BUSBBLE CHAMBEFN 5TUDIES OF NUCLEAR STEUCTURE

A dissertation submiited for the degree o Doctor of Philosophy

in the Univaraity of Oxford

. .
Y L ;

| ’\’,} 22 .xii.ﬁéﬁ ”‘/

. i

A. R, BOWDEN
The Gueen's College

Oxford



"This is not the end. It .3 no¢ even ihe beg:uung of
e end,  Due ot a8, perhaps, the end of he bewuwiing,

Vinston Churchill, 1942,



CONTENTS

Proface
Abstract

PARYT 1 INTRODUCTIORY REMARY

Chy r 1 - miroucgiion to the physics and methods

1

1

The experiment

1.2 Interpretation of Ligh energy nucleon-mucleus reactions

1 1
» %

1.

3

4

Nonie Carlo calculations
. . 12 11 .
The quasi-elastic € {p,2p)B  reaction

Limitations of the apparats

PAQT 1 EXPERD NG DITAN s AND THE DATA

©UOUCTION PROCESS

Chepter 2 -«  The twelve inch b5 hatoole char.ber

2.

2.

1

Bubdble chambers

The chamber body
Temperalure controi
mxpansion mechanism
Optical design

Frame mumbering counter
The bhasais

zlecironie contiol unit

Preparation and opsration of the bubble chamber



Chapter 3 - The Harwell synchrocyclotron, the proion bear:,

and the exposure of the bubble chai::.eF
3.1 'The synchrocyclotron

3.2 The external proton beam

-
-
]

sxperisuents with the bheam

3.4 ‘'The bnbble chamber experinent

Chapter 4 - Extraction of information from the fil;
4.1 Introduction

4.2 Soanning

4.3 Comparisen of the two independent scans

4.4 Measurement of events

Chapter 3 - 7rom measurerents to physics

5.1 Introduction
5 2 Lacopsiruction of an event fron. messuremenis on two

siereoscopic views

't
>

The computer prograx:. for the amalysis of the 2-prong evenis
5.4 Computer programs for the analysis of ihe 3-prong amnd
4-prong events

5.5 Bubole chamber conatanis

43

59

a8

-}
o~
L



PART 3 THD ANALYSIS OF Tir (3s3UL 1

6.1 The incident energy spectra for the analys=d events 77
6.2 Reactions represented by the 2-prong, "-prong and 4-prong events 78
6.3 The epergy~-loss distribution for the 2-prong evenis 80
6.4 The energy-loss distrilmtions for the 3I-prong and 4-prong events 84

6.5 The experimental resolution 84

Chapter 7 - The ¢ross-sections

7.1 The measurable cross-seciions 86
7.2 ‘The calculation of cross-sections 88
7.3 The elastic proton~proton cross-section ) |
7.4 The crosse-section for the reaction Cm(p, sp)Bn E-S. o4
7.5 Discussion of the Cw(p, ?.p)Bug.s. crogs-section ©
7.t Other cross-sections 100
Chapter 8 - The Clz{;‘ali’g;} :‘:‘.H _antion for sero and low
exeitatior onoo.ey of BH

8.1 Nomenclature 1c2
8.2 The quasi-elastic nature of the reaction 102
& 2 A summary of the experircental resulis 166
8.4 Events In the cnergy-loss region of 21 NeV to 3 MeV 118

8.5 Coneclusion 124



.1 Introduction 122
#.2 The model . 123

+. 1 Some sample results 127

Chapter Ltﬁ ~ A .study of the 3-promyr events and some _nlor: aLion

on the 4-prong events and high .. - v-loss 2-prong events

15.1 Introduction 130
12,2 Some experimental results from the 3-prong events 131

10.3 The reaction Cm(p. 3p)Bem and the =vents with energy-losses

below 40 MeV 132
10. ¢ Reactions involving heavy particles 127
10.5 The mucleon cascade and evaporation mechanism 141
10. ¢ Knock-out of correlated pairs of protons 145
17 7 Summary and conclusions concerning the 3-prong events 145
11,8 The 2-prong evenis ami neutron producing reactions 152
129 The 4-prong events 155

pter 11 - Conclucing remarks 157



1111

<

vil

VIlI

APY SNy @

Technical notes 15.
Choice of aperture for the ca:nara lenses 160
The magnification of an energy spread in a proton beam

as it ia degraded in energy 163
The enmergy spread {n a proton beam as it is degraded in cnergy
Jus to the statistical nawure of the slowing down process 165
Scanning en. measuring procedures 167

The reconsiruction of corresponding polr.s and iucident

irack angles 172
A bLreak-down of the ?-prong eveuis 177
Basic data for the nmeasured 3-prong events 18:

References 187



Preface
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that it is now,
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Abstiract

The proton-fi'w interaction has been investigated using a twelve-inch
propane bubble chamber and the full energy proton beam from the Harwell
synchrocyclotron.

A series of experiments on the external proton beam led to the estab-
lishment of & beam with an energy spread of less than 0.5 MeV; this enabled
the bubble chamber to be used at the limii of its resolving power which was
then determined by straggling,

2-prong, 3-prong and 4-prong cvents have been analysed. The quasi-

lg. 8. bas been confirmed and its

clastic nature of the reaciion Clg(p. QP)BI
cross-goction has been secn to be independent of the proton energy from
54 MeV to 130 NeV and equal to 16 +1. 5 mb, ihe energy independence of
the cross-section is shown to be explained by the operation of the Pauli
principle within the mucleus. |

The (p, 2p) reaction leading to the low excitod states of Bu. the
2-prong events with high energy-losses (when reconstructed on the
assumption that they are (p,2p) reactions), the 3-prong cvents, and the
4-prong events have been analysed with a view to establishing the reactions
and the reactlon mechanisns giving rise to them. The analysis was
facil:tated by setting up a reaction model, of the Monw: Carlo wype, to
caiculate the energies of final reaction products {rom various hypothesized

reaciions. The conclusion reached is that maultiple scaitering of nucleons



within the pucleus (s the key to the pruiuction of the above-cited events;
intranuclear nucleon cascades are set up which lead lo reactions of the type
M, 2B, 12, 3pxmyBel ¥ and €' 3(p, dpm)Li” T, where x = 1,2, ..
With the exception of the quasi-elastic (p,2p) reactlon the reactions with
=) contribute only & small part of the total cross-sections.

Thore is evidence that the production of Bes. or two a-particles, as
the final products of cascade and evaporation mechanisins is highly favoured
and as an interpretation of this It 8 suggssted that a-particle subsiruciures
in Cm are important in :nilucncing the course of the preton-c"g reaction.
There is no evidence for a significant proportion of a-particles amongst the

reaction products buf this coul! well be due (0 the fact that the probability

of observing an a-particle i3 zero for a-particies below 16 MeV and only

reaches unity at an energy of 47 MeV.



Fart 1 Introductory Remarks



CHAPTER 1

INTRODULCTION TO THE PHYSICS AND METHODS

1.1 The cyjperiuong

In the experiment, Cm acelel are bombarded with protons of energy
between 50 MeV and 130N eV, with a view to obtaining a better understanding
of the resction mechanisms that are imporiant im this encrgy region for the
light muclei.

Because the internucleon law of force is still not completely understood
there is no fundamental theory of maclear matter as there is a theory to
account for atomic electron struciure, and the advancement of our understamling
of the nucleus is based upon the models put forward to interpre: experimental
results. These models can be divided into two classes: those concerned with
the structure and stationary siates of nuclei, and those concerned with reac:icn
mechanisms and so with the behaviour of nuclear matier under perwurbation.
To study the structure of the mucleus it is necessary to perturb the stable
configuration of its mucleons, so the two types of models are interrelated and
tend to develop together. It has heen found to date that <liiovont models are
needed to describe different aspects of nuclear Hohaviour and no single model
has been found that can encompass all 1n: experimental results. “Thus, for
exan:ple, the Independent Particle ?lodels, which can account for a wide range

of experimental information such as pick-up reactions, mock-out reactions,



the giant resonance, etc., fail by up to two orders of magnitude to predict the
quadrupole moments of nuciei with 90 < N < 114 or Z > 8§ (the ..aximum
quadrupole moment caloulated on the basis of the delormation of one nucleon
orbitals is ~ 3 x lﬂﬂzscmz, whereas typical mecasured values :n the above
ranges Are ~ lﬂ-mcmz). However, the Collective Model, which can account
for these quadrupole r:ouents, fails to yicld any detwsiled information about the
single particle aspecis of nuclear behaviour.

A sumumary of the interpretive framework relevant to the experiment is
given in the next section.

A propane Jubble chamber has been used for the study and this provides
both the target muclei and the means of detecting the charged particles resulting
from: the proton=-carucn reacilons., The liciilsiions of the apparatus are
discussed in section 1. ..

The reactions that have been studied .- those in which one oi more
charged particles are knocked out of the nucieus. Detnils have been accu-
rmaulated by careful measurewent for all the reactions leading to two or more
chservable bubble chamber tracks. " hc ?-prong events have been unambiguously
divided into those originating from interactions between incident protons and
target hydrogen nuciei (henceforth referred to as hydrogen :v.nts), and thosc
originating from .nicractions ol the incident protons and target C12 nuclel
(carbon events). The events representing the reaction Clz(p. 2p)Bng.a. . in
whick onc proton from & p-staie in the nucleus is cleanly knocked out (p-shell

event), have been well separated {ron: the other carbon events.
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Of the events with more than 2 prongs, 89% are 3-prong events and 114
are 4-prong events (one S-prong event was seen). Because of the smull
number of 4-prong events (55 of the 84 detected were measurable) and the
poor accurac. of the information obtained from themt due (0 peasuren.eul
uncertainties on very shori tracks, ihese evenis are dealt with only briefly.
The 3-prong eviuis have een the subject of a more detalled analysis and 1t
ias seem that most of them cannot be attributed to the Cm(p.sp)Bew reaction.
The complex mature of these events explains the difficulty experienced by
ANDERSON (1967) in drawing any conclusions froimn the amalysis of the twenty-

seven J-prong events observed in the four inch propane bubble champer.

1.2 terpretation igh energy nucleon-nucleus reac

The present theoretical framework for the interpretation of the mucleoa-
micleus reaction mechanism in the energy range relevant to the current experi-
ment is based upon the ‘direct interaction' concept established by SERBER
(1:47). It was at this time that the first high energy nuciecon beams became
available and it was the experimental work of COOK et al. (1v4:), on the
reactions of 30 MeV neulronas with 2 wide range of target muclei, that providel
the first experimental evidence for the validity of the model.

Unti! this tirie the prodor inant theory for the interpretation of low energy
experimental information had been based upon the "compound muclcus" theory
of BOHR (1937). At energies of a few MeV and below, the nucleon > Broglie

wavelength (Zl’!'mcm) is much larger than the typical light mucieus radius



(~4x 1-‘é-mcms), and i1s mean free path in nuclear matter (&£ ls‘}'licms) is
rruch less than the nuclear radivs. The incidem: nucicon, on entering the
nucleus, is caught up in the gas-like motions of the mucleons, and the energy
it carries in wth it {8 rapidly shar. . uaongs® all the mucleons. Cnes this
has haprened a relatively long time will elapsc before sufflc.cat energy .s
concentrated in any one nucleon to emable it to escape tfror: the systen: the
narrow regonance widths measurcd in slow neutron (< 190 ¢V) ahsorption
experiments indicate a lifetime of the order o 1~ff15wca amt even at severml
NeV excitation the lifetimme ig stil! very long (~ 1;}"wsem) comnpared with the
time it would take the incident nucleon to cross the nucleus (~ lf.'~“2"sees).

At encrgies above 17 MeV the de Broglhae wavelength of the imcident
ngeleon 55 x 1-::"1 ;ems) 19 much s nller than the naclear radius and, also,
the reduciton in the sueleon-nucicon eross-seotion with increased onorgy
increases the mean iree path »{ tha incideni nuecleon =5 1"*»”cm3) to a
size comparable with the nuclear size. The relatively small size of thc
ucident nucleon and the muclear transparency thus make it possible to visualire
the nucleus as a collecoion of individual micleons, amxi the !neident mucleon-
{arget nucleon coillisions within it as classical hilliard-ball type collisions or
‘direct interactions’  The incident nueleon, which crosses the nuecleus na
nuch shorter time than the tine .etween collisions of the nuclear nucleons,
no longer becomes trapped in the nucleus, and the characteristic reaction i.: .«

2

-®?
8 of the order of 1:' " "secs. Althoush the relevant conlitions are not fully

reet at energies mauch below 19 MeV, considerable success has bHeen achieved



by applying the direct interaction concept down to encrgies as low as > MeV
(LANE & WANDEL 1255).

The description of the complewe reaction induced by a high energy mucleon
is usually separated into two parts.

In the lirst, an intranuclear nucleon cascade, characiorized by a series
of two-body direct interaotions is assumed to develop within the nucleus; the
latter manifests itseli through:

(a) the Pauli principle (forbidding low energy transfer scatters),
(b) the momentum distribution oftthe struck nucleons, and
(¢) the change in the Kinetic encrgy of mclecons as they cross
the nuclear boundary.
Bearing in mind these nucleus effects, the two-body collisions are assumed to
be characterized by the free muicleon-nucleon interaction. This premiss, known
as the Impulse Approximation, has been formalised by CHEW & WICK (1.52)
under the following assumptions:
(a) the incident particle interacts with ealy one nucieon at a tive,
(b) the binding forces between the constiiuents of the system are
negligible during the decisive phase of the collision, when the incident
particle interacis strongly, and
(c) the ampliuwl> of the lncxicnm mucleon wave I not appreciably
diminished 'n crossing the mucleus, i.e. the nucleus is virtu.. v
transparent to tbe incident mucleon.

The cascade Is visualized as continuing until each nucleon involved .ith~r bhas
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escaped from the nmuclous or has had its energy reduced below the mimimum

required for it to escape direct from the nucleus (in this case the remaining
energy is assumed to be shared amongst the remaining mucleoms). The whole
cascade develops very rapidly and is over in a time less than 10"zz secs.
Generally spesking, the residus]l mncleus is left in an excited state and can

be compared with the exeited compound mucleus of the Bohr low emergy model,
although the excitation energies are normally much larger.

In the second part of the reaction, we are concernsd with the de-excitation,
by particle emission, of the mucleus resulting from: the eascade stage. This
particle svaporation is usually treated by the statistical model of the mucleus
and the WEIBSKOPF (1u37) evaporation theory and the decay inodes are
sensitive to parameters such as binding energy amd the Coulomb barrier.

For a mucleus with excitation U, the probability per unit time that a
particle of type { with binding energy Bi and spin Si is emitted in the energy

interval éei at e1 is:

i

Wie)de, = zts —235 MSies "7(?»"3" a9

23 +1 /0’(0-8 -2)

where /D(U) = density of energy levels in the original nucleus at ita
excitation energy U - usually obtained {rom the
statistical model
'(U—-B ) = density of energy levels in the residual mucleus
}l reduced mass of the system after emigsion
&g) = crogs-section for the exact inverse of the emission process
- this term contains the Coulomb effect explicitly.

The usual method of reconstructing the evaporation part of the reaction is to

follow an evaporation cascade stochastically, applying the above equation
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successively until the nucleus bas been reduced to some mucleus of lower mass
with an excitation energy less than the threshold for particle emiasion.
Characieristic times for this part of the reaction are lses well defined
than for the direct interaction cascade due to the large variety of ways in
which de-excitation may occur, but the lower limit is lﬂ-maoc.
HWILLER & HUDIS (1739) write the cross-section for the cbmplete
reaction in terms of the two separate phases as shown;

§(A,2|A%2%q.5) = = fo’(a',z'.u'.ll.s".z".q.mx
A'Z'o

(A, Z|A", 2, U, DAy
whers (A°, z°) characterize the target nucleus,
(A',7'), the intermediate nucleus,
(A,7), the final nucleus, and
q, the ingidem particle.
G(A',7',U,1|A",2%q, E) is the differential cross-section for the
formation, in the first stage, of the nucleus A'Z’ with apin I and
excitation energy in the interval dU at U, and
N(A,Z|A", 7', U, D) is the probability that the product mucleus A,Z
remains after the de-excitation of A'Z’.

Both stages of the reaction lend themselves to analyais by the lionte
Carlo method of calculation. For the light nuclei, several calculations have
been reportied for the cascade stage of the reactlon and one particularly
successful calculation has been reporied for the complete reaction for protons

with Cm. Sone of these results are summarized below.

1.3 MXonte Cario calcm:im

GOLDBERGER (1u48) waa the first to use the llonte Carlo method to

simuiate an tntramcim nucleon cascade. His calculation was for neutrons



of 87 MeV incident upon a heavy nuclcus of radws : '10'13cms; he used a
»cro temperature Formi mor enturn distribution for the nuclear nucicons
(%.. = 18 MeV), and assumed that th:y were contalned im a uniforn: density
spherical nucleus represented by o square well potential 24 MeV deep. Thw
calcuiations were performed graphically in two Jimernsions and only 160

incident neutrons werz followed  Rorme of the resulis ohtained are tabulated

below:
No. of particles Average excitation
emerging from: No. of cascs encrgy of the
the opacleus residual nucleus
U4, 5 MeV
1 £1.000m
? 21 3.2 v
E 2 40 "

15 ncutrons pussed through the mucleus withoui collision; this punber

corresponds closely to that capected fron: the towal measured cross-

sectioa ior neutrons on Ph.

Of the particies ererging with an energy greater than 13 MeV, v

suffered 1 collaion, 2:: 2 coilisions, 3: 3 collisions, 4: 4 collisions

ani 1: 8 callis:ons.

It 18 iniediately evideni :hat an abundance of data divectly comparable
with experimental resulis is produced by the mweihod, bui it was nol w.: 1 high
specd computers hecame avadable that the method could be developec tnio a

powerful tool. ‘7'th co:iputers, ealculations could be made in three dinensions
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for a wide range of nuclear parameters, and enough cases could be followed
to make statistical variations in the results insignificant.

Essentially, the Monte Carlo method for sin.ulating nmucleon cascade
reaction results consists of following, for a large mumber of cases, the
progreas of a mucleon, and the products of any of its collisions, through a
target mucleus until all the particles of the cascade either have escaped from
the mucleus or have been absorbed by it. The complete reaction is split up
into a series of basic parts, and for each part a random selection is made
from a choice of equally probable occurrences; the following steps are usually
taken in reconstructing each cascade:

1. e point of eatry .nto the nucleus is chosen;

2. the distance of travel to a collision position is chosen;

3. the position of the collision is examined to see whether or not il lies
within the nucleus; if it does not, the complete history of the particle
has beeon followed and its angle and energy are stored. M it does lic
within the nucleus,then;

4. the nature of the struck particle is chosen (i.e. n or p, or ln more
sophisticated calculationa d, i, o eic) together with its vector
momentum;

5. the dynamics of the collision are calculated in the centre of mass
frame of reference and transformed to the laboratory frame;

6. the Pauli principle is applied to see whether or not the coliision

constructed in step 5 is "allowed'’; both particles mmust have energics
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above the Fermil energy fov the collision io be allowed. If the
collision ts forbidden, the calculation !s recomnwnced at step 2
and a new distance ({ron the collision point) is chosen, etc;

7. for an allowed collision the historiez of the two product particles

are followed;

8. the cascade is followed until all the particles either have escaped

from thc nucleus or have been absorbed by It;

i. the residual mucleus excitaltion emergy and the case history of the

cascade are stored and the next incidemt nucleon is followed from
step 1.

METROPOLBE et al. (1968), using the Los Alamos "Maniac’ computer
r.ade extensive calculations for cascade reactions for mucleons in the energy
range 101430 X eV on mucle: ranging between Alm and 0238. The results
presented were in good agreement with caporimental results from photographic
slae experironts by BERNATIDINI et al, /15657 and FRICDMAN (1356) for the
distribution of the nummber of knocked-out proions and for their angular diatri-
putions. ‘The ¢xcitation energy of the residual nucicu. was found to be not
very sensitive (o the bombarding energy: for erample, for C‘u164 the average
excitation energy of the residual mucleus changes by only 18 MeV for an
incident emergy change from 80 MoV to 360 MeV, and the dependence of the
excitation energy on the incident energy also decrcases as the nass muiwy
of the target mucleus decreases. Extrapolating the results to 2 mass number

of 12 gives an excitation energy change of approxliaicly 4 MeV over h- same
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energy range as quoted for Cuw. ‘Total inelastic cross-sections were :lio
found to be independent of the incident energy for all the nuclei s:udizd; this
independence was attributed to the cou.pensating effects, as the incident enercvy
increases, of (a) the decreasing importance of the Pauli principle and bence
the reduction of the :nean free path of the nucleons in the nucleus, and of

(L) the decreasing muclcon-nucleon eross-seciivn. Another interesting resuit,
resented for s'_‘uM, was th- differcnce between the excitation energy distributions
for the residual nmclei left after the «nockeomt of 0, 1, 2 amd 1 nucleons
respectively.  All ihe distributions were found to or Maxvwellian in shape
except for the case of the single nucleon knock-out reactions for which the
distribution was peaked &i rero excitation energy. The caleculatcl excitation
energy spectra for the reactions (p,p"). (p.2pP), (P, 3p) and (p, ¢p), initiated by
286 MeV protons on Cu“, are reproduced in figurc 1.1.

ABATE et al. (1361), following the initial suggestion of COMBE et al.
(1:82, 1465) found that for calculations for 30 MeV protons incideat on - = ,
the agreement between calculated results and published re¢sulis for cascade
reactions could be markedly improved if each cascade mucleon was given a
3:=-4>% probability of colliding with an o-cluster instantaneously formed Inside
the micleus. The relative sirengths of cascades producing different mumbers
of charged pariicles were found to be semsitive to the presence of substructures,

BERTINI (1.67) made several refinemcnts to the model used by Metropolis
and in particular :nvestigaied the eflcct of non-uniforin sucicon density; he used

the vucleon density distribution obxained by HOFSTADTER (1 6 from eloctron



0 50 100 150 200 E* MeV

50 100 150 200 E* MeV

Z o

(p, 3 nucleon)

1 1 2
0 50 100 150 200 E* MeV

(p, 4 nucleon)

A 'y

0 50 100 150 200 E* MeV

Fig. 1.1 Distributions of residual nucleus excitation energies (E¥*)
calculated by Metropolis et al. for various nucleon cascades
in Ccu®* initiated by 286 MeV protons.
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scattering experiments, and found that the main effect in going from a uatfor:.
to a non-uniform mucleon density was due to the increase in miclear size when
a diffuse edge is used. Generally, the results were similar to those of
Metropolis. BERTINI (1564) bas also calculated the following cross-sections
for the various caseades In 013 (intramuclear clusters were pot included in

the ealculations):

Incident proton energy

50 NeV 150 MeV 150 eV
P zp" 41. 2 b 48,3 mb 42. 7 mb
p.2pn 13. 49 mb 27.8 mb 26.3 mb
P. 2p2n (.2 mb 4.9 mb 10.8 mb
P, 2pin - 0.6 mb v, 3 mb
p. 2pdn - 3.3 mb .3 mb
p. 3p 2.5mb 4.3 mb 7.4 b
P, 3pn . 3 mb 3.4 mb 2.3 b
p. 3p2n - 4, 6 mb 2.2 b
P, Sp3n - - 4.3 mb

# The probability of ihe residual micleus being left

with an excitation energy of less than 19 MeV was

approximately 377 for the three incident energies

considered.

