. Therefore,
all measurements reported:iﬁ this theéis~for,this.feact16n
represents either the iarger of the two possible values of
Ez_(when E2 is double valued) or the unique value of Ej
v(when E, is single valued). ’

ForvPPB the outermost curve is coplanar and the
‘"innér c&f?es have been drawn for vérying angles of non-
coplanarity. Here each pbint’on the curve specifies a
‘.uniqﬁe éamma'ray energy and dire¢tion. Only in the coplanar
case wiil thé.range of GQ extend/over the full range |
between 0° and 180°, the range falling off as @ increases

until a unique valuevis obtained at the kinematic limlt.f
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APPENDIX B.

Geometric Calculations used in Analysis.

B.1l Definition of Coordinate Systems.
The geometry for the spectrometer shown schematicaliy

in Fig.B.1 is specified in four céordinate frames namely :-

(1) the left hodoscope frame LisLpsL3.

(11) the right hodoscope frame Rl'RZ’RB’

(111) the beam cartesian frame X,Y,Z.

(iv) the spherical coordinate frame.v
Frames (1) and (1i) are right angled coordinate frames
having one axis normal to the plane of the wire chambers
and (11ii) is a cdnventionalvcaftesiénvsyétem with_dné axis
in the beam direction. The’cartesian frames have a common
origin but,thé event vertex is chosen as the origin for
the spherical coordinate system.

Practical cénsiderations govern this_choice of're-m
'presentation fqr the spectrometer geometry. Aftef the
multiplicities (the number of adjacent cores flipped per
spark) are extracted, the proton trajectories are caiéulated
at PDP-9 level directly from wire humbers. It 1s.natural
therefore, that the central plane of the wire chamber
should form two axes of a coordinéte ffame Ry +Rp.R4 (for
the right arm) such that Rl and RZ are the horizontal

and vertical coordinates and R3 is the normal to the plane
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Figure B.1

RepfeSentation of the cartesian coordinate systems and:
notation used in Appendix B. to describe the - geometric:

 calculations performed by the VERTEX and KINEMATICS
programs. : - ; :



L2  PROTON TRACK
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 '”of'the chamber passing fhrough the oriéin of the rear
wire chember. This qrigin is taken to Be 0{025"(one half
wire‘spacing) éutside the end wire appropriate to the
plane origin considered. The common origin for the cart-
esian frames is the point of intersection of the ordinates.
L3 énd R3 which for a'symmetrlc'system will be in the
plane of the beam. The ofigih of the cartesian frame is
thefefdre dépendent on the position of the rear chamber.
As shown in Fig.B.l the coordihates of the origins of
the front chambers (Pi,Pé) and (Ui.U%)‘will in generel
be non-zero and will change when the rear chambers are-
translated in order to change the ahgular rahge. It is
necessary therefore, to initialise the VERTEX program
‘with the constants gi,Pé,Ul.Ué,P3}Q3.U3 and Py for the

perticuler geometry in use.

B.2 Calculaﬁions in the VERTEX Program.
The PDP-Q VERTEX program reconstructs the particle
:;%trajéctortes in the hodoscope frames and tests for an
event vertex in a beam cartesian frame. As the program
is written in machine language the practical range of
calculations is nécessarily'restricted. If the beam is
“defined to pass in & positive Z direction and the Y axis
is vertical, then for an 1nf1n1tely thin beam the event
must originaﬁe in the Y-Z plane. Let the coordinates

of this point be Rl'Ré'Rj in the: right hodoscope frame
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and (O.YR.ZR) in the beam freme. Then, using the notation

defined by Fig.B.l the equation for the proton trajectory

is
A Y A S <
Q;-P, - G',_-Pa_ - &3_% ..o~ooo.co(l)

As Rl lies on the Y-Z plane

R3 = ZR cos o«
Ry = Rj tend
R'z‘ = 1y

Substitution into equation (1) and eliminating R, ,R, and Rj

gives

# (@ B on - @7 o

and

(B, - BQY) fan
) [(Qs_.Ps)}m'* + E—Q']

Nk

Similerily consideration of the points in the'left co-

ordinate frame yields intercepts given by

. uy, - YV,
L ! [(v,-us fon ok = [V, - q)]

<
A
-
O
o <
]
<
S
'§-r
%
-‘-
C
<
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‘The vertical vertex error AY ;1s then defined to be

AY = \/‘. - 'Ya
and the horizontal vertex error AZ is defined to be
6Z = Z, - Z,

B.3 Calculations in the Kinematics Programs.