Monte Carlo caloulations on the residual mucleus decay stage of the
reactions have been reported in detall only for nuclei much heavier than (::"3
{DOSTIIOVSKY et al.1:58) and becsuse of the importance of the Coulomb
barrier effect on the evaporation of perticles, the results cannot be locsely

applied to the lighter nuclei. However the general fact did emerge that decay
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modes -epemi upon the nearness of the mumbers of routrons an! protons v
residunl nuclei to the close:d-shell mui.xrs. Also, the relationship beiween
the nwaber of cvaporated jarticles and the mass munber of the bon.ai il
oucleus was seen to be very elosely lLinear from A=4 o A=23; if the inior-
iration lg extrapolated to A=12, a valuo is obtained of between 2 and 3 evaporated
nucleons per reaction.

ZHOANQVY & FIDOTOV (167, 1162, 1 «4) have reported a very interestuny;
anvesdgation of the proton—carbon reaction at v LoV, A muclear e ulsion
was loaded with diamend dust (particles of o- 7'/,( in diameter) and by analysing
thoge events occurr:ng within the diamond particles a pure sample of proton-
carbon reactions wasz obtain.d; thus two of the usual unsa.siaciory aspeots of
enwulsion experiments were elin:inated, i.e. (a) the proble). of separatng the
events fron heavy amd light nuclei and (b) the fact that cvents from the light
emulsion auclel (2, N, () arc inseparable and are presentcd topvther. The
54 disintegrations of Clg were attributed to the various reaction modes :n ihe

proportions shown in the sccond colurnn of the table below.

The t ole shows that the most probable type of digintegration is thai
< ‘ : | g , | 12
involving the Lreak up of one a-pariicle subsiructure in O (1. e. modes
¥ 3p2r and p, 3pBe).

The reaction was analysed using a ! onte arlo n.ethod for the dirce:
-nucraction cascads part of the Intoraction and & siatistical asodel calceulation
‘or the decuy of the residual nucleus. The cuseada ecaleulation wa3 ozsed upon
that ¢! Abate and .t provided the d stribution of resident nuclel, the cascade

products and the residual nuclel excitation encrgics.
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Pc reeniage of total no. of disintegrations

Type of disintegratio:n

“y perimental Theorelcal
(p.pn) + (5, ;*-zn)# 1%.. 1.9 1.
(14 2p) + (P, %ﬁ)# 12.2 +1. . 11
-,i-‘;p?a’ BT P 2%
p, Spa 12.2+2.2 15
v, ple i.1+2.80 11
p, 2paels T.0+2.0 10
D, 3pBe ¢€.5+2.¢ 5
p. 2p3ar” 3.2+1.0 4
P. 7P 2.4 +4.8 1
p, 4pLi 1.7+0.7 4
P, tpar L6405 9

Protons are detlected io energles below 1 eV

The decay part of the calculation, :uade analyticgily, was hasc! upon the
hypothesis that the coergy rcieased within the aucleus s statiatically dislriiated
among the particles, so that the possible final states appear wiih frequenc:os

proportional to their siatistical weights. It was found that ihe probabilitics for

£ Taken by the authors [ro.. other suthors’ work

4 The aeuirons from the Lreaik=u,. ai- not shown. The p is staled 0 stai
collectively far the ainnly charged partieles 4,1 and =, hat from the disetvzsion
in the 1 84 pupr iv we=o.g ibal the oaly o oportant coniribution eomes fror. the
srotons; however ihis point is not made c¢lear.
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different decay nodes were very sensitive to the excitalion energy of the
residual nucleus an: to the :inling energy corresponding to the given decay,
and that the stability of the n-uaricl> played a dominant role in determining
the mattern of the decay (ef. ‘osirovsky s results). By combining the cascade
calculation results with the decay mode results to form crossesections of the
tvpe shown .n the last section, the relative yields for ihe various overall reaction
types were obia ned; these arc shown in the third colunn of the table. The
agreement with the exper montal results is very good and in particular the
experimentally determined dominance of the p, ip2a (and p,3pBe) reactions is
accounted for,

The weak de‘»pemuce of the residual nucleus excitation energy on the
energy of the imcldent nucleons (Mciropolis results) suggests that e resulis ol
Zhdanov & Fedotov should be applicable, at least qualitatively, to the experi-

mental results at §:-130 eV of the present ex; riment.

1.4 The guasi-elastic Clzwjﬂn reaciion

This reaction is an example of the sinplest possible type of cascade
reaction; the incoming nucleon collides with one target nucleon omly and boih
nucleons leave the nucleus without anmy furtiher interactions. This picture of
the interaction has “een formalivred in the Impulse Apucoslmation, amnd according
to the Independent Particle Shell Mcodel of the nucieus, in which each muc!-on is
picture:! as moving independently in the average icld creaw! by the presenco

of all the other mucleona, the moraentum of the recolling residual nucleus will
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be equal and opposite to the momentum thai the target proton possesses when
it is struck. This follows from the fact that the iarget nucleus as a whole I8
at rest. Therefore the recoil nucleus momenii - disiribution, when corrected
for kinematical phase space effects showld yield ihe nucleon moun:enwi: distri-
bution for the targe! nucleus. Also, following from the Independent Pariicic
picture, each mucleon of the mucleus lies in a discrete energy sicic 1o the
auclear potential well so that the enerygy loss in the reaction reflects the
occupation of the various energy-siiwes of the nucleus.

That these sii.ic noitions of the nucleuz and ‘i nucleon-nucleus iater-

™

sctions are broadly correct has been shown by many experimenters. For
example, in the work of TYREN et al.(1:58) at 185 MeV, GOODING & PUGH
(1.6 at 157 MeV, and GARRON et al. (1562) at 155 MeV, the energy loss
distributions obtained from {(p.2p) reactions on mucle! fron: Ll’ to Ca W showed
quite distinetly the presence of digerete energy !vvels within th?: nuclcus. Itis

found that the experimental peaks can be understood very well in terme of the

extreme §jj-coupling shell model#; the yonic for nuclei of mass nunincts (A)

less than 12 correspond io ihe knockout of s-sbell mucleons and P, /2-shell
nucicons, and for nuclei v.:.th Ay 12, \ kout
clei v b g the knockout of 51/2. 93/2 and {91/2

nucleons. Also, the mucleon 1o: ennin disiributions derived vio. th» recoil

.

# .

CLEGG (1 ©)) has shown that, although a state of intermediate : upi.ng midway
betweon the jj-coupling model and the lS3~coupling .ol i prevalis in the 1peshcll,
some posxerties of e mucleus can we contzienty olose o wlal 18 expeciad
froi: one of the extreme coupling sclirmes.
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nucleus daia by niany suthors, e.g. WATTENBERG et al. (1:56), CLADIS et al.
(1933), Mc EWEN etal. (1°57), AZHGIGEI et al. (185v), DOWELL etal. (1:69),
ANDERSON & Mc KENZIE (1v6)) are approximately the same as those expected
from nucleons in a potential well of the harmonic oscillator type (in general,
Gaussian momentur: diswributions with 1/e vaiues corresponding to nucleon
energies in the range 10-20 MeV were reported).

At first sight it is diificuit to reconcile the success of the Independent
Part.cle Model, which suggesis the exisicnce of weak long-range iniernucleon
forces, with the well known experin.ental fact that the forces between nucleons

are very strong short-range “n“." BEUECHKN T and co-workers (1.55) bave
greatly clarified this paradox by showing that, starting from the 2-body inter-

nucleon potentials, it is possible to introduce a mathematical transfort.uiiion
that allows a muclear poiential to be derived by self-consistent methods gimilar
to those used for atomic electrons by TARTREE (1.28). The derived potential
is very similar io the refined shell model potentials; the parts of the inter-
nucleon potentials not incorporated !nto the nuclear potential representation
give rise to second-order "residual :nioraciions”. The result is thst :h:
independent "particles™ deacribed by the model are very mucieon-like for a

wide range of observations.

# The cvidence for ihe persistence of the strong internucleon forces when the
mucleons ace within nuclear 1ater coo.es frow. ceuleron pick-up reactions,
ros. meson capture from low Bohr orbits in the ato:z, from the muclear photo-
efiect at high energies «from mucleos-nucleon tnicractions (see i3:.ULCKNER

et al. 1.3%).
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Because of the presence of the residual interactions in the pucleus itself,
the quasi-elastic reactions do not lead exclusively to single-particle shell model
states in the product nucleus: they also lead to other states close to the single-
particle siates. In the energy-loss distribuiion swdies, the presence of these
secondary transitions is usually masked by the resolution width of the dominant
single~-particle peak. However, CLEGG et al. (1361) and AUSTIN et al.(1962)
have riessured the relative feeding of escited staies of the residual nuclei from
Cw(p. tp)Bu and Clz(p, m)Cu reactions at 15¢ MeV by observing the gamxi:za-
radiation from their decays. They found that the ground state of the residual
nucleus was produced only 80% of the time and that states of spin 3/2, 5/2
and 7/2 were also produced; the cross-sections found for the feeding of these

siates in Bn are shown below:

2 11 Cross-section (mb)

State of B relative to 1/2” state
1/2 at 2.14 MeV 0.58
5/2° at 4.46 MeV 0.34 +0.11
$/2° at 5.04 MeV 9.42 +0.13

- +
/2”7, 172, 3/2" at

0,86 +0.12

6.48 and 6.34 MeV
5/2 at 7.3% MeV < 0.3
higher bound states < .18

According o calculations by GOSWARY & PAL (1:83), admixtures into the pure
shell rrodel ground state of Cm from 2 particle-" hole configurations right account

for as much as 35 of the intensity of the state.
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The branching ratios to states of Bn, fed in the quasi-elastic Clg(p. 2p)Bu
roaction, give information aboul the detalls of the C - ground staie wavefunction,
Using the fractional paremage concept as proposed by LANE & WILKINSON (1.595),
the Cm ground state wavefunction can be written in terms of the states of the
parent nucleus (B11 in this case) and the ikmocked-out particle. When a proion
s cleanly knocked out of C'~, the varlous states of B » will be produced
according to the extent to which they contribute to the Cmg. s. wavefunction
expansion.

However, the interpretation of experimenial results in terins of the
pareatage concept is beset with difficul ties. Forcexample, the exclted statea
of the residual nucleus can also be produced via initial and final staic inter-

actions: in an initial state interaction, for e¢xample, an excited siate of C13

could first be produced, and the subsequent feeding o1 the Bn excited siates

by the kpockeout o one preton froi. the cxeited system will reflect the pareniage
expansion of the Cl? excited siate and not ihe Clgg.s.. Thege difficulties have
been encountered in the present experiment amd they are discussed in chapter 8
in relation to the experimental results.

The limitations of the Impulse Approximation are also met in the analysis
of chapter 8. The high momentam: component {n the mucleon momentum distri-
hution, associated with ¢orrelations within the nucleus, camnot be properly probed
by the nucleon kmock-out type of experiment (at least, not by an Impulse Apyrox-

imation analysis of the resuits). The inadequacy of the Appraximation has been

discusased by GOTTFRIED (1.:63). In a qualitative appreach he visualized the
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nucleon motion within the nucleus as being something like that shown in the

full-line trajectory below.

For most of the time the nucleon behaves according to the shell model picture
and receives only small momentum transfers from the other nuclzoms: :ts
trajeetory is therefore smooth. Occasionally, however, the nucleon approaches
ampther mucleon clesely and undergocs a strong moeléntion to a high momentum:
these correlation effecis are represested by the kinks on the trajectory drawn.
In the shell model, the macleon trajectory would be represented by the dotied
curve, which is a good approximat:on to the slowly varying paris of the acuwal
trajectory but a very poor approximation indeed to the kinked paris. The
Impulse Approximation for a collision amounts to the replacement of the actual
irajeciory by its tangent at the time of collision, but in fact, because of i
fin:ite extent of the incident particle's ¢ Broglic wavelength, the average
hebaviour of the target nucleon over the tine of the reaction is observed,

The difference between the micleon motion represented by the tangewtto the

track and the motion represented by the average behaviour of the mucleon over
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a finite path leagth is small for the smooth (shell model) parts of the trajectory
but is large and arbitrary for the kinked parts of the trajectory. The Impulse
Approximation analysis therefore ceases to be of use In probing the higher
momentum components of the nucleon momentum distribution. However, it is
to be expected that as the energy of the intident mucleon increases and its

‘de Broglie wavelength decreases, it should be possible to detect more of any
high momentum component present ihan at the lower Incident encrgies. I the
current experiment with an incident energy spread of 52«13 MeV this effect

might be detectahble.

1.8 Liniations of the apparatus

There are several important implications in the use of a propane bubble
charmber for miclear structurs oxperiments; those relevant to the present study
are summarived below.

1. The energy of the incident proton beam when it enters the illuminated
region of the chamber is approximately 130 MeV, and when It leaves is
approximately 25 }»eV: the events recorded are therefore for this range
of incident proton energies. Events in any energy range within these
Hnits ean be selected for amalysis by considering events in the relevant
part of the chamber. Ideally, sets of information should be collected for
unique energies or at least for very limited ranges of energy. However,
because the requirement for a limited energy range conflicts with the

requirement for good statiastics, it is necessary to amalyse the data in as
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large an ¢nergy slice as possible. This is determined by the range over
which the mechanism being studied can be assumed not to undergo any
radical change.

The uncertainty in the measured energy of the beam increases as the bean
traverses the propane and loses energy. This ariges fronu

(a) the statistical nature of the slowing down proceas, and

(b) the magmification of any encrgy spread present in the original bearm.
The former process is uncontrollable, but the elfect of the latter can be
minimired by giv.ng careful attemtion to the optics of the proton beam between
the cyclotron and the bubble chamber.

Although there are more neutrons than protons ejected from the (‘:12 mucleus
whon it is bombarded with high energy protons, the bubble chamber doss not
detect the uncharged meutroms. The losa of information hecause of this is the
major source of difficulty in the analyais of the non p-shell 2-prong carbon
events and of all the 3-prong and 4-prong ovents.

A further consplicating factor is that particles of different charge do not give
rise to distinguishably different tracks in the propanc. However the range-
energy relationghip for the particles in propana does depend upon their nass
and the.r charge. The presence of deuterons, a-particles ete., can thurefore
only be inferred [rora kinewmatlcal [iiting procedures, whi.ch are always coiupii-
cated by the poesibl? presemce of neutrons.

The lowest energy particle that can be detected i3 thai which produces one

bubble in the propane, and even these particles will be difficult to detect because
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of the difficulty of secing short tracks. The minimum emergies atl which

particles can be detected are:

P ~ 4.8 MeV
d ~ ©.2 MeV
t 9 ~ T7.2)eV
He ~ 15.7 MeV
a ~ 18. ¢ MeV

This scurce of loss is particularly serious in the case of a-particles and thus
will strictly limit the observation of reactions Involving them.

For all proton~carbon reactions, the residus! mucleus, which can carry away
a large proportion of the momentum of the final state aystem, is never seen.

The hydrogen in propane (CBHE’ accounts for about 557 of all the 2-prong
events. These hydrogen events cannot be separated from the carbon evenis
by imspection of the fili: so they have to be meaasured together with the carbon
events. Un the one hand, this has the disadvantage of greatly increasing the
data reduction effort, but, on thc other hand, because the [ree proton-proton
interaction has been extensively studied, it has the advantage of providing a
set of data that can be used to detect systematic biases in the method of
analysis. The hydrogen events also provide an easy method of measuring

the resolution of the experiment.



Part 2 Experimental details and

the data reduction processes
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Development work on bubble chambers progressed very rapidly after
the observation by GLASER (1552) that superheated liquids were sensitive
to the passage d ionizing radiation. The chambers with dimensions of
several metres, which are now being used for elementary particle physics,
have been developed from the early chambers with dimensions of the order
of centimetres only. A 12«inch propane chamber is large enough for nuclear
structure experiments at 150 MeV, Glaser's own wark, together with that of
later developers, is now well documented in review articles, e.g. FRETTER
(1255), DODD (1566), BUGG (1554) and BRADNER (1560),

In the present experiment the propane chamber provides both the carbon
target and the means d detecting the charged reaction products. The des-
cription of the 12-inch chamber given in this chapter is not exhaustive, but
empbasis bas been placed on those aspects of the design that differ from the
4-inch chamber described by Mc KENZIE (1960) and ANDERSON (1960), and
also on those aspects that gave rise to difficulties.

A general view of the chamber, from the beam-entry side, is shown
in plate I, and a view of the optical system from the other side of the

chamber can be seen in plate III.



Plate 1

A general view of the hubble chamber.
The gas botdes in the Lackground are ot part of the

apparatus.
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2.2 The chamber body

The proton emergy of the beam extracted from the Harwell synchro-
cyclotron is approximately 153 MeV; after the protons have passed through
the dural beam eniry window of the chamber their energy is 1.7 MeV. The
window-volume of the chamber (12 x 3" x ') was designed to allow all the
charged reaction products from (p,H) ami (p,Cu) reactions to be stopped
by the propane.

Figure 2.1 shows a section through the chamber t:sot:!ym1 parallel to the
wall conisining the beam entry window., The latier, placed centrally in one
of the 3" x 9" sides of the chamber, was made by machining down an area
2" x 2" from the nominal wall thickness of 3" to ¢'. To discourage turbulence
and local oling during the expansion of the chamber, the internal faces are
polished and all edges smoo'thiy rounded-off.

The windows are of 1" "armourplate’ giass and are located in recesses
in the 129 x 9" sides of the body; each window is clamped to the body by a
27 thick dural frame secured with 36 3/18" high teansile non-magnetic steel
bolts, Besling is effected by Gaeo 'O’ rings and the giass is further protected
against any contact with metal by 1/16” neoprene sirips. From the approxe
imate design formuia, quoted by Bugg, for toughened glass:-

84, 000 t‘3 = p A f

* All asterisks im this chapter refer to appemdix I, where more technical
details are given,
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Whers ¢t = glass thickness (ins)

p = pressure difference across window (lbe/sq.in)
A = area over which pressure acts (8q.ins)

and f = factor of safety
it is seen that the design allows for a factor of safety of approximately 4.

Clamped into one of the window frames and seaied with an 'O’ ring is
a piano-comvex polished perspex condensing lens. The apace between the lens
and the window is filled with paraffin, which, with a fefractive index of 1.43
at ssf:"c. reduces optical discontimaities and leads to more efficient chamber
{lluniination.

In the opposite wall from the beam entry window thers is a hole
mounted on the outside by a doubly sealing tap; this serves as a filling and
evacusting line.

Twanty~fotir screws anchor the block to the baseplate which is, in turn,
held rigidly to the mounting framework. Beiween the two, held by an 'O’
ring seal, is the impervious membrane that isoiates the propane from the
high pressure air of the expansion system.

The total volume of propane in the chamber is 19 litres and the visible
volume is 16 litres.

2.3 Temperature control

Sensitivity of superbeated propane to ionizing radiation occurs at

wmummmmnﬂmotse"c. To maintain the chamber at a fixed

temperature in this region a surface of electrical heating elements is clamped
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to three outside faces of the block (see plates I & II), To counterbalance

the greater heat loss from the lower part of the chamber, caused by losaes
to the unheated base plates and the supporting framework, the lower elemenis
of the side heaters are designed to dissipate more power than the upper
elements,

The power to the heaters is supplied in two parts. A steady base-load
power slightly less than that requived to balance the heat lost to the air is
supplied fron: the mains via a varise, and the remainder is supplied through
& controi unit operated by an A.C. bridge., A thermistor, located on the top
of the chamber forms one arm: of the bridge and the circuit is designed to
switch the extira power to the heaters whenever the temperaiure at the
thermistor drops below the predetermined control value.

To guard against any fauit leading to overheating of the propane and
consequent dangerous rise in pressure, & modified Bourdon pressure gauge
is cunnected to the propanevia the filling tap. This gauge is supplied with
an electrical circuit designed to blow the heater fuses and give an aundible
alarm if the propane pressure rises above 530 p.a.l.g.

Comisent on the performance of the heating unit
During the exporimental run this part of the apparatus gave a coasid-

erable amount of trouble. Temperature oscillations were occasionally set
up in the propane and these were sometimes large enough to cause a loss
of sensitivity and a temporary halt in photography. These were usually

initiated by large ambient temperature changes in the experimental area when,
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due to the surface heating and control of the bubble chamber temperature,
the propane conditions got out of phase with the surface conditions. Plate II
shows an example of the phenomenon of foaming which occurred in one of
these extreme oscillations.

A better method of temperature control for a chamber of this size haa
been indicated recently by the very successful scheme designed for the Oxford
Freon Chamber. This used a water circuit within the walls of the chamber
fed from & thermostatically controlled reservoir.

2.4 Expapaion mechanism

Vwith a chamber of the present dimensions an expansioa mechanism of
very sr.all iatrinsic inertia is required to ensure the rapid expansion and
recompression of the propane. Rapld expansion is reguired to prevent the
chamber from partially recompressing itself by gaslst boiling etc. which
would prevent the achievement of sensitivity. Rapid recompression is
needed to squash-out all the gas bubbles formed, before they have time to
coalesce and collect at the top of the chamber. A large bubble at the top
takes a few seconds to condense due to the absence of an efficient thermal
oink and it also leads to a concentration of heat at the top of the chamnber;
these effects would result in an Interruption of the continucus operation of
the chamber. A piston-operated expansion nmechanism of the type used in
the i chamber has too high an inertia.

By using a strong membrane to seal off the propane and by connecting

& high pressurear supply through a rapid action 3-port valve to a supply port



Flate il

An example of {suming in the chamber.






heneath the merabrane, a very low inertia system is obtained. The two
positions of the valve are shown at the bottom of figure 2.1. The normal
de-suergised state of the valve (position B) keeps the propane at the air
reservoir pressure (about 100 p.s.i. above its s.v.p.). For the duration
of the expansion pulse the valve is energised and switched to position A
which isolates the gas reservoir and releases the high pressure air pockst
under the diaphragm to the atmosphere., The propane expansion speed is
lHmited mly‘ by the inertia of the propane-membrane-air system which is
segligible; the membrane very rapidly hits the base-plate and the expanded
propane is in its superheated sensitive ziate. Afier about § msecs the
chamber starts to recompress itself, relatively slowly, by gasket boiling etc.
until the valve is de-energised (o position B again and the propane is very
rapidly recompressed to the air reservoir preasure. The total sensitive
timme can be controlled very easily from zero up to approx. 10 msecs by
varying a resistor in the expansion pulse-width comtrol unit (see sectlon 2. 8).
Compresaod air is supplied by a two-siage heavy-duty compreasor.z
fitted with a bloweoli va.hrew“;s which is operated by a pressure controliing
dovice% connected to the air reservoir on the bubble chamber assembly.
To vary the overpressure 1# the chamber it is only necessary to change the
setting of the control meter. Because of the extremely loud report nusde by
the expanding gas when it escapes freely from the valve, the exhaust port of

the valve is connected to a ailencing system comprising a gas boitle and a

lorry silencer.
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The valve used is a magnetic Barksdale valve‘s. In oxrder to obtain
a very rapid action from this valve, which has a specified running voltage
of 25U volts, an initial power surge of 880 volts is used for the switching
operation.

The membrane consists of two paris: & 3 thou melinex sheet and &
1/8° doubly rayon reinforced butyl x'ui)t;m".6 sheet. In the first deaign this
vias clamped between the body of the chamber and a flat base~plate (BP1 in
fig.2.1) but during a proloaged test < the chaniber the membrane fractured
after some 14,000 expansions. The probable cause for this was the inelasticity
of the melinex; thus, after the first few expansions it maintained its bowed-up
surface area so that on each subsequent expansion it foided up on hitting the
base-plate (when the chamber was dismantied the membrane was iound to be
split along & very promounced crease). To increase this unacceptably short
maintenance~free running {ime the base-plate was modified by the addition of
a hollowed~out slab of dural (BP2 in fig.2.1) with a surface area equal
approximately to the bowed-up area oi the membrane. On expansion oi the
chamber the membrane then lay smoothly in contact with the base-plate,
This sysiem underwenl some 60,000 expansions without showing any sign of
deterioration.

2.5 Optical design

Following the succeasful photography of the 4 chamber, a similar but

scaled-up versiom of its dark fleld illuinination system was designed for the

12" chariber. Plate Il shows the cumponents of the optical system and



Componenis of the optical system
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figure 2.2 shows diagrammatieally the marginal rays from the light source
to the camera front. The position of the camera assembly is dictated by the
need for a demagnification of approximately 15 from the objeet space to the
film. The position of the flash box on the principal axis of the condensing
lens is determined by the need to illuminate as much of the window volume
of the chamber as possible and yet to imhibit the entry of stray light into
the cameras. With an ideal optical system the image of the flash could lie
only ju-t within the lenses on the camera fromt, but because of the distortion
in the very thick condensing lens and reflection from the cul-away sides of the
lens 1t was found that the maximum permissible image radius was 2" compared
with the ideal radius of 6.3'. Under these conditions the central plane of the
chamber, parsllel to the windows, has an unilluminated peripheral region of
4" wide at the top and botiom and 3/4" wide at the two sides. The condensing
lens was bhighly polished and the windows were kept clean and free of abrasions,
On the outside faces of the windows sets of fiducial marks were etched with
hydrofiuoric acid: Andrew Crosses on the window nearest to the cameras and
George Crosses on the other window. The relative positions of these were
carefully measured when the chamber was assembled and their images arve
used in the geometrical reconstruction of the events phcographed in the
chamber (see chapter 3),

There are nro shutters on the cameras and during operation an intense
flash of light is timed to oceur shortly after the nucleation of boiling along

the paths of the charped particles; the time delay between the pulse of proions
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from the cyclotron and the flash is wvariable so that optimum quality tracks
can be obiained and maintained. Ideally, the cameras should record only
the iruages of the bubble tracks and the fiducial marks both of which acatter
light out of the main cone of light shown in figure 2.2, but & certain amount
of stray light also enters the cameras. It was discovered that much of this
stray light was due to double reflection from the camera froat and the bubble
chamber window., Liberal use of black non-reflecting paint reduced the back-
ground light to an acceptably low value.

The light source used is a G.E.C. high duty flash tube ' which gives
a good poini source of light and is mounted at the ceatre of curvature of a
sinall concave mirror. To obtain a sufficiently inense beam of light from
this arrangement it is found necessary to discharge through the tube a 60pF
capacitance charged to 2.5 KV, At this rating the useful life of each tube is
10,000 cycles. The condensers making up the 60uF cannot be mounted with
the remainder of the flash tube cirouitry becausc the voitage drop in the
connecting cable then dissipates moat of the available power; they are mounted
behind the flash tube in the box that can be seen in plaie IIl. The flash is
produced by the brealkdown of the tube resistance, effected by a 100 KV pulse
fed from 2 pulse transformer onto a tickler electrode coiled around the tube.

The camers is mounted on 8 supporting framework (see plate I) and is
provided with three levelling acrews to allow the fromt of it to be set
accurately parallel to the windows of the bubble chamber. Three hmas‘a

are carried on the front plate which can be moved with respect to the main



assembly for focussing purposes. Behind each lens is mounted a cassetie
which can hold & 200 ft reel of 35 mm tmn‘g, enough .for 2,400 exposures.
Amahuniamumwﬁed!crm-mmmmandforehmmagﬁmthe
focal plane of the lens before each exposure., The operation of the canera
is controiled by a square wave pulse from a relay in the comtrol unmit.

Approximate focusasing was perfiormed by viewing the chamber through
the back of & dummy cassette and more accurate focussing was then achleved
by a series of photographs. The focus condition chosen was that with back
and frout fiducial marks out of focus to approximately the same degree.

The lens aperture was set at f20; this was determined by the usual
process of compromise between depth of focus limitatlons and diffraction
limitations. The calculation is shown in Appendix II.

2.6 Frame numbering counter

The use of an {lluminated post office counter mounted adjacent io the
front window of the chamber proved unsuccessful in giviag discernible images
on the fiims. Since the camera had not heen designed for & back projeotion
system in which the image of a small counter is projected directly onto the
fllms through the backs of the cassettes, it was decided to build 2 self-
illu:ninating electrical counter with a separable display unit of large digits
which could be mounted immediately above the chamber window.

The baslo unit of the display panel is & digitron tube '°. Five tubes
are shown mounted in the display unit in plate IVa. Each tube has ten
separately Insulated one-inch high wire cathodes in the shape of the digits



Plate TV,

The framne numbering counter
(a) the display panel

() the unisalector counting circuit
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0 to # surrounded by a wire mesh anode. The cathodes are connected via
two 26~cored cables to the counting unit and ithe anodes are supplied from
an unsmoothed 250 volt power pack. An earthed cathode glows red due to
a coid discharge in the tube. Figure 2.3 shows diagrammatically how one
unit can be made to 'count” from 0 to 9,

The counting circuit itself comprises five 25-way, 4-bank uniselectors,
each operated through two parallel 37 ohm coils from an unsmoothed 30 volt
supply. It is shown in plate IVb. The circuit diagram is shown in
figure 2.4.

A square-wave pulse from the camera coincides exactly with the film
wind-on, The leading edge of this pulse closes relay R, disconnecting the
digitron cathodes from earith (via bank 1 - the outside bank in diagram), and
the {llumination cesses. When the film bhas wound-on the trailing edge of the
pulse moves on the first aniselector arm by one position and simultaneously
re-earths the cathodes; the display is now re-illumninated and shows the new
mmber. On receipt of each tenth pulse, the arms sweep around to the zem‘
posiiion due to the action through the second bank; as they do this a pulse is
foed, via bank 3, to the next uniselector, which themn moves on one position.
On receipt of every hundredth pulse, both the first and second selectors
return to gero and the third moves on one position; and s0 on. The con-
tinaous bank (sumber €) allows for the manusl reset of each decade to sero.

The quality of the image can be seen in plate III; it facilitates quick
recognition of frames and in this respect is superior to any other frame

aumbering seen by the author.



HILINNOD 3AVYOId HOLDITFTISINA $2O14 |
‘. —AO9

N
-
o
w_ .
a s

.... .....:"./:. ..........»//1/.. e RARTRLANKS e WY (N J
Wt .........'rc \ T ' . “a
3 No_ .3
sdlfivrayledalicga




2.7 Jhe chagsis
All the components described, with the exception of the compressed air

supply and control units, are mounted on a welded steel irolley, which also
carrvies the pipe and tap system necesssry for the various air and propane
transfer operations. It is 339" high, has base dimensions of 30 x €3’
tapering to top dimensions of 19" x 57" and is constructed from 3/8", 4" x 3"
angled steel. It can qulie easily be lified in and out of the experiinenial area
by crane,which enables all preparatory work to be done in a radiation-iree
rone while the cyclotron is In operation.
2.8 Electronic coptirol unit

For the successful operation of the bubble chamber assembly, the
propane must be in a superheated state at the precise time that a proton
pulse is delivered from: the cycloiron, the illuminnting flash (which acts as
the camera shutter) inust oceur when the hubbles of the proton tracks are at
8 sultable aize, the propane must then be recuv.npressed before much spurious
boiling can take place, the cameras must wind-on the films ready for the next
exposure, and fimally the frame numbering device must be advanced by one
unit, The organigation of ihis cycle of operations i@ carried out by the
transistoriced comtrol unit, which consists essentinily of a collection of pulse
generating circuits and variable delay circuits. PFigure 2.5 shows a block
diagram of the unit zand figure 2.6 shows the time sequence of the more
important pulses from the unit in relation to (he sensitive period of the
chamber.
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A Cyclotron R. F. pulses

B Gate to accept a pulse
to initiate B.C. cycle

C Accepted and amplified
pulse

D First delay

E Trigger to expansion
pulse-width circuit

I Pulse to expansion valve

G Propane pressure pulse

20 R

B
C
D
E
F
G
I
J
K
L
S A M
N
—

Flash gate delay

Gate in the sensitive

period of B, C.

Pulse coincident with the
required proton pulse
Flashdelay

Trigger to flash control unit
Fixed delay to camera-control
relay

Camera wind-on pulse

Fig. 2.6 Schematic sequence of pulses and delays for operating
the bubble chamber in the proton beam.
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There are three possible modes of operation of the umit, corresponding
to the positions A, B and C of the switch shown above the first delay uait in
figure 2.5. For operation {n phase with the cyclotron, ulses froin the latter's
radio frequency generator, in phase with the proton pulses, are sccepted
through position B. For testing purposes it la possible to cycle ibe umit
either continucusly with puises from the pulse generating n.uitivibralor umit
through position A, or singly by pushebution in an univibrator circuit through
position C. For both phased and anphased continuous operation the repetition
rate of the cycle is controlled by a setiing on the multivibrator circuit,

Because of the instabilities in the propane temperature (discussed in
section 2.3) the bubble growih rate tended to vary during the experimental
run and in order to photograph the tracks at thelr optimum quality, the time
deiay between the proton puise and the light {lash (delay (K) in fig.2.8) had

to be adjusted occasionally.

On assembling the chamber body, great care was taken to clean
thoroughly all internal surfsces. Any dust and grease left in the chambes
would give rise to scattered light, which wouid decrecase the quality of the
photographs. Before filiing the chamber with propane, a water pressure test
was performed up to B0- p.s.i., fwice the pressure to he applied to the
propane. This tested the safeiy of the apparatus and the sealing at ali of
the 'O' rings.

Propane veacis with water to form the insoluble hyd:ide, the presence



of this would destroy, or at least reduce, the transparency of the liquid.
Therefore when the cha:zber had beeun dra.ncd after the pressure iost it was
vacuum~pun:ped to reriove &ll iraces of water. When the chamber was dry,
a propane'n rescrvoir was comnected to the filling tap via a drying bottle
containing silica gel. the chamber was kept at room temperature and the
reservoir was heated to distil the propane inio the charber. The filiing tap
was clogsed when the liquid level was within 1" of the top of the chamber and
the propane was heated to its controlling temperature.

The optimun: rumning conditions were found to Le:

temperature 6200 (S.V.P, 330 p.s.1.)
ovet pressure 80 p.s. 1.

volume expansioa ratio ~ 8%

repetiiion rate 15 expansions/min.
expansion pulse width 39 maecs.

flash delay time 1 msec.

A bubble demsity of 2 io 20 bubbles/cm was obtained under these

conditions.
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C ER

THE BARWEL) SYNCHROCYC: OTRON, THE PROTON BEAM, AND

THE_EXTOSURE OF THE BUBBI E CHANBER

3.1 The synchrocyclotron
The Harwell synchrocyclotrom, built in 1:4%, ia of conventional des:.gn;

it has been described in detail by ADAMS & EDMUNDS (1 50) and by
PICKAVANCE & CASSE1S (1:5%). Protons, produced by a pulsed hydrogen
gas diacharge at the cenirve of the dees, are accelersted by a é kv radio
frequency voliage until they sirike a tungsten target at & radius of 42 inches.
The extiracted hearn comprises those protons &a& scatter from: the target into
the magnetically shieided extraction channei.

At the extracilon radius the circulating beam has 1 inch radial osciilations
about its stable orbit, ard therefore the emergy of the protons that strike the
target ls the oycloiron emergy correaponding to a alable orbit radius of 43
inches,

This is given hy

eg” 2 2
?Hrcgnii*

'I‘2 +2ET ~e
o
where r is the radius of extraction
H :s the magnetic fleld at this radiua
Eo is the rest mass energy of the proton
and T is the kinetic energy of the protons ai the radius r.

At & radius of 48 inches the cyclotron magnetic fieid is 15,800 gauss
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giving the energy of the circulating proton beam as 164 MeV. The tungsten
target degrades the energy to 154 MeV and g further 0.5 MeV is lost along
the tramsport system because of the presence of mylar windows and air gaps.
A beam energy in the region of 15i. & MeV is therefore expecied at the bubble
chamber. In fact, & value of 15:+).1 MeV was deduced from the range tele-
scope measarement, reporied in secticm . :, and & value of 13241, 5 MeV
was deduced from the measurements on stopping tracks, reported in section
5. &,

The interpal bearn strength of € x 1013 protons/sec (lpA) is reduced to
m'a protona/sec by the exiraction process. This full beam strength was used
for all the experiments on the beam, but for the bubble chamber run the
beam strength was reduced to approximately 1¢ 4 protons/sec (~6 protons/pulse).
3.2 The externmal proton heam
There are four important conditions that the bear: must meet.
1. The proton [lux must be siable at a level giving 5 to 10 protons per puise.
2. The proton pulses must be shori compared with the growth time of the
bubbles in the propane.
3. At the entry plane to the bubble chamber the beam must be coliimated
so that the protons are well spread out in the plane parallel to the
chamber windows. This makes it possible to see from the photographs
ezactly what happens tc each proton as it traverses the chamber,

4. There must be a smali energy spread in the beami.

Condition 3 is deait with in the next section, and conditions 1 and 2 in
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section 3.4. Here the requirements on the spread of protom energles in the
beam are discussed.

The beam energy sp read

The successful separation of the events representing protom-hydrogen
inieractions from those represeating proton-carbon inieractions, and the
subsequent separation of carbon events representing the direct knock-out of
a p-shell proton from the other carbon events {8 of extreme Importance.

For example, even a smatll coniamination of the p=shell eventa by hydirogen
events would seriously distort the measured p-shell nucleon momentam
distribution.

The clsaaification of an event inio one of the various reaciion hypotheses
is based upon the encrgy-luss (E}) measured for the reaction. This is given
by.

E, = E - B -E,
where E, is the energy of the incoming proton
E, is the energy of the i'® cutgoing proton
and ER is the energy carried away by the residusl mucleus
(caleulated from the momentumm unbalance in the reaciion)

The energies E, aod E; are calculated from the measured residual ranges
of the particles; the uncertainties in these energies determine the resoviuwiion
obtainable for Ej. There is an intrinsic limii to the accuracy of energy
measurement by this method, due to the statistical nawre of the slowing-down

process, and this determines the best possible resolution thai can be obtained



41
for EL' Added quadratically imto the intrinsic uncertainty in Eo is the
uncertainly arising {rom the spread of energies in the incident beam:; it is
desiruble that this be small enough to :ake an insignificant coatribution to
the overall energy resolution. Errors of measurement on the fiim contributs,
in most cases, only very srail errors to E;.

Let us now consider the precise beam energy spresd reguirements.

As a consequence of the pon-linear relationship between the energy of
a proton and its residuai range (E ~ARB; B~ 2,3), an energy spread in the
proton beam delivered (o the bubble chamber by ihe beam transport system
is magnified as the protons traverse the chamber. It is shown in appendix III
that for a proton beam of energy E and RMS energy spread dE, the RMZ
energy spread in the beam after the protons have traversed a thicimess 1. is

given, to a first epproximation, by

i"mo:l 5 A %g.i‘

where A i3 the range constant
and R is the range of a proton of energy E
STERNHEIMER (1360) has determined the straggle in the residual :ange
due to the statistical nature of the slowing-down proceas for protons of various
mrgies. Prom this information an estimate can be obiained for the intrinsic
energy uncertaiaty in the proton bum at each point along its path. In appendix
IV the energy spread due to straggling in the beam at a depth 1L is shown to

be, to a first approximation,



. ; R
o2 2 R-L

where k is the straggie coefficient as determined by Sternheimer
R and A are as before,

These two first order equations can be used to obtain some idea of the
requirements on the incident beam energy spread. If, for example, we make
the specification that the beam spread must contribute an energy uncertainty
in Eo less than that coniributed by the straggie spresad at, say, a distance of

12 ems in the chamber (where the energy is approx. 100 MeV) we get from

with dnmg qug

that the RMS energy spread in the incident beam (dE) must be less than
v, 6 MeV,

In {igure 3.1 the energy uncertainty in EL for a 2-prong event arising
from the combined straggling effecta on the incident proton and the two
product protons is shown as a function of the distance traversed by the
incident proton bhefore it interacts. Also shown are the independent energy
uncertainties that would be produced by imcident beams with initial RMS
ensrgy sproads of .5 MeV, 1.0 MeV and 1.5 MeV.

In figure 3.2 the energy resolution in EL' for EQ ~ 100 MeV, is shown
as & function of the incident beam energy spread. Since the straggling error
camnot be removed, undue effort to reduce the incident beam energy spread below

0.5 MeV pays very little dividend.
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Fig. 3.1 Uncertainty in the measured energy-loss at various depths
in the chamber, produced by straggling and by energy
spread in the incident beam.
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Fig. 3.2 Total RMS energy resolution for various incident
energy spreads, produced at a depth of penetration
of 12 cms (EO ~ 100 MeV).
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3.3 Experiments with the beam

The proton bean: that emergez fron: the cyeclotron extraction channel
has an snergy spread of approximately + 0 MeV. The beam transport system
has to reduce this to less than .5 MeV and at the same time produce 2
geomeirical beam profile at the bubbie chamber that is well spread-out in
the vertical direction and closely confined in the horisontal direction. There
was little axperience of getting-up 3 beam of this type and it was necessary
to experiment with the beam transport system before performimg the bubble
chamber experiment.

Three messuring techniques were used in these experiments:

(1) The beam flux leveis wers measured with an ionizaiion chamber.

(2) Geometrical profiles were recorded on X-ray piates inserted in the full
flux beam. Piate V shows a selection from the beam profiles obtained
during the evolution of the reguired form,

(3) Energy measurements were made with a range telescope. This consisted
of three scintiliation counters lined up along the beam path, and a set of
aluminium piates of upiform and aceurately known thicknesses - see
{igure 3.3.

To determine the spread of energies in the beam, the ratic of coin-
cidenices for counters 1, 2 and 3 to the coincidences for counters 1 and 2 only
is measured for various thicknesses of aluminium between couniers 2 and i.
When aliowance is made for muclear scattering in the aluminiur this ratio

gives the asumber of protons stopped by each thickness of alumimium and



hence the number of protons in the beam of emergy greater than E, given by
E~ ARB
wvhere R is the thicknesa of aluminium
A and B are the range counstanis for aluminiam.

Very small increments in the aluminium thicknesses are made when
the coincidence ratio begins to fall off rapidly, i.e. as the thickneas corres-
poading to the mean energy of thg beam is approached.

A typleal range curve from such a measurement is shown in figure ;. 4.

The measured energy spread is obtained from this by eliminating the
nuclear scattering component, which can be determined from the siope of the
curve at the iow aluminium thicknesses, and differentiating the resultant curve.

An evergy spread is introduced by the aluminium itseif because of
straggling effects and it Is the spread due to the combination of the incident
beam energy and the atraggling spread that is actually measurved. To separate
thein it is essential fo bave an accurately measured range curve,

The curves of figure 3.5 show the differentiated range curves which
would be obiained from measurements on beams of various inmitial BMS energy
spreads. The straggling component for these curves was obtained from the
resulis of Sternheimer who showed that for a mono-energetic beam the

probability of a proton stopping within the distance R to R+dR is given by
2

HRMWE = Fq:’ exp~ -(E;#

where R, 1s the inean range of the proti...s

& is the RMS spread of ranges.
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Fig. 3.5 The curves show the differentiated range curves expected
from beams with various RMS incident energy spreads;
the points show the two sets of experimental results obtained.
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Por 153 MeV protons in aluminium Sternheimer gives ﬁ‘ = ,01146. By
o

comparing the measured beam energy spreads with these curves the spread
in the beam itself can be determined.
Figure 3.6 shows a plan of the beam path between the cyelotron and

the bubble chamber. Components C!' BM 03 and ¢ were availshie when

1’
the beam experiments commenced. When all these components were set at
the vaives normally ussd for counter experiments, the geometrical beam
profile obtained at position A was that shown under label A in plate V.
With the quadrupole focussing magnets (Q) switched off, profile B was
obtained; this was changed to profile C by coliimating at Cl and 03. The
differentiated range curve obtained from a section of this profile is shown
by the crosses in ligure 1.6, Evidently 8 RMS beam spread in excess of
1 MeV was present.

To improve the beam two additions were made (0 the transport system:

(1) The collimator C, was inserted t0 limit the anguiar spread of the protons

2
entering BM1. Because of the fringe field of the cyclotron there iz an
angle-energy correlation in the beam as it emerges and close collimation
at 4122 can select part of the energy spectrum,

(2) A second bending magnet (BM2), which became available at this time,
was inserted in front of the bubble chamber to sweep away any low
energy component in the beam arising from slit scattering at CJ.