Only the spark coordinates of events which pass
the coarse vertex demand of the VERTEX progfam ére sent
to the kinematics program. It is a relatively simple
matter to tfansform these.points in spacé into the beam
cartesian frame before specifying each event in a spherical
coordinate system. Using odd subscripts for the left track
end affecéing a rotation, & , about the Y axis (seé Fig.B.1),
the coordinates in the front chamber (X;,Yy,2;) and the

' rear chamber: (X3,Y3,ZB) for the left track are given by

Xy = Uj sin« - Ujcos«
Y, = U,

Lo . \ le = U3 cosk - U;sin&k
X3 = V3 sin & Vicos &
Y3 = V3
23 = VBcos’a'Q + Visin x

" The equation for the left proton trajectory is
X, - X VA A Z - Z, 7
hence the intercept with Y-Z plane has coordinates



- and

| - 197 -

y:. X, (\A' \/3)/ (X3' xl) + YI
z. - xRNz

where the suffix O(odd) refers to the left track and L

indicates that these coordinates give the intercept of
the left track in the Y-Z'plane;
Using even values of subscripts for the right track

the proton trajectory is given by

Xe = X, s Ye - /s _. Ze- Za =T

x'r—x:. o Yo =Y ) Z"’l- Zz.

and the intercepts with the Y-Z plane are given by

‘Y“ .XL (Y;. - t\/‘f/(x"'i x‘) )

| X;‘-(z’-- Z#)/ (X*‘ xz). . Zz.

The two dimeﬁsioﬁél vertex'érrors are then defined as

in subsection;B.Z:to bé | | |
DY = Ve~ Ya

and '

zZ, - z

o Z a
A three dimensional vertex point is calculated by minim-
ising the distance, d, between the lines.

We have

s (X %)
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and we have a vertex when

) d(d)

: 0

A7 T
Solution of this differential equation gives
. DbB + EC
7 T ¢* - AB
T ) ¢ - AB
where '
A . (x, - X,)z + (Y,- y,)z + (Z; - Z,)z
g = (X- xj r (Y, - yl)’“ * (z" - z,.)’"
c = (X_,'- X,‘) (x‘f— X:.) * (YS— Y‘)(y"' - \/") * (23- Zu) _(Zq-’ Zz.)
D = (XY x) (Y- V(- ) F (- 2) (- 2)
E = () o XY (Yo - ) (o W) e Gu )2 2)

The coordinates (3XL'$YL'BZL) of the left track at the

minimum distance are )
Moot T (X- X)X
N 7 (s - ¥) T Y

and the coordinates (,Xg. fas Zg) of the right track at

1

the minimum distance are

3x& .= ’7 (xq»’ Xz.) ¥ xz.
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B = '7 ( Yo — L) t VY
3ZR = “_—Z)

The three dimensional vertex errors are defined by

A_; X = Ry 7 B Xg
A, Y = 37;. - JYR
AV = '3zn. - g

and these cah be combined to give a composite 3 dimensional
vertex error, Avy defined by the equation
AV, -(%X+ A Y +Az)
The equations used to determine the direction of
the-proton trajectories in a spherical coordinate system

With the event vertex as the origin are as follows i-
o+ w6 w2}
o - ten{[ X+ \/w\/a]/(z - 2}
o - v,)/x X)]
ot [-w) )]
-0 -T

[

|0

-t
I3
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APPENDIX C
Determination.of the momentum and the error in the

‘ momentum of the third particie.

From conservation of momentum, the momentum compon-

ents of the third final state particle are

Py = —(P“ * P7-x>
Py = '(P'v+~ PL‘/)"
P3z. = B (Pll * F;-z>
where
P, = P s B cos ¢, P = P snb cosh,
Py = P sn'B, cos § Py = Posn 8§ sn 0,
Fl't. = PI Cos 9l | Pz.z. = Pz. cos 92.
The momentum, P; . of the third particle is then given by
_ 4 .
2. 2 2.
o= [Psx t Pyt P)z.]

The error in the momentum of the third particle
- (see A’vsv.vection 3.3(b) 1s given by

2 2 2 | 2
N (%_%) AE" » (%—Ep‘\) N (%.%) Ae"‘*()—ﬁ)“ae:

2

2 N 1 .
[yP 2 (3 P’ * YA ) 2

+ —’_—2 A + -—} A + A E * 050

() qb') ¢. 3 ‘P,. q>:— ¥ EO o (1)

Each partial derivative in equation (1) may be factorised

into momentum components

3P YN 3P, 3 P | |
A N
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Evaluation of thé 'x"cdmponent of momentum for the third

particle gives S ' | : !

Pix = -(P, sin 8 cos § + P, sn B, cos 4’;)
: - (-E,L - m,"),"' sun 9, cos 9, - (E:- m:)t sin @ cos §,
Then . ‘
2P E, '
—b—E:u = - _F_’T Swn B, (Cos ¢,

Similar evaluation of the other components give the follow-

ing equations for dependent variables of the left particle.
3P, E, ' |
e - p, S8 sl

¢

E,
3E = P Cos 0,

i
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' Equations for the partial derivafives of the var-.
jables specifying the ?articlé on the fight sidé of the
beam'are.fbund in the séme WBY. | f

If AE,s DE s DE, » DG » DO, A¢. and AQ)Zare determined
- experimentally then substitution of the»calculated partial
derivetives into eqﬁation (1) will yield the expected

error in the momentum of the third particle.