By suiiably setting all components in the new beam line, the profile E was

obtained (profile D shows en intermediate stage). The collimator setiings
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Viate V

K-ray exposures taien at various stages during the
setting-up of the bearn; they show the beam profiles
at the position o! the bubble chamber hexin entry

window.






for this beam were a2z follows:

x=1.1+0,2cms
cl
y no collimation provided
x=1,38 +%,15 cms
cz .
y= (G + lem
X =« +6.1 cms
C

y= O % ;cms

The sense of the co-ordinates can be seen from the sketch.
A

\

The differentisted range curve obtained from profile E Is shown by the

Looking up the beam tube

—> X
towards the cyclotron

circlies in figure 3.5 (the range curve itself is the one shown in figure 3.4).
Therefore this beam has & RM3 energy spread consistent with zero and
certainly below 0.3 MeV. The resolution in the emergy ioss spectrum for
the p-hydrogen eveats, discussed in section 6.6, confirms this resuit.

The mean thickness of aluminium required im the beam to stop ihe
protons was 20,58 + 1, Ul gms; this corresponds to a mean beam energy of
183,04 + (. 05 MeV.

.4 bbie chamber experiment

The preliminary testing and filiing operations were made z3 described
in section 2,9, The chassis was lowered into the experimental area and
lined up with the bear: path in the position shown in figure 2.6, so that the

heam profile E (plate V) was in the centre of the beam entry window.
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Beam condition 2 of seciion 2 was automatically satisfied because the
proton pulse supplied by the cyeiotron is of omly 60 Jisecs duration.

However, the magnitude of the flux had to be reduced io the extremely low
level of 5 to 10 protons per pulse; this was done by inserting the 'chopper’
(e block of lead) into the sirculating beam within the oyclotron tank.

Because the chopper had to be almost fuliy inserted to reduce the flux
sufficiently, it tended to give rise to seriously varying flux levels when the
oyclotron was noi completeiy stable. For example, whenever the oyclotron
tripped off, the chopper would cool and coniract and on the subseguent
restart of the machine would allow too much beam to pass. The beam flux
was therefcre costinuousiy monitored by an observe: with binoculars situated
ai a vantage point in a radiation-{reec wone above the experimental srea. It
was found that, despite the very shori duraiion of the iliuminating flagh, an
experienced observer was abie to detect serious fluctuations in both the flux
ievel and the quality of the tracks. When each cassetie was changed, a strip
of filiz from the end of the roll was developed to check directly the {lux level
and quality of the tracks.

For the last hundred frames of each roll, aluminium absorber was
placed in the beam path; 2.04 gms for 50 frames and 8,22 gms for 50 framaes.
The protons stopped approximately two-thirds the way across the vigible
region for the first set of frames and approximately hailf-way across for the
second get. From these, the range constanis for the propane under the

operating conditions could be found and also a measuremeat of the beam
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epergy could be made (see section 5. J).

28,000 photographs were taken and these yielded approximately 9,500
g-prong events; this was the iimit to the number that couid be analysed on
the measuring-machines in the machine time wmade available for this experi-
ment. It had been hoped that another 1v,000 photographs would be takea to
obtain better statistics for the J-prong events, the analysis of which required
mainly scanniag-machine time, on which there was no limit of avallability.
However, the run was brought to an end before these additional photographs
could be taken because of the temperature controlling difficuities diseussed
in aection 2. 3.

Plate VI shows a typical frame,



Flate VI

A typieal exposure showing a 2-prong event and
the fiducial marks on the windows of the bubble

chamber.
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CHAPTER 4
EXTRACTION OF INFORMATION FROM THE FILM

4.1 Introduciion

The collection of the experimenial data was completed in approximately
two weeks but the subsequent extraction of this date from the film took almost
eighteen months. Some 27,897 expansions with the full cnergy proton beam
were :ecorded but, for various reasons, such as flash tube failure and foaming,
1,239 frames were unusable.

The film was first scanned, when all the relevant information on each
{frame was no:ed, and then each 2-prong, 3-prong and 4-prong event was
measured; the measurement consolidated , in a coded form on punched paper
tape, &ll the information nseded for the geometrical reconstruction of each
event. The paper tape was proecessed by a Ferrantli “"Mercury” compster to
give all the relevant geometrical and kinematical quantities for each event.

Appendix V gives the actual instructions followed in the routine analysis
work. The remaining sections of this chapiter are concerned with some of the
details of the procedures followed, the discussion of which highlighta the
difficuities encountered in the collection of data by the baubble chamber method.

Scanning snd measuring were kept quite independent of each other and
they were, in fact, performed on different types of machines. The explasmation
for this 13 that the measurement of events on the fllm requires mmch more

complex equipment than the basio projection and wind-on mechanisms required
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for the scamning of the frames. It is therefore not an economieal proposition
to use more time on the measuring machine than is essential for the actual
measurement of the events,

Because of the repetitive nature of the scanning proceas and becanse of
the difficulties of the interpretation of the scanning instructions in border-line
cases, the data collected depends to some extent upon the person scanning
and also upon his or her mental aleriness at the time of the scan, For this
reason two completely independent scans were made of all the frames and
from them a master-list was compiled. This master-liat was used to find
the events at the measuring stage of the analysis and whenever the list
showed a disorepancy between the two scans an adjudicating decision was
made by the measurer or, in cases of difficulty, by a physicist.

4.2 Seanning

This was performed on "British National Scanning Machines” with a
magnification from film to projected image of 20; a description of these
machines has heen given by CRENNELL (1:6).

Scaunning is easentially a process of finding and tabulating all the events
of interest on the film, in this case, the events with two or more prongs.
However, to prevent inaccuracies in the cross-sections and the various
angular and oenergy distributions obiained from the analysis, it is important
that as much systematic bins as possible is avoided in the collection of the
data.

Systematic biases arise because some classes of events are more easily
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overlooked than others. Thus, for example, those 2«prong evenis with one
very short prong are more likely to be overlooked than those with two long
prongs, and since the proton energies decrease as the heam traverses the
bubble chamber, the effect becomes more marked. Figure 4.1 shows a good
example of such a losa. The distribution of proton enmergies is shown for all
proton~hydrogen interactions for which the interacting proton energy is greater
than 59 MeV. In the abasence of any loss of events the known isotropy of the
{p, H) cross-section in the centre of mass of the system dictates that the
distribution should be uniform from zero up to 52 MeV; in fact, it is seen
that there is 2 complete loss of events that have one proton of energy leas
than 4 MeV, and a gradually decressing loss for events that have one proton
energy between 4 MeV and 12 MeV (one bubble diameter corresponds to an
energy of approximately 4. 5 MeV).

A big reduction can be made in scanning biases if those frames on
which it is very difficult or impossible to foliow right through the bubble
chamber the path of each incident proton are excluded from the analysis.
Thus, for example, a frame was excluded from the analysis if:

(a) all the beam protons entered very close to each other
or (b) there was a very large mumber of tracks on the frame
or (c) the tracks weve too faint for efficient detection; this occurred

occasionally when the {lash tube deteriorated more quickly than
expected or when the propane drifted from its ideal working

temperature.
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Because very strict acceptance criteria were lroposed, approximately 25'5 of
the original irames were rejecied (see chapter 7 and the table on page 55
for details).

Although all 2-prong evenis on rcjected i{rames were completely ignored,
1 was decided that 3-prong and 4-prong evenis seen on these frames would be
included :n the l:sis - but their or:gin was noted so thai they could be excluded
fromn absolute cross-section measurements. These events were included for
two reasons: firsily, because of the failure to accunulate, as planned, extra
exposures to improve the atatistics of the -prong and 4-prong events, and
secondly, hecausc, due to the large loss of T-prong and 4-prong evenis even
under ideal comditions (because of the.r very short proags), aby additional Lias
introduced by including the events on rejecied frames would be small in any
case.

When a frame was accepted, il was systematically examined for the
presence of events with two or more prongs. All three views were exairined
because someiimea an eveni i8 clearly visible on one view only. Evenis with
miore than two prongs are confined to the {:rst balf of the chamber where ihe
energy of the interacting protons is high. Also they proved to be easy to
detect because they are characierized by the absence of long prongs. or
theze reasons the scanning of the rejecied frames for the r ulii-prong events
was not as difficult as might have been expected. This fac., reporied in the
next section, is reflected in the high scanning eif.clencies achieved for Lhese

events.



There are several reasons for not recording some eventz which at first
sight might appear quite acceptable. The application of the following tests
removed some of the unwanted events before the measuring stage wans reached.

(2) H the angle of entry of the incident proton, as seen on any of the

views, was more than 3° from the mean eniry angle, the event was not

accepted. Protons entering at large angles must have scattered either
in the beam entry window or in the unilluminated part of the propane,
and, since rothing is known about these scatters, the protons have
undeterminable emergies.

Figure 4.2 shows the distribution of the angle between the incident
proton direction projected on to the front window of the chamber and
the horizontal.

(b) If the incident protom track, when projected backwards, fell outside

the vertical limits of the beam entry window the event was again not

accepted. The beam entry window limits drawn on the teat template
lie jast within the actual window Hmits to allow for the rounding off of
the corners of the window. Any proton outside these limits will have
been degraded by an unknown amount.

Figure 4.3 shows the vertical distribution of the tracks entering the
chamber.

(e) The incident proton track of an event was carefully examined and if

it had a scatter on it the event was ignored. In this case the incident |

proton must be considered to have given rise to a one-prong event and
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80 coniributes to the elastic or (p,p) cross-section and not to the
multi-prong cross-section. (A multi-prong event with a {further inter-
acilon on one of its prongs rusi, of course, be included: although a
lull analysis cannot be n:ade of such evenis, they muai be allowed for
in the calculation o c¢ross-sections,)
These criteria were also applicd when the number of tracks on the frame
was counted. this was done on every tenth frame.

The three tests given above eliminate riost of the unwanted events, but,
due to the fact that a two dimensional projection of the bubble chamber apace
is observed on the {:lms, large angles and displacements in a direction away
from the cariera plane cannot be detected on the projected images. Another
test was therefore made in the recomsiruciion program to remove any such
eVenes

Figure 4.4 shows the distribution in depth of the apices of events and
figure 4.5 shows ithe dis:.ribution of the angle, projecied on to a horizontal

normal
plane, between the inci.dent proion directicn and a horizontal lingpto the plane

of the beam: entry w.ndow.

4.3 Conparigon of the two independent scans

The table below suirmarives the daia obtained {ron: the two scans. The

nuinier of frames examined wag 27, Ln¢
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. Secen on 1st scan

Seen on 2nd scan

Seen on
hut not 2nd nut not 1st both acans

No. of rejected {rames 2704 2124 6237
No. o 2-prong evenis 1239 + 771R 966 + 9R0R 5544

*
No. of %-prong events T+ 4R 36 + 18R ¢23 1

L
Neo. of 4-prong events 2+ 1R - 23 2

R denotes the evenis scen on one scan which {el]l on {rames rejected
on the other scan.

.1

623 includes 135 evenis on frames refecied on voth scans

*2 2! includes 8 evenis on lrames rejected on both scans
The pun:ber of 4-prong evenis is considerably less than the total
nuoiber of 4-prosg events actually measured hecause 3 comparatively
large number of 4-prong eveaty was discovered when the classified
leprong evenis were crxamined coloselv under a microscope at the
measuring stage.

Scanning efficiencies can be deduced from the figures in the table.

To obtain an expression for the efficiencies of the two scans and of the

combned scan, it iz assumed that the events nol seen on each scan form

a random sample of the events actually present.

Therefore if

P

%z = =
]

= number of events seen on hoth scans

e = the efficlency of the lst scan

¢ = the effic.ency of the 2nd scan

13-

C = the efficiency of the combined scan

= no. of ovents seen on the 1si scan bt noi on the 2nd
no. of events seen on the 2nd scan but not on the 1gt

= the unknown total nmumber of evenils present




then

No. of evenis seen on the 1at scan = eIN

No. of events aeen on the 2nd scan that were not seen on the firat scan
=e, X the no. of events not seen on the first scan
- e, (N-elm

The total no. of evenis seen by both scans is therefore
eN = e1N+e2N~e

e = e ‘e, ee, (1)

and the ind'vidual efficiencies are

129N

e, = e(N°+HI) (2
1 No*l'ili-ﬂz :
ei{N N
and e = 2 2) (3)

9
2 H°+ Nl+ Nz

Equations (1), {(2) an () can be solved for el, ez and e .
It rust be remembered that these expressions do not include systematic
losses.
Using the equations and the values given for the 2-prong events in the
x
table (and igmoring those events on rejected frames), the efficiencies derived
are

e, = §5.2¢%

81. 287,

L 4
H

e = 97, .?Gi’x
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These figures give a lower-limit estimate for the efficlencles because
the first two columns of figures in the table for the ?-prong events reflect,
to a large extent, thoge cases whers a scanner was {n doubt as to whether
or not an observed phenomenon was a 2-prong event. Different decisions
on the two scans for the same phenomena therefore give rise to a large pro-
poriion of the events in these columns. It can be seen in appendix VII that
about a half of these phenomena proved not to be 2-prong events when studied
more c¢losely at the measuring stage. This reflects a tendency on the part of
scanners, especially when tired, to record a doubtful phenomenon rather than
to examine it carefully on all three views. This is inclined to make the
scanning efficlencies, as defined sppear rather low.

An upper limit for the efficiencies can be obtained by amalysing those
2.prong events that have both prongs of length greater than, say, 2.5 mms
(corresponding to a proton energy of approx. 10 MeV). This category of
evenis excludes most of the doubiful phenomena described above, although it
also excludes the event types particularly prone to loss at the scanning stage.

From these events the following upper-limit efficlencies were obtained

el = 08 6%
e, = $5.1%
e = 99 8%

It is interesting to note that, despite the short prongs always associated
with 3-prong events, the detection efficiencies for these events are of approx-

imately the same magnitude as those for the 2-prong events. From the



figures in the table (oxcluding the events on rejected framces), the efficlencles
are calculated as

e, = 93.1%

e = 81,3%

®

e = 99 4%
4.4 Measurement of events

The 2-prong events were mecasured on a machine constructed at the

Nuclear Physics Laboratory Ly the bubble chamber analysis group. On this
machine (which differed in this respect from most of the nachines in use at
the laboratory), the measurements were performed on the projected image
and not on the film itself. A co-ordinate measuring apparatus, previously
used and described by HOPKINS (1961), was provided with an sutomatic
digitirer, coupled to a paper-tape punch, and set over the horiromtal screen
on tc which the inage of the filri was projected with a magnification of
approximately 27. To record the co-ordinates of a point a reference cross-
wire, carried on the co-ordinate arms, was get in coincidence with the
relevant point and a foot-pedal switch was operated to transfer the x and y
co-ordinates of the point on to 5-hole paper tape. The sequence of points
measured and the facilities for correcting errors are shown in detail on the
"Measuring Procedure” given in appendix V. The measurement of fiducials
on the chamber window provides the link between the co-ordinate system of

the measuring machine and that of the bubble chamber,

Accuracy of measurement was checked in the geonetrical reconstruction
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program and all events that failed to meet the tight tolerances imposed on the
meastired pointa were soparated out. These events, with certain exceptions,
were remeasured until they were accepted by the program. The exceptions
referrc! to were those events that only just failed to meet the accuracy
requirements and wh_ich were recognized from the computer output to be due,
unambiguously, to proton-hydrogen interactions. Because no detailed analysis
of these interactions was to bc made, & set of less accurately measured eventis
was quite acceptable.

The 3-prong events were measured on a "Cooke series 477" microscope
at a magnification of 153. The need for a microscope measurement was
clearly indicated when an initial measurement showed that omly §50% of the
events could be measured on the measuring machine because of the small
relative gize of the event compared with the reference fiducial. With the
microscope R57 of the events were measured. Also, with the microscope
a much more accurate setting could be made on end points and apices, and
this i{s important in the case of 3-prong evenis because of the large number
of associated shori tracks. Plate VIigives a good indication of the improve-
ment obtained by using the microscope; the two photographs show the same
-prong emnt. as it appeared on the measuring machine and under the

microscope.

* The frame shown was actually rejected on the criteria set out in section
4.2



Plats VI

A 3-prong eveni 2% it appeared oa a nieasur.ng machine

and as it appeured under the mieroscope
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Whenever possible the events were measured on all three views and the
reconstruction was performed for all pairs of views that met the accuracy
tolerances: the results fron: these reconstructions were then averaged. The
presence of distortions or of other tracks sometimes prevented measurement
on one or more views. An --ample of distortion is shown in plate VIO in
which view B is undistorted and view A has s distortion on one prong.

Bacause the n:icroscope was not supplied with an automatic digitirer,
the following operations were necessary (o transfer the information from the
microscope to paper-tapc:

(a) x and y co-ordinates were read from the micrometer screw gauges on
the ralerascomm

(b) the maombers weore wriiten on specially prepared forms

(¢} the numbers were teleprinted on to S-hole paper-tape.

Each operation involved 42 numbers per event and the cumulative errors
of the three manual processes werc such that 5 % of the events were found
to have errors whon they were checked im the reconstructiom prograr-. This
meant that, on average, 2ach event had to be measured twice.

About 17% of the l-prong evanis recorded in the scanning process were
found to be 4-prong evenis when they were cxamined under the microscope.

These and the other 4-prong events were also measured on the microscope.



Plate VIU

Two views of a 4-prong event under the microscope,
indicating the type of difficulty that occurred as a

result of optical distortions in the propane.






61

CHAPTER 3

IOM MEASUREMENTS TO PHYSICH

8.1 Introduction

The paper-tape outpu! from the measuring nachine contains all the
information necessary for the identification and reconstruction of cach event.
It was processed on "Mercury” computers at ARY, Harwell and at the
Computing Laboratory of the University. The program for the analysis of the
events was written mainly in "Autocode” and its main functions were to read
and decode the co-ordinates of the measured points, to check on the accuracy
of the measurements, to reconsiruct the events i{n three dimensions from the
information provided by two stereoscopic views, and finally to calculate the
necessary geometrical and kinematical quantities.

This chapter

(a) shows the derivation of the equations uged for the reconstruction,

with emphasis upon their use in practice;

(b) describes in detail the program written for the analysis of the

2-prong evenis;

(¢) indicates the modifications to the basic program necessary for the

analysis of the 3-prong and 4-prong events;
and (d) deals in sorue detail with the determination of the paraireters npeeded

for the analysis.
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5.2 Reconstruction of an event from measuremenis on two BteTeoscopic views

for the sake of the discussion, 2-prong events are considered.

For all 2-prong events the points x to XY, were measured and for

171

some eveuts either or both of the points au:ey6 and X,y, were also measured

7
(see appendix V). These latter two points, when measured, were used only

for measurement accuracy checks.

"X
The apex and the end points of the two prongs could be unambiguously identified
and measured on ihe two separate views, but the point of entry of the imcident
protoa to the illuminated region of the chamber was usually indistinct because
of a slight diffuseness at the edge of the illuminating light-cone; non-corres-
ponding points were measured therefore on the incident track. Because of
this, the method used for reconstructing the two prongs was different from
that used for reconstructing the incident track; these two methods are discussed
below.

The co-ordinaic axes (XY7), (xy'r) and (x"y"»"") all refer to a system
using the base line of the cameras, projected on to the bubble chan.ber window,
as the abscigssa It is assumed that the transformations through the co-ordinate
systems deflned by the measuring machine and by the fiducials etched on the
bubble chamber window have been made. The co-ordinate axes are shown in

appendix VI and the series of co-ordinate transformations made in the analysis



progran: can be seen in figures 5.1 and 5.2

Reconstruction of the corresponding points of the prongs

In appendix VI the equations are derived which relate the spatial co-

ordinates (XY7) to the film co-ordinates of a corresponding point;

thay are:
2 (y'x" +x
X
(y'=" = y'x™
(y’,X' - y0xi’)
fy" d *©22 2 92 * ’5522 2 22\'i
7 = | e—— ,,,----Sn f +«{x' " )}n -l)} n"f Hx' +y' Wn ~1)
y'x"-y"x { l
where

x'v' are the co-ordinates of the poiant on on: view, scaled-up to bubble
chamber dimensions

x"y'" are the co-ordinates of the same point on the other view, also
scaled-up

£ is the distance between the cameras

d is the perpendicular distance beiween the camera lenses and the
front window of the chamber

f ig the distance between the lens and the film within the cameras

& is the thickness of the front window

n* is the refractive index of the front wimdow

n is the refractive index of the propane.

Because the co-ordinate system is tlied to the two camera positions, as
described above, y° la approxin ately equal to y" (see appendix VI), This
property is used as s check on the accuracy of the measurement of corres-
ponding points.

I the co-ordinates y' and y" are replaced by y = ﬁgﬂ-" the above
equations reduce to

2/2 (x* +x")

X = x'-x"
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It is shown below that the crrors arising from this approximation are
very small and that, paradoxically, it la easentie! to use the “approximate”
cquations ia order to achieve accurate reconstruction.

The approximation y ~ y"

It can be shown, by manipulating the equations of appendix VI, that

2 .
.o Yeir 2-r?) | 2(n"-1) S (n*2-1
Y-y r~ ‘M{ ;g + —L-—T_l i

where r' = (x 21y 9
and the other symbels are the same as before.
If the worst combination possible within the bubble chamber for the
values of Y, 7, r and r" iz used,
y" -y’ ~ 0.15 mun
this is of the same order as the measuring errors. In general, therefore,
the error arising from the approximation is mmch smaller than the measuring
error and it can be neglected.
Because of ihe presence of measuring crrors, the emact eguations can,
under ceriain circumstances, lead to very large errors in the reconsiructed
points. For example, consider the first term in the exacl equation for 7.

The error in this due to measurement errors in y' and y" i



65

127 19
s e Y I e r—— A "
y (xn'x ) y yk'{:‘!\ﬂ’x', y

Therefore for points close to the camera bese line (y and y" ~ ), the
error in 7 can become very large.

The reconstiruction of the {iducials on the back window of the bubble
chamber illustrates this point very well, because for each view pair two
fiducials li: close to the camera bage line, as can be seen from the

following diagram:

-t

v

The circles show the intersectiona of the optic axes of the cameras

with the window, and the cross-s show the approxinmate positions of the
fiducials mezasured.
The 7 co-ordinates of the fiducials, as reconsiructed fron. the exact

and approximate equations, are shown in the table (in centimetres).

‘ viewa land 3| views 2and 2 |views 1 and °
r 13.9 292. 7.

E 1 13 | 9 27.4
X ¥ 29, » 2. 8 25. 2
A 2

c F. 18. 7 23.6 23.9

_T ! * ——

4 F, 29. 9 i’ 29,17 21,9
,}; Fo 22. 1 i 27 2 23.3
2 F 29, ¢ 23.0 23. 6

AR T s et 7 AN



The measured depth of the chamber is 22.67 ¢ma. *
It ig seen thai in each case the two fiducials lying close to the base

line were very hadly reconstructed by the exact equations. The approximate’
equations were, therefore, used throughout the analysis.

Reconsiruction of the incident irack

A reconstruction method based on the construction of corresponding
points on the Incident tracks was found to lead to errors of up to 2 to 3 MeV
in the calculated incident emrgy; The foliowing c.cthod, using the anglea of
the track, as measured on the iwo views, gave an order of magnitude im-
provement in accaracy.

It i3 shown In appendix VI that the spatial angles of the incident track

(o and A are related to the angles of the irack measured on the film (8 and

8 through the equations

-1 tan
bt -3 n
tan {"——%mn )

-1 tan &
3'n A8

(Yg-l/% tané” - (Yo*-l/z) tans’
= (z0+mi +* ;;E/ﬂ*)(mna"-mna‘)

a = tan )

where tan®

£ iand tana"”

X,
and tan @ = 2 -
(zo«md-mgnﬂ) (Zo+mi+n a*){tan®é' -tand’)

XOYO'ZO are the co-ordimntes of the apex,

——

* Tho digcrepancies Letweon this value and those given in the table are due

mainly to the fart that these mimbers were obtained before the camera positions

had been finally determined
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From a, 8, :x’o. Y o' and Zo‘ the point of intersection of ihe incident
irack with the ingide of the beam entry window was calculated.
The angles 8° and 8" were obtained from least squares fits to the three
points measured on the incideat track.

8.2 The comnuter progran: for the analysis of the 2-prong ¢venis

This wns written mainly in "Aatocode”, but basie machine language was
used for Jecoding the co-ordinates punched out Ly the measuring rachine.
igures 5.1 to 5.7 show, together, a maeroscople /low diagram for the whole
program, which can conveniently be divided into three sections. The firat
section, shown in figure 6.1 and the upper part of figure 5.2, deals vwith the
reading of the measuring machine tape; the checking for format errors on the
tape and for inaccurate messurements; the decoding of the co-ordinates to
decimal form, and the {ransformation into the camera-co-ordinate system of
all the even: co-ordinates The second seciion. shown in (he lower part of
figare 5 2, deals with: the recousiruciion of corresponding points and ihe
incident track: the transformation of points and angles back to the fiducial
co~-ordinaie aysicen:; and checking that the tracks do not leave the illuminated
region of the propane or pess through the bubble chamber windows. Finally,
In the third section, shown in figure 5.3, the geometrical and kinematical
quantitics are caleelated and printed on to the output tape.

More details concerning some of the operations ani calculations shown
in the flow diagrams are set out in the following notes:

1. The point measured first and last on each view was the fiduc.:) at the
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centre of the front window of tha chamber. Any inconsistent Lehaviour of
the measuring machine can be detected by comparing these measurements.

. The parameters of the straight line fitted to the incident track on each

view are given by:

,. (= 2 .
Z:agyi in | >~% inlfi_
m = and ¢ = =7
‘ ! —
Zx® T Zx? Zx |
i i i
* 3 /_f_;xi 3
=1 2.

. The illuminated region of the propane is ceonical, with a ¢ross-section of
the same shape as the condensung lens (see plate UI). A aset of equations
defining four planea and fotur conic segmentis gave a good fit to surface of
the region. The diatance of each point from the surface was calculated and
it was found that, with the exception of those points associated with events
at the very end of the chamber, all the end points lay well within the
illuminated region. ‘[he same result applied for the distances of the end
pointa from the windows of the chamber. Since evenis ai the very end of
the char:ber were excluded from the analysis (see section §.1), all reaction
products of intsrest stop within the visible region of the chamber.

The azimu&lm angle (A) is defined as the angie between the plane of the
front window of the bubble chamber and the planc containing the incident

track and the longer of the :wo prongs. In the program it was calculated
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i L. 2
A= izi%[mm
o1 ol

where !o is the incident track length vector
!‘l is the length vector of the longer prong
7 is the un't vector perpendicular to the chamber window
and Qol s the angle beiween the incident track and the longer prong.
The coplanarity () of the esont is delined as the volume of the paraliclepiped

whose sides are the umit vectors along the incident track and the two prongs.

. Tnergies were calculated {ronm: the tanges of the particles (or, in the case
of the ipeident proion, ‘(he residual range). Yor orotons the range-energy
relationship used was:

log_eF; = 3. 0448 + 0. 5427 logeﬁ + 0,048 (logem?

(E in MeV and R in ems)

. In the initial analysis all the olx=nrred tracks were assumed to represent
protons and the 2-prong events wore analysed either as (p, H) reactions or
Cm(p,szn resctions. To establ'sh the energy loss in each reaction the
quantity Eoozﬁl-?ﬁz was firat caleulated

where ?:0 is the energy of *th: interacting proton

and El and E_ are the energizz of the two "protons”

produced by the interaction
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1§ 220-31-3:2 is in the range 0 + 8 MeV the event must represent a (p, H)
react;on, but if it is greater than 5 MoV the event almost certainly
represents a (p, ‘C‘“) reaction. The ‘good energy resclution obtained for
the energy-loss distribution for the ?-prong cvents, as shown in chapter 6,
makes this unambiguous scparation poasible,
T'or Wydrogen evenis 'f:‘,ﬂ-El-ffg was printed as the cnergy loss, but for
carbon evenis the energy of the recolling mucleus (EB) was calculated
from the momentum balawnce, assuming a Cm(p. Qp)Bu reaction, and

e ~E?-ER was printed as the energy loss in the reaction.

o F1
A subsidiary program was written for reconstructing the carbon evenis

on the assumption that they represenied various reactions involving beavy

particles, for example (p, pa), (p.pd) etc.

A bhook-keeping program was used to gort out the events inio various

categories. The operations of this program are summarized in figure 5. 4.

5.4 Commter programs for the analyels of the 3-prong and 4-prong evenis

‘These programs wers basically the same as the 2-prong program. The

main differences were as follows:

The decimal co-ordinates from the microscope measurements were read
into the compuicr by the standard “Autocode” fast rend routine and they
requived no decoding.

>, Measurement from cither (wo or three views cculd be read In; the
relevant directive was stored in the event tdemtification ruunber.

For the 3-prong events the initial analysic was made in terms of the
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12 19 ) y
C (p,3p)Be” reaction, amd for the 4-prong events in terms of the .
Cm(p.tpu,ig reaction. Later, a whole range of reaction hypotheses,
involving one or two of the particles d, t, He'?’ or Hiei. were investi-
gated for the 3eprong events, and the reaction hypotbesis Clz(p, p3ar)
wag lovestigated 'or the 4-prong events.
The range-encrgy relaionship used for the h-avy particles was:
2 2 @
log (=4 = 90446 + 0.5427 log (a=R) + 0.70345 |1 (-%-m)
%' . ' B P e P %e'm
where R is the range in centimetres
u. 18 the mass of the particle in units of the proton mass
Z is the charge of the particle.
When three views hal been mieasured for an event, the event was
reconsiructed on each o the three poasitle view pairs in turn
After all events had been msasured, and, where nocessary, reieasured,
the r-sults from all ith: acceptable reconstructions for each eveni were
averaged.

Bubble chamber consianis

Numerical values for several parameters of the apparaius were r-qulred

for the anslysis of the events. The methods that were used to . :iorr.n: these

are discuszed below:

1

Thickness and refractive mdsx of the front window of the chamber.
These wers determined by direct measuremnent on the window
thickness = 1 89 cms

refractive index s 1, 57,



12
2. Co-ordinates of the camera prineipal axes in the fiduclal! co-ordinate system.
A standard program, written oy BOCK (1060) was available for the
determination of the camera co-ordinates. It assumes that the two
windows of the bubble chamber and the plane in which the camers lenses
lie are parallel to sach other, and it requires the following input infor-
mation:
(1) Refractive index and thickness of the froat window
(1) Depth of the chamber and the refractive index of its contents;
the former was obtained directly with a copper spacer-bar
(=22. 97 cms), and the latier was unity because the measurements
were made on photographs of an empty chamber.
(111) Distance between the cariera plane and the chamber window;
found by direct measurement (=885.13 cms).
(iv) Co-ordinstes of the fiducial marks on the front and back windows,
found by theodolite measurement during the assembly of the chamber.
(v) Approximate co-ordinates of the cameras in the {iducial co-ordinate
system. Found by direct measurement.
(vl) Distances between the three pairs of camera lenses. Found by
direct measurement.
(vif) Measurements on the film from each camera, taken in the same
order as in (v), of each of the fiducial marks, taken in the same

order as in (iv).
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The co-ordinates of the camera principal axes calculated by the

Prograul were:
camera 1 casera 2 camera 3
x{omg) ~13.64 14.55 14.73
yloms) - 0.61 «10. 66 8.6Y

3. Refractive index of the propane under operating comditions.
An iterative method was used to determine the refractive index.
Its value in the analysis program was varied until the reconstructed
values of the Z co-ordinates of the fiducial marks oa the back window of the
ohamber best fitted the known depth of the chamber. The best fit was
obtained for a refractive index of 1.22 +.01.
4. The position of the beam~entry plane in the {iducial co-ordinate system.
This was found, by theodolite measurement, (o be in the yz plane
at x = 15. 45 cms.
5. Parameters of the range-energy relationship in propane and the incident
proton energy.
The range-enorgy relationship was determined by mumerical integration
from the energy~loss formula of LIVINGSTONE and BETHE (1837), which

for protons is:

--:-f = i’-g- NZ [m};ﬁ (i"-‘,‘-f) - log_ (1-5%) —ﬁ’)

where o is the electronic charge
m is the mass of the electron
v is the velocity of the incident proton
NZ h/ﬂ\e electron density in the target
B =v/e



and I i3 the mean excitation potentigl: the values used were
lﬂwl'i.ﬁev and lc = §9 eV,

On integration the above equation has the form
E = % NZ {(R)
and & quadratic function of the form
log&E = A+ Ble¢°a + C(M‘R)z
was found to fit the tabulated values of E and R to within v.15 MeV over the
energy range 1 MeV to 130 MaV.
Because the demsity of propane under the operating conditions was not
precisely known, an appreximate value (0,434 gma/cc) was used to determine
B and C (it can be seen from the equations above that the density, which
determines NZ, is contained in the parameter A only). \iith the appreximate
density the parameter values were A = 3.0848, B = (.5427, and C = 0.00345,
Mormﬁmfrompmﬁmatopmdinthuprcmmbymwnthmknesmw
aluminium was then used to determine the correct value of A, as indicated
below:
Let Eo = energy of the protons delivered by the beam trangport system
EL' energy of the protons after passage through L gmms of Al absorber
Eucenem of the protons after passage through M gms of Al abgorber
"Lﬂmmuummpmmdpmmafenetgy E
"uﬂmm range in propane of protons of energy E,
';Maungeinnlumm&umelpmmdmrw}so

Assuniing a range-energy relationship for protons in aluminius of the

form:
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| Bal
EeA, T

mw«sLmnmmmwmumc{mmw

as
B, =A, R w«x.,)BM
and EM = A Al B OAI-M)B‘H
From the measured ranges in propane ry andrm (see section 3.4)
le‘eEL “Ad Bloge rL * C(loge rL)z
log By, = A + Blog,Fy, + Cllog, ¥’
Using the values:
AAI = 26,825 BAi = 0, 57186 RICH and MADEY (1954)
TL = 26.1 cms !'M = 18,5 cms
B = Q,5427 C = 0.00345

L = 5,47 g’m.i:/cm3 B = 11.65 @w/cmz
and solving for A and R (hence E ) the following values are obtained
A = 3, 0446
E, = 152%1.5 MeV.
The range-energy relationship for protons in the bubble chamber is,
therefore

log E = 3.0446 + 0. 5427 log R + 0.00345 (lq‘R)z

6. Demagnification from bubble chamber to film.
This was slightly different from view to view and from roll .o roll,



because of inconsistent positioning of the cassettes in the camers
housing. For each roll of film the demsagnification was obtained by
comaring the measured separation of a given pair of fiducial marks
with the mean value obtained from all the measurements avallable

from the iilm. The demagnifications were all within about 17 of 13.0.



Fart 1 The analysis of the results



CHAPTER 6

INTRODUCTION TO THE FXPEIRIMENTAL RUSULTS

¢ 1 The incident energy spectra for the analysed e¢vents

The Incident protons enter the lluminated region of the propane with an
energy of approximately 132 MoV and lcave it with approximaiely 25 MeV.
Tigare 6 1 shows the distriluition in incident energy of the measured 2-prong,
3-prong, and 4-prong evenis

The propane bubble chamber method is not very suitable for investigating
proion~carbon reactions for low cnergy protons In figure ¢ 2 the measured
angular correlation Loiwesn the two prong: of a randor selection of hydrogen
events is shown ploited againat the onorgy of the shorter prong; it can he soen
that the reconstruction errora necome very large for events with a prong energy
below about 15 MeV  All carbon events w:th incident proton energles less than
51 MeV have one prong of proton ener less than 15 MeV.  Also, as was

x

pointed out in section 4 2, there i8 a serious loss of events in which low energy
protons are produced Yurthermore. n the present experiment, the energy
errors due io straggling and spread of any :ntial beam energy spread increase
rapidly at the low proion energies; this was shown in figure 3 1. Therefore,
events init:ated by protons of energy less than ) MeV are excluded from the

analygis

# i e the energy calculated for the pariicle assuming i (o be a proton
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a-prong, S-prong and d4-prong ovents

The 2-prong cvents can represcni proton-hydrogen reactions o protone-
carbon reactions, but the 3-prong and 4-prong evenis musi vepresent proton-
carbon reactions  For a hydrogen event the incident track and the two prongs
show the compiete reaction, but for a carbon event the recoiling residual nucleus
is never seen  However, when the residual nueleus s ihe only uncbserved
procuct from a proton-carbon reaction, the latier iz stll complcicly kinematically
defne! by the momentum and energy bmlances for the systsm

Hydrogen eventa can be coxpletely separated {rom carbon evenis, and
they can be analysed without any difficulty Bat for carbem events, there are
two factors that enmplicate the detern:inmation of the nature of the causal resetions
Firstly, the prongs of an avent can represent protons or heavier particles such
as 4, t, He3 and Heé, aml i is mot possible to distinguish between these by
looking at the tracks Secondly, an event does not always show all the product
particles of the roaction; there can be neutrons present or charged particles
with insufficient energy to rrodvce the mininum ohservahle prong length of one
hublile diameter; the latter loge is particularly serious n the case of a-particles.

Various reactions that can contrilate to 2-proag, J-prong and 4-prong
events are listed below:

2-proug cvenis: ﬂl(p, p)Hl

sz(p' 21})811

B 2
) g 1

cPip. o) 8% ip. p89B°: c 2ip.pHe B’ ©

%0, 2pxmyt! x=1, ° 3,

b
b

8 I
(p, per) Be
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J-prong events : Clg(p, 3n) Bew

1?2 2 8 2 2 o
< (p, zrxi)Be9= C1 (p. 2pYBe ; Cl?(p.zpae )1.13;01 (g.?pa)m'i

12 g
C” (p,.p2d)Be ; ete

2 -
CI (p. :};-zxn)Bew x= 1,2,
4-prong eventa: Cw(p, 4;;)!.&9
12
C (p.pi@)
L 2 Q-
cHip. aprmy X x=1,2.9, ..

Possihle raciaiive decays of low-lying cucited siates of res:dual aucicl
ars not represented and the res:Juci nucle: shown are not nocosarily .n the.r
ground states Also, because of the secomd cause ol compl:cai on uwentioned
above, any of the reactions l:sted under 3-prong events can conir:buie to Do
2.prong events if onc of the charged particies has too low an cnergy (o be
detected S:milarly, any of the react ons listed under 4-prong events can
contr bule o L J-prong oveunls or to ithe 2-probg events

A {rst picture of the lmportance of the various contribating reactions can
be obtained by exaruning the energyioss disiributions tbat ar:se Ly hypothes!~ing
that all of the evsnts are of the s:mplesi possible forw, . e, that protons only
are produced and that all the :.uciion producis (except ihe res:dual nucie:) are
obgarv:d  Thus, for example, if the hy?othasafs were a correct one wo cowld
expect ‘o find very s:mple energy-loss distributions with peaks at, or just above,
the energics corresponding to the Q-values for the (p,xp) reactions (x=1,2,3, ..)

“he encrgy-l0ss { EL) far a yeaction can o obiaipned from the moirentwn,

and energy halance cquaiorg for the reuncion



If Fvl_co = incident proton caergy an?' moucntum,
Pk = cnergy and iomentum of the i product proton,
F‘R’ éﬁR = energy and momentum of the unaeen roecoiling nmucleus,
and ?;"IL = gnergy-loss in thae interact.on = binding energy of the
kpocked-out particles + the residual nucleus excitation energy
(if the ecorrect reaction hypothesia is used),
then the rmomenit balance equations give the romentum of the recoil no
nucleus:
ot k- Tk

this gives L., and then the e¢nergy balance eguation gives the cnorgy-loss:

R'

J 2 r*: - (’_ - .
EL "o T Ei ER
The energies Eo ami 13:}, and the vecior momenta L3 and ¢ are fully determined

from the eveat recomsiructiion procedure.

€.3 Lhe energy-loss digtribution jor the 2-prong ovenis

The energy-loss distribution for all the 2.prong evenis with imcident

energies above 30 MeV, obtained on the assumption that the events represent
12 11 1o ! reac
either C" (p,2p)B  reactions or H (p,p)R reactions (hereafter veferrod to as
the (p, 2p) emergy-loes distribution), is shown in figure 6 3

Il is scen that the energy resolution i3 good onough to isolate completely

#

the hydrogen events, which are clastic and so lic in the peas controd at rero,

# A systematic error of approsimately 0,5 MeV is present :» all incdent
~nerg:es calculated for the 2-prong evenis Thi:g i+ not a serious @rrvor but it
accounts for the fact that both the hydrogen peak and the p-shell peak arc not
centred exactly at the expected cnerg.as
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1

‘ron: the carbon events The width of the hydrogen peak gives a1 measure of
the cnergy resolu‘ion achieved; this is <:scussed in section 6 5 Two peaks
can be recognired n the distribution for the carbon events, one at 18 ¥eV with
a w.dth close to the resolution width, and a much broader one ceatred at about
98 v'eV. The distribui:on is very similar to those ohained from the coplamar
carbon eveats amalyscd by several experimeniers with counter telescope reethods
{sec section 1.4). The peak at 1€ MoV (8 recognlred as belng due to the
quasi-glastie knock-out of p-shell protons from Clz. and the pois at 38 MV
occurs ot an energy~loss close io that predicted for the quasi-elastic Ymock-out
of s-shell protons; 4 has ussally been atiributed to such interactions by other
anthors |

The p-shell peak iz {airly sharply defined at its lower Limit but :t mergea
‘nto a general backgrownd of evenis at its upper limit; it i8 also asymmetric
Because of the emergy resolution limit, caused mainly by straggimg, it is pot
possible to see dircetly whether or not the low excited siarey in Bn (at
excitation energies of > 14 MeV: 4 48 MeV § "4 MeV, etc) are being fed, but
it is evident that the predominant interaciion is feeding the Bu ground state

u(p,tp)Bu O-value s 168 ¢ MeV). Of the other reactions that can

{the C
coniribute to the 2-prong avents, only the (p,pa) reaciion can give events in
the region of the peak: this can be seen from the third colunn of the el

shovn below:
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Minimum cnergy at
Feaction Q-value which evonis can P

appear in fig. ¢ 3

(p, pd) 25.2 MeV 27 MeV
(p.pY 27.4 30
(p, pﬁef}) 26.3 38
(v, pa) 7.4 21
(p. 2pn) 27. 4 28
(p, 2p2n) 35,9 6

The cvents causing the asymnciry of the peak and the ovenis in the enargy-loss
reg:on below 27 MeV must, then, be due elther to (p, pa) reactions or o the

_ | 11 ,
production of the excited claiza of B by (p.?0) reactions In section 8 4, it
v:]l be seer that the {p, pa) reaction doss not coniribute nuany events, and that
some informstion can be »ivaned {from the asymmetry about the roaction

, W11

riachanisms leading to the 37 exelied siantes

Thess are two intringic nuclear effects that maiz it more 4.fficuit o

obgervs the geshell reactions than (1 ig to observe the ;p-sholl reactions in

this type of experime=n:, these are:

# The differences H:'ween columns 2 and 3 are ihe direct vosull of (roating
all particles as protons For example, the mininun. observable emergy of an
a-pariicle 8 18 MeV (secilon 1 ") ami :{ b irack of such a pariicie s
assumed (o be a prolon its calculated energy becowesz 4,56 MeV  Therriorc
13.5 MeV of energy is “loet” in ihe vecom:iruci.on: this is8 the difference
between the Q-value for the reacion and the mun.mu energy at which it can
.be observed on the (p, 2p) ciue 'gy-loss d:stribution
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(a) that the s-shell nucleons lie rnor: deeply 1n the nuclcus than the
p-sholl nucleons; the spatial wavefunction for the s-state peaiss atl
rvero radius while the p-stats wavefunction falls to roro at zero
radius Nuclear absorption affecis will therefore reduce the prob-
ability of quasi-clastic s-shell reactions,
and (b) that :b» s-ptate has a natural width of 5-7 MeV: the consequent
broadening of the peak makes :i merge more into the background of
the not-{p, 2p) evenis iha! are present !n this region of enorgy-loss A
These factors i::ghl account for the fact that the s-~shell peak is only just
obgerved However, in seciion 17. 8, evidence 18 presented which points to the
fact that even the observed peak might not be due Lo s-shell events but due to
Jackground eventa {roo: th: roze.oon Clz(p, .?pn)Bm
Ne analysis of the s-shell ¢venis i3 possible, therefore, and there st
ve some doubt as to whelher b quasi-elasile -nocu~out of s-shell protons s

being observed at all in this experiment

.

# Although at first sight it might be thought that a third effect enters hecause
there are only half as many s-shell piotons in Cl2 ag p-shell protons, <'1L.EGG
(1963) has pointed out that, s‘nce the collision cross-section is determinad by a
matrix element whose valuer 8 partly dependent on the form of the target nucli:on
wavefunction, the relative croas-sections for tho knoek-out of muc.econs from
different muclear staics {8 not nocessarlly proportional to the number of nuci-ons
‘n thewe states In fac!, evidemce is presentod from the cat’ (v, 7p) veaction o
suggea: that, for this nmucicus at least, reactics: in the s-siate are congiderably
enhanced over those in the p-siate '



6 4 The energy-loss distributions for tha 3-prong and 4-prong events

The most noticeable feanrs of the (p, p) and (p, 4p) energy-loss distri-

imtons, which are shown in igui:s «. 4 and 6.5 respsctively, ig the complete
absence of peaks at energy~losses corresponding to the threshold encrgies (or
low residual mucleus axcited staie energies) for the reactions cm(p, Sp)Boli
and Cm(;;'.‘ip)l,ii". In this respect they differ from the (p,2p) energy-loss
distribution shown in figure 4.2, but in their general forms they are very
sir-ilar to that part of the (p, 2p) distribution which lies above the p-shell peak.
It is evident that the simple (p,xp) descriplions cannot apply to these
evenis but the similarities of the three distributions does suggest that the three
sets of events are produced by similar reaction mechanisinsg. [t is interesting
to note that the distributions are similar to the excitation funciions obtained by

Metropolis (see section 1.3) from his calculations for intranuclear cascade

reactions on Cu“ at 286 MeV.

6.8 The experimental regolution

The events in the hydrogen peak of figure 6.3 provide an excellemt means
of determining the purely experimental resolution for the various measuremenis
made on the events. The events represent elastic proton-proton interactions
which have the feilv;wmg vnlque properties:

(3) no energy is losi in the .uteraction; g™ Sy By O

(b) the sumiied momenta of the produet protons is equal to the Luc dont
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momentum §.°~ §1~ )_:2“ SR
(c) the angle between the two protans is always between 58° and 31°
(-90° in the nom-relativistic limit),

and (d) the incident proton and the product protons lie ln the same plane:

X‘ - L(DA&'& s f

The width of the experimenial distribution for each quantiiy, shown in figures
6.8 to 6.9, gives directly its e.perimental resoluiion.

Of particular interest are the distributions of the energy-losses; for
events with incident energies below 159 MeV (niean Eo"- 8 deV), the RMS
deviation is 2,0 MeV and for ovents with incideni energics above 100 MeV
(mean 1-20~ 115 MeV), the LIS deviation is 1.2 MeV. In chapier 3 the calculated
RM? enorgy spreads produced by straggling ol by snergy sprcads in the incidon:
hear were shown. Neferrmng to figure 3.1 it can be seen that the RMS deviations
quoted above are conaistent with an RMS energy spread of less than 5.5 MeV
in the beam incident upon the chamber. This resuli confirms the result obtained
by the range-telescope method of measurement :ade before the cor:mencement
of the bubble chamber run (see section 3.3). It was pointed out in chapter 3
that once the beam energy spread has been reduced to sbout . 5 MeV, further
reduction makes very liitle difference to the energy resolution obtained Im the
bubble ehamber measurenents. It follows, therefore, that in this experiment
the bubble chamber ’s being used at the limit of its resolving jower.

The RMS errors in guantities (b), (¢) and (d) are very much smaller than
any siructural features in the distributions for these quantities for the carbon events

(see nhantar R). so that the errors place no ltinii on the analysis.
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CHAPTER 7

THE CROSS-2XC TIONS

7.1 The measurable crosg-sections

In chapter 10, evidence is given to show that events {rom: the reactiom
Cn(p. Sp)Bem can be separated, at least approximately, from the other 3-prong
events. This categoriration of events is the only improvement nade upon that
which is given in chapter 6 on the basis of the (p,xp) emergy-loas distributions.
Rix categorics of events can therefore he recognired:

p-shell events
hydrozen events
other 2-promng events
{p, 3p) evenls

other 3-prong events
4-prong events.

If the cross-sections for the production of the ground astate and of each

1 . . L
could be measured, information could be obtained

of the‘ excited states of B1
. . , 12 11

on the parentage coetficlents of the C g.s8., in terms of B stales (see

section 1.4). However, it was seen in chapter § that the emergy resolution in

the experiment, coupled with the fact that none of the B11 exciled states is

produced very strongly, makes it impogsible to resolve individual states.

Despite this, the extent to which the Cmg.s. wavefunction deviates from a pure

shell model wavefunction could be measured by comparing the frequency of
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production of the Bug.s. with that of all the excited states taken together.

Unfortunately, the Bu excited states can be produced by mechanisms

other than the direci knock-out of a nueleon: lor exau pie:

(a)

and (b)

by imitial and final state inicractions; these reflect the parentage of

2 1 and not that of the cug.s.

some intermedlate siate of (‘.1 or Bl
(see section 1.4). The {inal state ineractions, in which outgoing
protons suffer imelastic scattering off other nucleons or groups of
nucleons in the nucleus, are likely to he more important than the
initinl siate interactions because there are, after the knock-out

reaction, two product protons both with energies much lower than
E,-16
2

the incident energy ( » 00 average)., ani the nucleon-nucieon

crogs-gection increases rapidly with decreasing energy below 100 MeV.

1 of 2 Cu2 excited state produced in the reaction

by the decay to Bl
12 12+ . :

C (p,p')C . GROVER & CARETTO (1464) have pointed out that

for 93 MeV protons, the production of the 01312 states with excitation

energies between 19 MeV and 30 MeV (those likely to decay by ihe

emission of & single nucleon) is 26 mb and that the branching ratio

for proton er.ission i3 gomewhere in the region of 3.3 to 0. 4.

Ii is not possibie to disentangle the events due (o these other 1:echanisris

from those due io the clean knock-out mechanisr and so to obtain the ground

siate to excited state parentage ratio. An analysis of the events just above

the ground state pesk is given in chapter 8. Here the cross-section deter-

mination has been limited to the reaction Clg(p. 29)2311;... {p~shell events).
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Several incideni-energy~-dependent correction faciors enter into the
calculation of the (p, 2p) cross-aection and also, because of difficulties in
determining the total incident proton flux, the:- :g an uncertainty in the
absolute value of the calculated cross-section of about 13%. The proion-proton
interaction cross-seciion is, however, well known and strongly energy dependent
in the energy inlerval 5 MeV< Eo< 133 MeV; 2 summnary of the published
experimenizl resulls is given by HESS (1¥58). Therelore, by first calculating
this cross-section from the hydrogen events (which are subject ic very s :milar
correction faciors to those used {or the p-shell events), :¢ is possible to check,
from the emergy dependence, the validity of the corrcciton factors, and to ooiain,
from the absolute . aynlinde, the flux aorinalization factor required to give an
absolute value to the cross-section for the Cl?(p. zp)Bug.s. reaction.

Cross-seciions for the ohservation in the bubble chamber (i.e. uncorrected)

of the other categories of evenis are also calcuiated.

7.2 The caleulaiion YO58 -8cciions

To calculate fron: the buhble chamber data the cross-gection for a reaction
of the type R at energy E, the following relationship is used:

WnE(AE)w??
lE(AE)dePE

6 =R millibarns

where N = Avogadro's Number = 6. 681 x 162“‘
W = the molecular weight of propane = 44.09
x = 3 for carbon cross-scctions and 8 for the hydrogen crose-gection
!E(AE) = path length 'n centimeires corresponding to the degradation in
the beam energy from E+AE to LC-AE



§y
uFCA‘:S:) = the nunber of reactions of the type R in the energy inierval
i G+AT

d o the density of propane at the operaiing conditions
| = the proton flux al the energy E.

E
A summary is given below of the methods used to obtain the propane
density and the proton flux.
Propane density. In section §. 5 the ramge-emergy relationship was obtained
for protons ir propane under the operating conditions of the experiment, w thout
use of the exact proton density. A density of 0. 4% gms/ec was assumed and
the computed range-energy data was fitted with a quadratic equation of the type:
logel‘: = a + ﬂlogeR + J‘(logﬁmz.
Using the values of 7 and 8 so obtained, the parameter a was optlicized to fit
the data available frov: the measurement of the tracks of protons stopped :n
the chamrirer. The density can be determined from this vaiue of a.
H R is n.easured in gms/cmz. the relationship is independent of the
density of the propame. For measurements taken in centinetres it becon.es:
logeﬁ = o + ﬂlogei?id + x(logeﬂd)g
where d is the propans density and R 5 in ems,
An error of lesa than 3.1% arigses i the las: two terms in the expansion oi the
Ktarm are omitted, so the relatiomship can be written to a good approximation as:
lg E - a+Alogd+flog R +a‘-uogemg.
IL. was shown in section 5.5 that the conmstant term, (« +,8legad), is 3. 0446
for the operating conditions of the propane. Ii was also seen that for a propane

density of 0. 434 gms/cc, the relevant constant term is 3.0848. Bince £ andx



49
are independent of changes in demsity (see section 5.5) the density corres-
ponding to the operating conditions of the propane can i deiermined from ihe
two equations:

3.0448 = g + ﬂleg‘d
3.0848 = o + ﬁiag‘ 0. 434
using B = 4, 5427 and solving for d

d = {1 4064 g£uig (s::c.

Proton fiux, In order that the cross-section may be correctly determined

the protom flux in each emergy imterval and the number of events in this same
interval must be congistent with each other. This is not an easy specification
to meet and, as soon as Irame and event acceptance criteria of the type discussed
in section 4.2 are introduced into the anmalysis, different biases tend to operaie
when the {{lm is scanned for different informatiom. It will, in fact, be seen in
section 3 that the cross-secliong calculated are syste:uatically high and in
retrogpect it i8 possible to recognive the origin of the errors this is done below
for the factors that make up the total protom flux, I_. |
FE = (0. of frames included in the analysis) x (average no. of tracks/frame)
X (l-fE)
where IE is the attenuation of the :.ncident beam flux at the energy E.

() Number of franes The toial number of frames examined was 27, 584

and of these ¢,037 were rejectod on both scans (see section 4. 3).
Of the {ru. .es that were accepied on one scan but not on the other,
34 were rajected ai the :easuring stage. The mur.ber of franes

consistent with the evenis n:easured is, ther-fore, 2,613,
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Source of error: there is some evidence to show that a bad frame
was less likely to be elimimated if it had a very clear event on :t.
This bias would increase the calculated cross-section.

(i) Number of tracks per frame At the scanning stage the number of
protons entering the chamber was counted on every tenth frame.
Figure 7.1 shows the frequency distribution cbtained; the mean value
with its statistical error is 6. 56 + 1. 28,

Source of error: a systemstic bias operated here similar to that of

(i) above. A frame with a large number of tracks was more likely
to be rejected if the tracks on it had to be counted than if they had
not to be. This bias again would increase the calculated cross-section.

(i) Attenpation. This was determined by scanning the best frames of

sevaral rolls of fil:n. The 4,1,2,5 aml 4-prong evenis were recorded
in intervals corresponding to 5 ) <V incident cnergy steps. Tho
attemuaiion at any point in the chamber iz the fraction of the incident
beam lost up to that point. The result iz shown in figure 7.2,

The proton flux at an energy E is, therefore: 136333.28 (1-1).

7.3 The elastic proton-proton cross-section
Not all of the 2-prong svenis listed at the scamning stage could be straighi-

forwardly mcamsured and categorized by energy-loss into hydrogen events etc.
For axample: some events could not be measured at all; some bhad scatters on

their prongs;ete. In appendix VII the categoriration secomplished at the ncasuring
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stage of the analysis for all the 2-prong evenis that appcared in the combined
scanning list (see chapter 4) is given: this ‘s the starting point for the calcu-
Iation of the p-shell cross-section and hydrogen cross-sections.

Cohxmnnd table A shows, for each § MeV incident energy interval, the
results collected from the following categories (see appendix VI): the successg-
fully measured hydrogen evenis; the hydrogen events not remeasured; and that
component of the events not measured that were classed as hydrogen events.
The first correction factor {s applied to these evenis to allow for the events
not observed because of the azimuth effeot.
The arinuthal correction. For unpolarized protons and an unpolarized target,
the plane of an elastic event is arbitrarily oriented with respect to any fixed
plane comtaining the incident track. However, [ the plane of the event passes
through, orA close to, the camera through which the event is being observed,
the event image will appear as a siraight line only and it will not be recorded.
The distribution of the arimuthal angle, measured with respect to a plane
parallel io the glass windows of the chamber, is shown in figure 7.2 for the
hydrogen events in the various incidemt energy regions of the chamber. To
avoid any overlap with the short-prong correotion, ounly events with both protons
of energy greater than 12 MeV are included. ¥From the distributions of figure
7.3, an energy dependemt correction facior is determined; this s shown in figure
.4 Coumn II of tasle A shows e corrected nun bers of events.

The correction is not appiied to the evenis with scatters because a scatier

on one of two nearly coincident tracks immediately resoives thoxa. The hydrogen
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events with scatters are added in column IV; these mumbers must now be
corrected for the events lost in the analysis because of their very short prongs.
The shori-prong correction. Events in which the incident energy is shared
very unequally between the two protons can easily be overlooked; the small
angle of scatter of the high energy proton and the very short (or non-existent)
track of the low energy protom make it difficult (or Impossible) to deteet such
events. The distribution of the energies of the protons from all the evenls
with E°> 50 MeV i3 shown in figure 7.5; there is a noticeable absence of low
energy protons.

The protom-proton cross-section is closely isotropic in the cemtre of mass
system: and it follows from this that in the laboratery frame of reference the
distribution of the energies of the scattered protons ({ror: a mono-energetic
beanm: of 1‘.‘9 MeV) is uniforiz from rero te ‘2-1'0 ¥eV. U all protons with an

energy less than x MeV are not detected, the ratio

t - 2
events recorded ?v:a- 2x

From the distribution of figure 7.5, which without loss would be uniform from
rero to 37 MeV, the equivalent complete cut-off energy is taken as 8 lieV: the

correction factor for the hydrogen events is, therefore:

18
E -16
0

Column V of table A shows the sumbers of evenis after this correction factor
has been applied. These numbers are used to calculate the proton-proton

croag-geotion.
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I 11 IIT IV A% VI Vi
E No. without Corrected Plus events Corrected &mb & b
scatter Az. Loss with scatter {or sh.pr. o
52.5 100 145 170 244 58. 8
57.5 126 178 189 262 57.17 51 4
62. 5 105 141 156 210 43.1 )
67.5 137 175 193 253 46. 2
72.5 156 193 221 283 48.3
77.5 134 163 195 246 38.4 0.9
82.5 140 167 206 256 37.6 )
87.5 153 179 217 266 36.5
92.5 135 155 215 260 33.8
97.5 139 158 194 232 28.5 31. 5
102. 5 151 172 220 261 30.5 ’
107.5 177 200 260 305 33.4
112.5 150 170 247 288 30.0
117.5 166 186 260 301 29.8 30. 5
122.5 170 190 287 320 31.5 )
127.5 179 200 293 335 30.7
Table A - The hydrogen events.
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In figure 7.6, the curve shows the proton-proton cross-section taken from
the paper by HESS (1358) and the circles show the experimental results derived
in table A. The ensrgy dependence of the cross-section is very well reproduced
but the absolute values are high; s normalization factor of 0.9 is needed to
bring the poinis ¢a to the curve. The normalired valucs are shown by the
crosscs ie the figure: the error bars represent statistical errors omly.

It is concluded that the method of detzrmining the cross-sections is sound
but that the proton flux measurement was inaccurate; the sources of this

inaccuracy were indicated in the preceding seciion.

K was seen In section 6.3 that reactions other than Cm(p. 213)511;. 5.
can contribute events to the (p, 2p) epnorgy-loss distribution above 18 MeV.
To obtain the extent of the basic ground state peak, therefore, the lower half
of the peak is reflected about the reaction threshold etwrg,v/ ; this operation
shows that the p-sabell (or ground state) evenis have energy-iosses within the
range 12 MeV to 21 MeV.

In column II of table B, ell the events without scatiers and with energy-
loases in the range 12 MeV to 21 MeV are listed for 5 MeV imcident energy
intervals, The table 8 cobstrucied for the derivation of the pe-shell cross~

section in the seme way as tahle A was constructed in the preceding section

R

] Actually, about 16. 5 MeV because of the «. § MeV sysiematic error in the
(P, 2p) emergy-loss calculation.
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Fig. 7.6 The elastic proton-proton cross-section.
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for the hydrogen events. Three correction factors are applied: a correction
to allow for the noneground-state events included in column I; the azimuthal
eorrection,and the short prong correction; these are discussed below.

ection, If there are n events, from any given incident

L< 16.5), and N

events, from the same incideni enmergy imterval, in the region covered by the

energy interval, in the lower half of the p-shell peak (12<E

complete peak (12<EL< 21), the pormalization factor to he applied to the total
mumber N to obiain the number of p-shell events ia % However, this assuies
perfect symmetry in the fundamental peak and this will only apply if the recon-
struction woeednre is completely free of any inoident emergy dependent bias.
An easy way of allowing for the possible presence of such a bias is to weight
the above ecorrection factor by a tern: %, which measures the asymmetry of
the hydrogen peak.

From & brealkdown of the hydrogen, and p-shell, events, the two quotients,
%m ;n%]' were obtained as functions of the incident cnergy. These are shown
n figure 7.7, together with their product, which is the correction facter applied

to column Il of table B to allow for the presence of the nin-ground-state events.

The arimuthal correction. Although p-shell events are not, in general, coplanar,

the reconstruction program calculaies the azimuth of the plane containing the
incident proton and the longer of the two prongs of each event, so that the same
method of c;ormtian can be used for the p-shell evenis as was used for the
hydrogen events. Thc relatively small number of p-shell events prevents the

determination of the azimuthal corvection as & function of incident energy, but
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No. without Non-g.s. Corrected Plus events Corrected
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scatter corrected Az. Loss with scatter for sh. pr.
11 11 14 14 24
20 20 24 24 39
20 20 23 23 35
18 18 21 22 32
29 28 31 34 47
23 22 24 27 37
27 26 28 30 40
28 27 29 32 42
23 21 23 28 35
29 27 29 34 42
05 o0 53 63 78
47 43 45 56 68
43 38 40 53 64
35 31 33 50 60
40 35 37 53 62
53 46 48 68 80

# normalized to the hydrogen cross-section

Table B - The p-shell events.

v

61 mb;té

16.4

15.6
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15.5

N_H_ Asymmetry of
2ny  hydrogen peak

Correction factor

(=product)

2n  Asymmetry of
N  p-shell peak

1 | 1 1 1 1

[ 1
70 90 110 130 E, MV

.7 Correction factor to allow for non-ground state events.
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an average correction factor (i.e. no. of events lost/no. of events recorded)
of 0.09 is obtained by taking together all the events with both proton energies
greater than 12 MeV; the distribution of the azimuthal angles is shown in
figure 7.8. The corresponding average correction factor for the hydrogen
events {8 0.18. The p-shell azimuthal correction factor is, therefore, assumed
to have the same energy dependence as (but half the value of) the correction
facior calculated for the hydrogen eveats.
The short-prong correction Figure 7.9 shows the distribution of protoa
energios for all the events with Eo> 50 MeV and 12 MeV< EL< 21 MeV. The
equivalent complete cut-off energy is at 8 MeV, as it was for the hydrogen
events. Assuming, on the strength of the quasi-elastic hypothesis, thai the
distribution should be uniform from zero up to the tota! available energy
(E_-16 MaV in this case), the short-prong correction factor is: ;—1_%3 .

Column VH of table B shows the cross-gections after they ha\: been
norrualized (o allow for the incident flux discrepancy detected by caiculating
the protom~proton cross-section., The values are shown graphically in figure

©.10; the error bars represent the statistical errors omly.

7.5 Discussion of the Cmgg, 22)8“;.5. cross-section

To within the statistical errors, the messured cross-section is independent

of the incident energy from 50 MeV to 130 MeV.

2

YUASA & POULET (1563) have measured the C - p-shell cross-section

with a propane bubble chamber but they used different emergy-loss limits to
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define the p-shell events; their results are summarized below. In the last
celumcn, the cross-sections from the present experiment, calculsted for the

same smergy-loss limita, are shown.

incident energy Energy-loss Cross-seciion Comparable 6
from: present
(MeV) {(MeV) (D) results (11b)
70<E°< $0 i2 <EL"{ 22 18,3 + 3.9 17.4 + 1.9
lszz::i:a‘ 28 25.9 +3.4 24.6+2
90 <E <110 12 <EL< 22 15.9 +3.¢ 17.6 +1.6
12<E, <28 23.7 +3.0 23.0 +1.7

There is excellent agreement between the two sets of results.

GOODING & PUQGH (1960) measured the Clz p-shell cross-section at
163 MeV using the counter telescope method and they obtained a value of
16 + 4 mb; the energy-loss limits used were 8 MeV and 27 MeV. The
corresponding reunlt" from the present experiment is 18.5 +2 MeV, which
agrees withn the statigtical errors with the quoted result. This is a more
interesting agreement than the one above because the bubble chamber method,
and the counter telescope method, of measuring cross-sections invelve different
experimantal difficulties, so that undetecled systematic biases would e more
likely to show in & comparison of these results than in a comparison of results

from two babble chamber experiments.

# Emergy-loss limits of 10 MeV and 27 MeV were used because the events
below 10 MeV in the energy-loss distribution (fig. 6.3) are hydrogen «vents.
The experimeantal results were extrapolated to 153 MeV.
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MORRISON & CARETTO (1963%), in radiechemical experiments, bave also

found that (p,2p) cross-sections are appreximately emergy independent; they
measured the cross-sections for 8130, an and lee in the incideat proton
energy range 150 MeV to 450 MeV.

Assuming that the mucleon-nucleon interactions within muclear matter
resemble interactions between free muclecas (i.e. aceepting the Impulse
Appraximation), the energy independence of the (p, 2p) cross-section ean, in
fact, be accounted for.

GOLDBERGER (1:48) has shown that, within muclear matter, {ree nucleon~
nucleon cross-gections are decreased by the operation of the Pauli principle;
he showed that the intranuclear musleom-mucleon cross-sections are related to
the free muicleon-mucleon eross-gsections by the following formula:

73
a(E*V))

5(1

where ( = mucleon-nucleon cross-section within the nucleus
o-* = free nucleon-nucleon cross-section at the energy (E +V )
EF = Fermi energy
Eo = jacident mucleon energy
V_ = depth of the muclear potential well

o
The energy dependence of the quasi-elastic (p,2p) reaction depends upon:
(0) the intramuclear protom-proton cross-section for the incident protons, and
(b) the intramuclear proton-nucleon cross-section for the protous produced by
the initial quasi-elastic reaction (because a final state interaction destroys

the quasi-elasiic nature of the reaction).
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Using the values: E., = 30 KeV; V_ = 40 MeV; and values of § from
HESS (1558), o’l for the incident protons is found to be independent of the
incident energy in the range 50 MeV <E°<13fj MeV, and equal to 17 uib,

For incident proton energies of 50 MeV and 130 MeV, the average proton
enwrgies in the finel state within the Bn nucleus, (E+vo), are 65 MeV and
53 MeV reaspectively. Using these values for (Eowo)’ and an appropriately
weighted average proton-mucleon cross-section (6= 66 pp/11 + 66pn/11), in
the Goldberger formula, the cross-section for proton interactions in the final
state is found to be approximately energy independent: o’!(so MeV) = 23.5 mb
and €(130 MeV) = 25 mb.

The energy independence of the two factors affecting the quasi-elastic
(P, 3p) reaction can account for the energy independence of the rn:essured cross-
section. The agreement also lends support to the validity of the Impulse
Approximation picture of suclear reactions.

The above effects are implicit in Monte Carlo ealculations, in which
they receive a more detailed treatinent, and the T onte Carlo calculated cross-
sections do, tn‘ fact, turn out to be energy independent. ¥or example, it was
seen in section 1.3 that the Cm(p, Zp)Bu cross~section calculuted by Bertini
is approximately constant from 50 LMeV to 130 MeV. Although the value of the
cross-section quoted is approximately 44 mb, it refers to reactions leaving the
Bu mcleus with all possible excitation evergies, and i the cross-section for

11 #

the production of B~ with an excitation energy of less ihan 10 MeV is taken,

SR s

# The Monts Carlo calculation does not produce s body of ground state events
because the shell structure of the nucleus is not built into the nuclear model used.

e
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it is found to be equai to 16 mb., i.e. in good agreement with the value

measured in the present experiment.
Another example from Moate Carlo calculations comes from the calculation

of the cross-section for the reaction Cu“(p. ;m)(m‘M by METROPOLIS et al (1958).
They showed that the experimentally measured strong energy dependence for this
cross-section, in the incident energy range 50 MeV €B°< 150 MeV, is due entirely
to the coniposite reaction: p + Cu“ - p'+ Cuas‘; Cuas‘ - Cu&*1 +n,
and that the crogs-section for the direct knock-out of a meuiron is approxinately
ensrgy independent. It seems probable that the experimental results of
CRANDALL et al (1586) for C L:

6 (p,pn) at 130 MeV = 51 mb
_ 6 (p.pm) et 30 fieV = 87 mb
can also be explained by the same composite reaction and ihat the cross-section
for the quasi-elastic (p,pn) reaction is energy independent like that of the quasi-

elastic (p, 2p) resction.

.6 QOther cross-seciions
Pigure .11 shows the cross-seclions corresponding io the sumbers of

events actually obgerved in the bubble chamber ior all the 2-prong events with

energy-losses above 30 MeV, for all the 3~-prong events, and for all the 4-prong
$

evenis.” No correction factora have been applied to the results sxcept for the

flux normalization; the error bars show the statistical errors only. The i:osi

MRl

# The evenis on rejected framss (see section 4. 2) were excluded from the
cross-section determination.
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important correction would be for the non-observation of shoirt prongs, but
because the coatributions to the events from the various reaction mectanisms
are not fully understood, especially for those events with short prongs (i.e.
reactions for which nucleon evaporation and heavy particle ejection are
important), no meaningful correction can be given.

It is interesting to note that even the umarreewd-crms-sectim for the
3-prong events is 507 above the value for the mucleon cascade reactions
§(p.3mm) given by Bertini (see section 1.8).

In chapter 10, it is shown thai there is evidence to support the hypothesis
that a large proportion of the evenis with (p,3p) energy~losses below 40 MeV
10

are consistent with the reaction Clz(p.ﬁp)Be The uncorrected cross-section

for these evenis 13 independent of the incident energy and is equal to 2.6+0.5 mb,
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CHAPTER 8

12 1
THE C'(p.2p)B'' REACTION FOR ZERQ AND LOW

EXCITATION ENERGIES OF B'®

8.1 Nomenclature

The diagram shows the nonmenclature used in describing the (p, 2p)

resction. E,k,

S
EO} l‘-b /__\{_i’

\

WV
Exrken
kK = 5—;,.c'a$Gl ; Z‘-u_':;ak
&l'. = Bior’vz

E71 kz

Rsimﬁ; ELz iuo- El-Ez- ER

8.2 The quasi-clagtic nature of the reaction

The recoil nucleus momentun: distribution data for events with e¢nergy-
losses in the ramge of 12 MeV to 21 MeV, shown in figure 8.1, give direct
evidence in support of the qnaai-elaétic reaction hypothesis.

If the reaction were due to a compound mucleus mechanism, the distribution
of the recoil mucleus momentun: would be detern:ined only by the available phase
space (including the energy and momentum conservation laws for the system).

This phase space factor has been determiped for incident protons of energy
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115 MeV (the inean energy for the ground stale events with Eo>- 130 MeV)
ami is shown In figure o. 2." The histogram shown with the curve is the
experirental recoil nucleus nionientuns distrinuilon, taken [rom figure 5. 1.
It is Immediately evident thai the conpound mucleus reaction mechanis+ .g
not applicable for these evenis, because only a very small part of the available
phase gpace is being occupied.

The quasi-elastic reaction hypothesis requires (tc the extent that the
Impulse Appraximation holds (see section 1.4)) that for each reaction the
momentuir: of the recoil nucleus be equal and opposite to that of the target
nucleon ai the time of the collision. The mon.cntun: distribution of the target
nucleons depends upon the exact form of the potential well In which the nucleons
are moving. For example, an infinite harmonic oscillator potential g.ves the
following momentum distribution for f=1 nucleons:

alk) = kze'k‘g/ ”z.
and HOFSTADTER s results (1-&) for C12 suggest a value of a = 1235 MeV/e.

It might be expected, therefore, that the recoil nucleus mocientum distri-
bution would he of this type if the guasi-elastic reaction hypothes:s is correct.

However, the siluation is not quite as straightiorward as this. Although, in

each reaction the recoil nucleus momentum: ia equal and opposite to the struck

# The calculation of the phase space factor; of the recoil mucleus romentun:
distribution shown in figure 8.3: and of the muclear radial wavefunction, was
made by M, R, Bowman (1964), who hag presented a detailed analysis of the
momentum distribution for these evenis.



104
nucleon momentum, the probability of & collision with a nucleon of a given
momenumr: depends not only upon the frequency with which this momeniu
occurs within the nucleus, but also upon the phase space available for the
relevant final state and upon the cross-seciion for the nucleon-nucleon collision
at the appropriate relative izomeniuin  Thus, for example, the conservation
laws forbid ceriain reactions; i can easily be shown that for an incident proton
energy of 157 MeV, the maxirnum observable momenturn for nucleons moving in
directions at angles of 0, 450, 800. 1350 and 1?5%»0, wiith the inc dent proton
direction, are 180 MeV/e, 220 MeV/e, 430 MeV/c, 850 MeV/c and 1100 MeV/ce
respciively.

The factors nentioned above, however, can be allowed for and, assuniing
a nucleon momenturn distribution of the type afk), the expected recoil nucleus
momentum distribution will be:

Nk = 6(p.p), alk) Ak

where:

K(p, ;J)k is the elastic proton-proton :ross-section ai the relanve

ron enwane k (i.e.ths Irpulse Approximation holds), and

A(k) g the phase sjace factor.

The results calculated for Eoz 115 ¢V are shown in ligure 8.1, together
with the experimental results for the evenis with E:°> 139 MeV. There is, .n
contrast with the compound nucleus hypotbesis, an excellent order of magnitude
agreement between theae two sois of resulis, and this points very deiinitely to

the correctness of the guasi-elastic hypothesis. Although there are discrepancies
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between the experimental results and ihe theoretical results both at high
momenta and at low momenta, this is perhaps not surprising in view of the
idealired nuclear potential used in the calculation.

The tail of high momentum events is ohserved consistently in ¢:periments
of this sort and it can be atiributed either to the effect of iinal state interactions,
which make the momentum distribution “leak out” into the availabie phase space,
or to the presence of nucleon correlation effects in the Clz and Bn ground
states (although, in general, inieractions nvelving the knock out of one of a
correlated pair of nuc.eons migh! be expected to lead to Bu exciied states).

If the high momentum ia!l is subtracted {rom the experimental results
and the resulting distribution used for N(k), then by :nverting the calculation
process mentioned above, the muclear radisl wavefunction consistent with N(k)
can be obtained. N.R. Bowman iound tha: when this was done the wavefunction
oblained was very similar to the infinite oscillator wavefunction up to about
4 fermis, but that it possessed a tall sxtending 3 fermus beyond the oscillator
wavefunction cut-off rad.us (which :s at approx 4. 5 fermis). JOHANSSON &
SAKAMOTO (1%83) .n an analysis of the (p,2p) reaction in 1.16 and I.,i7 found a
sumilar high radius component of the wavefunciion; ithey reconciled the change
of the p-siate radial wavefunction and the charge distribution of the whols nucleus
(determined from eleciron scatiering experiments) by reducing the radial extent
of the s-shell wavefunction (they supposed tha! the s-shell protons moved in a
square well potential). RILEY et al. (1.4") proposed that the low momentum

events r.ight arise from surface localization oi the reaction, but on this



assumption the sgreement between the calculated and the experimental
momentu distributions (figure 8.3) is improved at low momenta only at the
expense of increasing the discrepancy at high momenta, with no improvement

in the overall agreement.

8.3 A _summary of the experimental results

The quasi-elasiic naiure of the reaction characterizes all the features of
the experimental results, these results are summarized in figures 8.4 to 8.9
for the events wi'th energy-losses beiween 12 MeV and 21 MeV. and some
interpretive comments are given below.

Figures 8 4 and 8 5: Correlation between proton energies and angles.

For elastic proton-proton reactions, all the points would lie on the line

E‘;/ Eo = coszéi. Howsver, for quasi-elastic reactions the binding energy of
the nuclcons and the nucleon moinentum distribution lead to the more complex
relationship:

EL = Z(ﬁ-‘TE; eoa-ﬂi +/ﬁ—E°_EReenéR-,/TE:_Ekcowm-Ei ER)
When xR/Eo - 4, this expresaion reducea to:

E = Ecos’s -(E +E /4E)
The larger EB/EO becomes, the weaker hecomes the correlation (assuming a
given spread in E‘R" This is well illugirated in figures 3. 4 andr 8. 5, which
show the distributions of points for two ranges of incident energies. The two
curves show the correlation for the special cases:

ko =k, = 92 MeV/c (figure 8 4)

ko = ky = 151 MeV/ec (figure 8. 5)
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Figures 8.6 and & 7: Angle between the product protons.

This angle, which is always close to 90° for elastic proton~proton
reaciions (equal to 90° in the non-relativistic lim:t), depends markedly on
the momentum: of the target nucleon in the case of the quasi-glastic remction:

1.00%7 + 1.09%> + mE, - %k,

eoaé = L, b
12 241§x2
A marked correlation is seen in ligure 8.6 between ;1? and k,. The curve
shows the special case: k, = 0, E, =E,; an 113 MeV.

Although the distributions of 912, shown in figure 8.7 for the two incident
energy ranges, have mean values very close to 960, it is evident from figure
8.6 that this is a somewhat forwitous result caused by the balance, on average,
of the reductiom of 912 due io the nucleon binding ensrgy and the ncrease in
012 due to the fact ibatthe majority of collisions occur with muicleons moving
towarda the incident proton.

Figure 8 8: Correlation between the angles of emergence of the product protons
and the angle beiween them.

The crosses, which show the mean value of ¢ _ for each interval of .

12
indicate a marked correlation effect; this correlation has been noted previously
by GOODING & PUGH (1960), and by »cKENZIE (1960) and ANDERSON (1960).
I s directly atiributable to the momentun: distribution of the struck nuclaons,

and the latter authors showed that a classical calculation, using any reasonable

micleon momentum distribution, reproduced the correlation extreinely well.
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Pigyre 8.5: Coplanarity.
For elastic proton-protom reactions, the coplanarily is always zero.
For the quasi-elastic reactions, the coplanarity is destroyed by the nucleon
momentum distribution and the reactions will be less coplanar, cn average,
as the difference between k‘o and kn becomes smaller. The figure shows, as
expecied, that the reactions are less coplanar for the lower incideat proton

energies.

8.4 Events in the energy-logs region of 21 MeV to 30 MeV

Apart from a small contribution from backgreund events, the only

noa-Cn(p.zp)Bu. reactions that can coniribute sveats between 21 MeV and
37 keV in the (p, 2p) energy-loss distribution are: (p,pd), (p,pa), and (p, 2pn).
Fron: the observed pumber of background eventas appearing above the
hydrogen peak in the (p,2p) enorgy~-loss distribeilon, the number of background
events abowe the p-shell peak was estimated to be approximately three per WeV
interval.
Heavy particle reactions were assumed {o account for all those events
that had cnergy~-losses in the region of, or sheve, 7 eV and 26 MeV when
they were recomstructed on the reaction hypotheses (p,pd) and (p, pe) respectively.
This gives an upper limit estimatle, because {p,2p) reactions producing very low
energy protona also come into this category. A negligible number of the events

y

below an energy-loss of 37 MeV come {rom the cascade (p,2pn) reaction

£ It is posgible that there is a contribution from (p,2p) reactions, where the
residual Bll decays by neutron crission. For the present purpose such reactioms
are treated as (p,2p) reactions.
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(see chapter 14, figure 33). Figure 8.1 shows the estimated number of
background events and heavy particle events and figure 8.11 shows the
relevant part of the (p, 2p) energy-loss disiribution after the events of
figure 8.1 have been subtracied from .

AUSTIN et al.(1462) have measured the cross-sections for the production
of the low-lying excited states of Bu by the clean proton knock-out process;
the details of the results have been given in section 1.4. Because the reaction
mechanisam leading to these siates iz the same as that for the production of
the Bu ground state and gince it has been shown in chaptey 7 that the cross-~
section for the production of the ground state is approximately independent of
the incident energy from 59 MeV to 130 MeV, it is assumed that the cross~
sections quoted are also applicable throughout the energy range.

Using the figures tabulated in section 1.4, the numbers of events to be
expected in [igure 8 11 from the direct knock-out excited state reactions have
been ealculated. Figure 8.12 shows the resultant digtribution when the events
are smeared out to the measured resolution width of the ground state peak.
These events were subiracted from the distribution of figure 3.11 and then the
events in the groumni state peak, constructed by reflecting the lower half of the
peak about its median value,were also subtracted. The resulting distribution
is shown in figure €. 13: evidently therc s a large residue of events unaccounted
for by the reactions already comsidered. The production cross-section is, on
average, appz:ommately balf the cross-section for the production of the Bug. 8.,

but is mumoh more dependent upon the incident energy. In the incident cenergy
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region 50 MeV to 130 MeV the cross-section is ». 5 +1 ivb, and in the incuient
energy region 1u° MeV to 130 MeV it is 5+ .25 mb

To account for these evenis scveral possible reaction mechanisnms, not
already considered, can be envisaged; these are:

() A Clz(p. p')cnﬂl reaction, leaving a highly excited state of 012 which
subsequently evaporates s proton,

(1)) A (p, 2p) reaction wiith cither an initial state interaction or a final state
interaction.

(ii) A direct knock-out resction .nvolving a2 suclear proton tha! i not in an
independent pariicie siawe; such proions are usually associaied with
correlated muclcon pairs asd have mon.eniz larger than typical independent
nuicleon momenta.

The characteristics of evenis ariging from such reaction mechanisma will
differ from those arisimg fron the quasi-elastic reaction mechanism ibai :s
respansible for the ground state events. An attempi is made 1o asses the
differences between the experimental results for the ground state evenis and
those for the excited state evenis, in ierms of the relative linportance of the
thrée reaction mechan:sms listed. The experimental siatistics are not good
and the differences in the two sots of results are not very great; consequently
only 2 semi-gualitat:ve approach .s possible,

Comparison of the experimental resulls
Histograms were first plotted for the various kinemai:cal distributions of

all the evenis with energy-losses beiween 21 MeV and 3 MeV. To correct ior
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the presence of the clean lknock~out events, estimated in figure 8.12, distri-
butions o! the appropriate magnitte and of exactly the same [orn. as those
obtained for the ground state events were subiracted froi: these histogran:s.
The resulting histograms are shown in figures 6.14 to 8.1.; the smooth curves
indicate, for the sake of comparison, the suitably normalired distributions
obtasined for the ground state events.

The distributions for 3. 313, and coplanarity, are not significantly different
for the two sets of events (figares 8.14, 8.15 and 3.16).

Figure 8. 1%, which shows the distribuiion of the events with incident
energy reflects the result aiready noied: that the produciion cross-section for
the excited state events decreases with increasing incident energy, whereas
that for the ground siate events is approximately Independent of the incident
energy.

In figure 8. 18, the distributon of the product proton energies is shown
for events with incident energies greater than 100 MeV; in (a), events cons.yieni
with the heavy particle reactions are Ineluded, and in (b) these eveniz are
excluded. In each case there arc proporiionaiely more low erergy protons for
the excited state events thap for the ground stats evenis.

The diatributions of the recoil nucleus momenium and its components are
shown, for two incident energy regioms, in figure 8.1%; the following table gives
the mean values for kn. k, and k, for the exciled gtate events and for the

ground siate events.
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37 MoV(Eo< 190 MeV 100 MeV< Eo< 132 XeV

g. 8t. events ex, st. events g 8t evenis ex. st. events

k, MeV/e 247 + 7 284 + 19 156 + 6 2.5 410
k, MeV/c 151 + 8 2:1 413 82 + ¢ 168 + 8
k, MeV/o 158 + 1 178+ 8 187 + 6 234 418

the errorg are the standard errors on the means

It wag seen in section 8.2 'that. because of kinematical liinitations, the
recoil nucleus inou.entuin zfiiﬁ?.ribuugn ia a distorted version of the nmucleon
momentun: distxi bution a.ndt,}\g—a degree of disiortion depends upon the relative
momenta of the inc:dent and target nucleons. For incident proton energies of
8¢ MeV and 115 MeV, the upper limits to the target nucleon momenta thai can

be observed in the parallel and perpendicular direciions are approximatoly as

follows:
“y max & AKX
80 MeV 105 MeV/e 280 MeV/c
115 MeV 130 ¥eV/e 370 NeV/e

These phase space limits are shown in figure 8.2 in relation to the
relevant components of the p-shell harmonic oscillator nueleon monentum
distribution. It is evident that the phase space limitations have a marked
distorting effeet on & g because ihey forbid the obacrvation of a large part of
the total mucleon n.on entum distribution in the parallel direction: the effect is

significantly different in the different incident energy regions. However, because
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| the phase space limitations on k’. lie above the highest momenta that occur in
the perpendicular mucleon momentum distribution, the distorting effects for 1
are likely to be very muoh less than those for k,. In fact, referring to the
figures for the ground state events given in the table, it can be seen that there
is no difference m k, for the two regions of incident emergy, It is concluded
that phase space effects do not introduce significant energy-dependent effects

for this component of the recoil nucleus momenturn.

From the table it can be seen that k, is significantly larger for the
excited siate events than it is for the ground siate eveats and that the difference
increases as the Incident emergy incresses; the cnergy dependence is shown in
more detail in figure 3. 21, the results from the ground stale events are shown
for comparison in figure 8.22. 1t follows, therefore, that, quite apart from
phase space effocts, reactioms leading to Bu excited states involve, on average,
3 larger tramsfer of momentun: o the residusl nucleus than reactions leading
to the Bng.a. In figure 8.23, the mear ¢nergy-loss for the evenis in the
energy-loss range 21 MeV i{o 3) MeV is shown 35 a function of the inciden:
energy. There is no systematie change in EL with Eo. indicating that the
EO'EJ. correlation of figure 8. 21 does not reflect any change in the relative

feeding of exciied states as the inocident energy changes.

In sunumary, the experimental results for the excited state events and

for the ground state events are different in three ways:
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() in the speciruu: of emitted protons,
(b) in the enmergy dependence of the production cross-section, and
(c) in the recoil nucleus momentum distribution.
The compatibility of these results with each of the three possible reaction
mechanisms listed on page 110 is investigated below,
o ¢ippict®; ¥

The energy distribution of evaporated protons from light muclei is sharply

=B +p

peaked at low energies. Typically, the results of ZHDANOV & FEDOTOV (1:6)
gshow that for protons evaporated from Cm (and lighter cascade products) the
energy distribution peaks in the region of 2 MeV and then falls off rapidly,
reaching less than 10: of the peak probability at 14 MeV. Because of the very
low detection efficiency for protons of energies below 10 MeV in the present
experiinent, only a very small proportion of evenis from the hypothesized
mechanis. would be 5ean.# However, it seesr.s likely that the low energy proions
obgerved for the exciid siate evenls in excess of those egpected {rom: the
quasi~clastic reaction are due to this reaciion.

If these low energy protons arise from evaporation, they must be iso-
2

tropically disiributed with resnect to the cenire of mass of the recoiling C1

nucleus. To teat this, the eomponent of the centre of mass proton mor:entum

¥ Ouly Clz(p,p’)clz‘ reaciions leading to t‘J12 excited states above approx
28 MeV can contribute to the production of B~ excited siates above 7 MeV:
binding energy = 1¢ MeV,; excitation energyz 7 MeV; proton energy =5 MeV.
(The giant dipole excitation in the region of 22 I eV cannot contribute )
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in the direction of the ncident proton was calculated for all protons of energy
less than 2 MeV (including those for evenis that also fi a heavy particle
reaction hypothesis).

kt:. iy = klcmgl - I!'zf"-ko"‘z“"‘“z’
subindex 1 refers to the low energy proton

The results for various proton energy ranges are shown in | igure 8.24. The

.3

see ol

forward to backward ratios (F/B), +
iblow-for-thr<pripesmpenon:s, are 11/11, 14/14, and 15/15, for protons of
energies less than 10 MeV, 15 MeV, and 20 MeV respectively. Although the
stalistics are poor, the reasults definitely point to the isotropy of the low energy
protons and, assumiing that the same result applics for the eveats with E°< 100
MeV, it is concluded that approximately 15% of she excited state evenis are
consistent with the hypothesized reaction.

The niomentum result is no: significantly altered by the removal of the
events with low proton energies.

() Iitial and final glats inleraciions

Inelastic proton scaliering reactions involving emergy iransfers (o the

oucleus of up to 14 MeV will give rise to excited state cvents in the region
under examination. Since (p,p) reactions have cross-gections that increase
with decreasing encrgy am! since there are twice as many product protons as
:acident protons, flnal state interactions will be much more iraporiant than nitial
state interactions. S/JUIRES (1.59) has given evidence from neutron polarization

experiments to support the existence of such final staie interactions. The
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average energies of product protons from (p,2p) reactions produced by 118 MeV
and 8¢ MeV incident protoms are approximately 47 MeV and 30 VeV respect.vely.
Typieslly, DICKENS et al. (1363) report total {p,p') cruss-gections at these

emrgim" for the production of the states at 4.4 MeV, 7.7 MeV, 9.6 MeV, and

12.7 MeV in 012, taken together, as approximately 25mb and 1 mb. It is to
be sxpected, therefore, that final state interactions that feed the low lying excited
states of the residual B"1 nucleus will be mwch more important for the events
with Eo< 120 MeV than for those with E0>1<:m MeV. The measured production
cross-sections for the excited state events are therefore in qualitative agreenent
with the final state interaction hypothesis.

With reference to the momentum distribution result, the second interaction
will, on average, transfer additionzl momentum to the nucleus and the distri-
bution will "leak out” into the available phase space. The final state interaction
hypothesis therefore leads to the expectation of a receil nucleus morenturn:
distribution shifted to bigher momenta than those of the distribution due to the
clean knock-out (p, 2p) reactions. The shift should increase as the incident
energy increases. The observed results (figures 8.17 and &.21) are in
qualitative agreement with the hypotheais.

Quantitatively, however, there is a diffiouity. If the average additional
momentum iransfer in each incident energy region (s taken to be (512- ﬁ}):g .

-® ,
where k, is the mean momentum transfer for the excited state events, then

——

# The result quoted for 47 M.cV was obtained by exirapolating from 2 MeV.
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taking the values from figures 8.21 and B8.22 it appears that the additional
momentum transfer approaches zero at 50 MeV ind dent energy; :.e. at an
average {inal siale energy of 15 MeV (see figure 8.25). If this is the casc
(and poinia below 353 MieV would be necessary to verily the result with the
present siatistics), it is not easy to undersiand this result in terms of final

atate interactiona.

(ii}) Direec! knock-out reactions involving correlated mucleons

B (8 more difficult to assess the results in terms of this mechanisr
becsuse very little is knmown about nucleon correlations in muclear matter;
CLEGG (1963) and GOTTFRIED (1.:63) havs pointed out some of the difficulties
associated with gaining such information.

A brief discusaion on the departure of nuclear ground states from pure
shell meodel configurations has been given in section 1.4. GOSWAMI & PAL
(1463) (referred to below as GP) have suggested that 5% of the C12 ground
siale intensity can be sccounted for by 2 particle - 2 hole configurations other
than the intermediate eoupling coafigurgum, and AUSTIN et al. (1562) proposed
adnixtures of the configurations (1;»7(1{2;»1:121 (1p)6(1dzs)2 into the pure shell
model configuration (lp)g a2s a possible explanation for tie produciion of the
low lying bound exclied staies of Bu ohserved by themn (see sectiom 1. 4).

Frou: the present experinental results:

no. of excited state events with E*< 14 b§e¢

~$8+0.1
no. of ground siate events -

e

: . 12 11
§ excluding the events comsistent with the mechanism Cu(p.p')cw ; €7 B T+
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From GP's result:

intensity of sdmixed states
intensity of pure shell model state

~ P55
8:nce, in the p + C12 reaction, the admxed staies can be responsible for higher
excited states of Bn than those included above and also for two nucleon knock-
out reactions eic., the experimental :atio of cxcited staie events 0 groumd
siaie events is probably larger than can be explained by the GP admixture alone.
This is not surprising in view of the fact that final staie interactioms must
account for sonie events. Nevertheless, {f the Gi* result is valid, it is cvident
tha: a large proportion o! the exciizd siate events could be produced by the
direct reaction mechanisn:.

BRUZCKNET et al (1:50) laid e:inphasis upon the fact that the departure
of the ground state from: the (lp)8 configuration introduced a high mon:entum
componen! into the nucleon momentuir distribution within the mucleus. It was
pointed out by GOTTFRIED (see section 1.4) that in order to observe the high
roments experimentally, the incoming nucleon must have a suitably short wave-
length and that the rax:mum observable :no:entum increases as the wavelength
decreases.

If the de Broglie wavelength of the incident proton iax , the mteraction
between the incident proton and the target proton is localized to the exieni of
this wavelength and it follows from the Uncertaisty Principic that momenta up

to 2 maximum of ﬁ/ﬁ can be observed. Absolute values of the maximum

momentum observable at a given energy cannot be obiained reliably im this way
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Fig. 8.26 Dependence of the maximum recoil nucleus momentum
on the incident proton energy for the excited state events.
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section; this could account for the exper:.uental resulls. However, it could
also be‘lrawd that since the mean recoil nucleus momentum is no different
for the excited siate events and the ground state events in the region of 50
MeV, then the operatiom of the Pauli prineiple will bave the same effect for
ihe excited siate events and the ground state evenis st lower incidenl energies,
but will have less effect at higher energies; this could lead to a cross-section
increasing with incldent energy in disagreeicnt with the experimental resulis.
Sacondly, it might be argued that as the incident enmergy increases there is a
greater tendency for both of the nucleons of ihe hypoibesired correlated pair
to be knocked out; this would suggest & reduction in the exelied staie cross-
section as the incident energy increases, in agreement with the experimental
vesult. On the other hand it is possible that a completely different part of
the puclear wavefunction is responsible for one mucleon knocik-out and two
aucleon knock-out.

In the present state of knowiedge aboul these procesaes the Decegaary
quantitative analysis is pot possible and it must be concluded that the cross-
gection result yields no information on the validity of the hypothesized direct

reaction mechanism.

38 Comclusion
Approximately 157, of the exclted state cvents can be attributed to the
inelastic proton scattering reaction The re:mainder of the evenia have Deed

shown to have properties consisteni with two other reaction mechanisms and
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it 1s not poesible on the evidence available from the events analysed to
determine their relative importance. However, the analysis of the 3«prong
events throws some light onto the problem: the extent to which the 3-prong
evenis can be explained by nucleon cascade reactions will reflect the :::portance
of linal state interactions and the extent to which they can be explainod by the
knock-out of correlated mucleen pairs will reflect the :.portance of the presence
of nucleon correlations, with associated high momentun: mucleons, within the
nucleus. In chapter 19 it is shown that the 3-prong events are very well
explained by mucleon cascade reactions but mot by mncleon correlation reactions;
it is therefore concluded that final state interactions are probably responsible

for the majority of the excited state events.
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CHAPTER ¢

NUCLEON CASCADE MODEL

9.1 Itroduction

Monte Carlo methods have been ar.ongst the most useful tools .n the
analysis of reactions ‘nvolving the knock-out of several macleoms from a nucleus.
Some of the results from such calculations that are relevant to the present
experiment have been presented in section 1.3.

However, none of the published results can be used to compare with the
present enperimental results, parily because they apply to nuclel of very
different r.asses or they apply !0 Incident muclaons of discrete and very
different energies, but mainly because no distinction has heen drawn between
neutrons and protons; thus, for example, no (p,3p) energy-loss distributions
are available.

It has been shown in section 6.4 that over 90% of the 3-prong events
appear in the (p,3p) energy-loss disiribution above the threshold emergy for
particle emission from Bem - mostly well above this threshold energy. It is
evident, therefore, tha: Cla(p, 3p)Bem cannot be the correct, or at least the
complete, description for the reaction. Reactions of the type Cn(p, prn)Bel"}‘
(x=1,2,...) give a posable explanation for these events and, in order io assess
the characteristics of the proton parts of such reactions, a cascade reaction
mechanism model has been set up along the lines of the Monte Carlo methods.

The purpose of the model is to calculate the (p,3p) energy-losses and the
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disiribution of proton energies arising 1o classical cascade reactions of the
types (p, 3pxn) w.thin the tC12 BUCious.

The model iz sel out in detail in this chapter ! the results from it
are used in the next chapter.

g.2 model

No attempt has been n.ade to caloulate the rslative probabilities for the
various reactions {.e. (p,3pn), (p,3p2n), (p,3p3n) elc. Even in the most
sophisticated Monte Carlo methods the calculation of cross-sections is parti-
cularly unsatisfactory. Each reaction is dealt with in turn and then, by
comparing the calculated distributions with the eaperimenial distributions, an
upper linit can be assessed for the coniribution fror: each reaction to the
class of events under consideration.

For the purpose of this description, the reaction Clz(p. :3pn)Be9 will Lo
taken as an example. In general, the reaction comprises a cascade part and
an evaporaiion part. However, the sinplifying assumption iz made that the
whole process can %o desceribec by a cascade ..odel and it is set up in such
a way as to make allowance ior cvaporation effects.

In the exireme classical limit, the cascade can be pictured as a series
of mucleon-nucleon coliisions with the nucleons having straight line trajectories
between collisions and with all energy losses and transfers occurring at the
collision apices. Several configuration modes fo: the cascade are possible .or

each reactiom. For the (pucleon, 4 mucleon) reaction the following two modes

are poasible:
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mode I mode II

inoldent /L\ incident
proton proton \

It .8 assumed that each collision has the properiizs of the free mucleon-
micleon interaction an! therefore, that if an energy £ is available for the two
micleons after coliision, the probability ple)de of cither nucleon having an
 energy between ¢ and e+wde is constant in the range 0<€e<I. The momentum
of the struck aucleon !a neglected when the enorgy sharing at each apex is
considered, but an allowance is made in the energy balance for the recoiling
nucleus momentum (it would not be possible to make this sinplification {or
calculations involving angles). By choosing the total ensrgy-~loss in the cascade
{0 be equal to the Q-value of the reaction plus the recoiling nucleus energy,
the assumption is made that after all the particles bave been emiited, the
nuclens is left in its ground siaie.

A mode is chosen and the cascade 8 followed until the energy of ecach
of the four product nucleons is obtained. The only restrict:on placed upon
the emergies of the nucleons perticipating in the cascade is thai cascades
producing protons of less than 5 McV are disaliowed since proton ¢pergies of

less than 5 eV are not observed :a the experiment because of the Limitations
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of the apparatus. Although, in fact, low energy nucieons do not play an
Important part in ihe cascade phase of the reaction’f by including them and
also by differentiating between neutrons and protons at energies below about
5 MeV, the model cascade qualitatively simulates the cor:plete reaction (i.e.
cascade + cvaporation). It will be seen in figures 4.3 and 3.4 that the
calculated proton specira are, at the low energies, characteristic of evaporation
specira.

A mode II (p,3pn) reaction will now be followed through atep by step
using the nomenclature of figure 9.1

At the first collision apex, the separstion energy of the first target
nucleon and an energy to allow for the recoiling micleus are subtracted from:
the incident energy. The recoil muclous energy is chosen randomly from the
experimenial receil nucleus emergy distribation which is shown in figure ©.2
(only & very small and imsignificant bias is introduced by subtracting the total
LH at the first apex). Ene- Esl" ER is, then, the energy available for the two
mucleons leaving the apex and "’a is oltalned by cloosing & number at random

from the range 7 to EQ‘- Em- ER Eq represents the first of the required

# As the emergy of a cascade nucleon falls towards the emergies of the muclear
nucleons, there is a rapidly increasing probability that it will be absorbed by the
system to form a compound nucleus. Also, any low ensrgy mucleons produced
in the cascade cannot escape very casily through the nuclear surface; ELTON

& GOMES (1957) have shown that total internal reflection severely restricts the
escape of micleons that have encrgles within 12 to 20 ReV of the average
mclear mucleon epergy.



Energy available at apices:
b BBy By
= Eb_ Es2

I E 4 Es3 ER— energy of recoil of the residual nucleus

Eo - incident energy

Esl - Separation energy of 1st nucleon

b o “s1” "R” “a ES:2 - separation energy of 2nd nucleon
Ed = By Es2- Ec Es3 ~ separation energy of 3rd nucleon
Fig. 9.1 A (p,3pn) cascade.

Arbitrary
upits

.
12 ER NeV

Tig. 9.2 Distribution of recoil nucleus energy.
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micleon energies because in the mode under discussion this nucleon escapes
from the nucleus without further interaction.

Eb is now given hy:
By = Bo Ey1” Ep~ Eq
and the energy available afier the nucleon with this energy bas collided is
E_b-E“. K this is negative, the cascade is abandoned and a new onz is started
with the incident nucicon of energy g:ﬁ.' K it is not negative, then the cascade
is continued and Ee is chosea randomly from the range ¢ Lo Eb- Eaz‘ Ec L5
the second of the required nuclear energles.

E

4 is now given uy:

g = B -E- &

and the energy awailable after the third collision is 'é:d- E’S. Again, if this
is negative the cascade is abandomed and a ncw one is started with the imcident
nucleon. If it is not, the nucleon energy Ee is chosen randomly from the range

ﬂtasd-E’amdthamlm energy zf iz given by:

zf N Ed' Ess’

Ee and Ef are the two remaining reguired nucleon energies.

E .
e

The energies of the four product nucleons are now known and it remains
to associate one of these with the neutrom; this is done by choosing one of them
at random to be the neutron energy. The other three energies are imspected
and if any ope is below the chosen observational cut-off energy (approximately
8 MeV) then the event is obce again abandonsd and restarted with the incident
mclecn, I all throe proton encrgies are gbove the cuat-off value, the event is

finally accepted and noted.
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To obtain distributions that can be compered with those obtaired from
the experiment a program was written for tha'Mewury' compiter io construct
a large number of eventa by the procedure outlined above. Since the valie of
the incident energy has a direct effect on the results (e.g. the maximum (p, 3p)
encrgy~-loss possible is approx ( Eo-ls) MeV), the program was made to geperate
events from the same distribution of Incident energies as was observed to give
rige to those eventa in the (p, 3p) energy-loss distribution above the threshold
encrgy for the reaction. After successfully following through a predeiermined
nmuber of events (usually approximately twice the experimental statistics) and
storlng the results, histograms were printed for the following quantities in the
{ncident energy regions Eo> 100 MeV and Eo< 100 MeV:
(1) the proton energies; Em
(1) the (5, 3p) energy-loss: E _- é E - By
(iif) the ratie ’&'EMAX , and
% Epi
E .
(iv) the ratic _pMIN
2E
L pi
where L is the lowest of the proton energies for the event, and E

pMIN
is the highest.

PANAX

Throughout the program, random oumbers were generated from the standard

"Autocode” random mumber routine.

9.3 Some sample resuits
In figure 9.3 the disiribuitions of the above mentioned quantities, obtained
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for the reaction Cm(p, 3pn)Be9. are shown for incident energy protons above
100 MeV. The following details apply to these results:

(i) Configuration mode I;

(1) Enl= 16 MeV, E“n 7T MeV, and Esg- 11 MeV, giving, together, the
c%(p, 3pn)Be’ Q-value of 34 MeV;

(iii) a proton cut~off energy of 5 MeV; and
(iv) approximately 1000 events.

A series of calculations was made to assess the effoct of changes in the
details of the specification given above. In figure 3.4 the (p,3p) energy-loss
distributions refer to the following specifications:

() (i) to (iv), as above;

(b) (i), (iii) and (iv) as above, and Eﬂ = Eszu Esf 11 MeV;

1

(¢) Configuration mode II, and (ii) to (iv) as above;

(d) a new series of random numbers, otherwise as for (a).

The results ars not greatly different {or all these variants of the initial
specification. The calculated distributions for the other quantities listed in
section 9.2 show the same smsll range of variation as the energy-loss results.

The method outlined in section 9.2 can quite easily be adapted for cascades
of any number of neutrons and protons. For each reaction reconstructed in this
way the distribution of incident energies used is that for the events above the
appropriate threshold energy in the experimenial energy-loas distribution. I
figure 9.5 the results for the (p,3p) energy-loss disiributions caloulated for the

reactions (p,3pu), (p, 3p2n) and (p,3p3n) are shown for events of all incident
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Fig. 9.3 Sample results for a (p,3pn) cascade.
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epergies. It is interesting to note that the resulis are quite differemt for the
three reactions.

Therefore, whilst it must be emphasized that the treatment is based upon
a simple model, the fact that the calmﬂated resulis are sensitive to the type of
reaction but insensitive to the details of the model means that they can be used

uscfully for a qualitative analysis of the experimental results.
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CHAPTER 19

A STUDY OF THE 3-PRONG EVENTS AND SOME INFORMATION
ON_THE 4-PRONG EVENTS AND HIGH ENERGY-1OSS 2-PRONG EVENTS

10.1 Mtroduction
As pointed out in sections 6.4 and 5.1, the most noteworthy features of

the resulis from .the 3-prong events arc the sabasence of any sharp peaks in the
{p, 3p) energy-~loss distribution and the fairly uniform distribution of events with
energy-loss from the minimum to the maximur possible values.

About 277 of the events have energy-losses of less than 40 MeV and so0
lie in the region of the distinct group of Bam excited states known to exist
within 12 MeV of the ground state. The probability that these events represent
the reaction Cl(p,3pBe " is investigated in section 3.

For the events with higher energy-losses, two main types of explanation
are possible. Firstly, that some of the obssrved tracks are caused by particles
heavier than protons, aad/or, that heavy particles are present but they have
insufficient epergy to be detected (a-particles in particular can be quite
amergetic without leaving visible tracks); these possibilities are investigated in
section 4. Secondly, that enmergetic neutrons, which leave no tracks in the
bubble chamber, are produced Two types of reaction mechanisms can be
envisaged: one in which a nucleon casoade, of the type commonly used to explain
reactions in much heavier nuclei, is set up, and the other, in which a correlatad

pair of nucleons is knocked out of the mucleus, leaving 2 highly excited residual
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pucleus which decays by further particle emission. The [irst mechanigm is
examined ian section § and the second in section 6.

Vhen the clean knock-omt (p, 2p) p-shell events are excluded from the
(p, 2p) energy-loss distribution for the 2-prong events, the resultant distribution
is similar in form to that of the (p,3p) energy-loss distribution for the 3~prong
events. The applicability of the conclusions concerning the 3-prong events to
the results of the 2«promg eventa is considered in section 8.

Finally, in section 9, the results from the small number of 4-prong events

observed are preaented.

Seversl aspects of the experimental results are presented in the subsequent
sections of this chapter. Here, figures 10.1 to 10.6 are presented as a general
introduction to the nain {eatures of the rasults. Figure 10.1 shows the corre-
lation between the incident proton energies and the (p,3p) energy~losses; it
indicates the need for care in interpreting the dats to sccount for the effects
of the range of incident proton energies present. Figures 10.2 to 13.6 show
that the events with different emergy-losses do not have very different character-
istics; this suggests that the same resaction mechanism, or at least very similar
reaction mechanisms, account for all events. The small variations with energy-
loss in the distribution of energy amongst the product particles (assumed to be
proton-); shown in figures 10.3 and 10.4, cun be completely accounted for by

the presence of the cut-off at approximately 5 }'cV for the detection of protons.
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F'ig. 10.6 Angles between the product protons for events of various
(p, 3p) energy-losses.



In figures 10.8 and 1.. 8, the crosses show the nean angles for all events in
each 10 MeV :region of energy-loss.

It is not a practical proposition to present all aspects of the experimentai
results, but because there is very little experimental information available for
these types of reaction in any published work, the basie information for each
3-prong event that was measured is recorded in appendix VIII; from this
information each event can be recomsiructed. It would be interesting to
compare the predictions of a sophisticated Monte Carlo calculation with the

detailed experimental results.

f) )
18.3 'The reaction Ch@, Sp)Beu and the events with energy-losses below 40 MeV

Three possible veaction nechanian:g can be envisaged for the (p,3p)
reaction; these are:
() an inelastic scatter of the incident proton,leaving the Clz nucleus
with sufficient excitation energy for it to evaporate two protons,
(i) & quasi-elastic (p, 2p) reaction, leaving the Bu micleus with
sufficient excitation energy for it to evaporate one proton, and
(ii}) a cascade reaction involv:ng only threo protons.
The evidence for each of these mechanisms is examined below for the
events below 47 MeV in the (p,Jp) energy-loss distribution. The possibility

of events arising from the direct knock-out of a correlated pair of protons

is considered separately in section 19. 5.
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o copenc!®; M. B0

For this reaction one of the protons will have an energy much greater

+22

than the other two. For example, for an incident proton with an emergy of

100 MeV (which is approximately the mean incident epnergy for the events with
ensrgy-losses less than 40 MeV) there is approximately 63 VeV available for

the kinetic energy of the three protoms, afier the binding energy and the energy
of the recofling mucleus have been allowed for. Assuming an upper limit of
ahout 15 MeV for the sum of the energies of the two evaporated protons, a
minimum ratio for E,, Ax/Zl?:i of 0.75 is obtained. The experimental value

for this ratio for events with energy-losses below 4 MeV is .89 + 0.02 (see
figure 10.4). It is concluded {rom this evidence that the double evaporation
reaction mechanism is not an important contributor to the low energy-losa events,
1"'j Bn* . ngm +p
For this reaction the incident proton and the two protons from the imitial

ay  ctp 28!

stage of the reaction will be geometrically related to each other in a very
similar way to the protons from a quasi-elastic (p,2p) reaction of the type
discussed in chapter 5. 3ince the proton evaporated from the excited residual
nucleus will, in almost all cases, have the lowest energy of the three protons,
it ia possible to pick out the direct knock-out part of the reaction.

In figure 12.7 the histogram shows the distribution of the angle between
the two longer prongs for all the events with @, <40 MeV, and the curve, which
is normalized to the mumber of events in the histogram, shows the results

obtained for this distribution from the quasi-elastic evenis. The coplanarity
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of the incident proton and the two longer promgs has been calculated for each
event with EL< 40 MeV and its distribution is shown in the histogram of
figure 10.8; again the curve shows the result obtained from the quasi-slastic
reaction.

In neither case does the curve give a good fit to the histogram and it is
concluded that the single evaporation process is also unimportant.

12 1:4(*)
) c_(p,3p)be by a proton cascade meghanlsim

This mechanism can be pictured as follows: the incident proton interacts

quasi-elastically with one of the nuclear protons and one of the product protons
then interacis quasi-elastically with a second muclear proton.

It is diffiealt to establish criteria by which evidence for or against this
mechanism can be judged. For example, it is not possible to piek out for
each event which of ihe protons has undergone only ons collision and which two
core from the second colliston. However, by using a model for the resction
it 1s possible to derive the spectrum of proton energies to be expected from
a three proton cascade reaction. The modsl is the amalytical equivalent of the
statistical model outlined in chapter 9 for calculations on the more compiex
cascades involving neutrons; the approximations are the same.

The diagram below illustrates the (p,3p) cascade:
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Fig. 10.7 The histogram shows the angles between the two
longer prongs for events with E. < 40 MeV and
the curve is the distribution of &e angles between
the product protons for the quasi-elastic 2-prong
events,

E, <uo MoV
—
\ m—
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Fig. 10.8 The histogram shows the coplanarities calcula ted
from the incident track and the two longer prongs
for 3-prong events and the curve is the distribution
of coplanarities for the quasi-elastic 2-prong cvents.
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Eo is the incident energy,
S‘.l’2 & 3 2F® the final proton energies, and
E' is the energy of the intermediate protom.
H the total binding energy is ELa.ndthe recoiling nucleus has an energy
ER’ then there is an emergy Eo- EL- ER' sSay EA. avnl!ahle to be shared between
the three protons that come from the mucleus. Eo is replaced by EA"
is assumed that each collision bas the properties of an elastic nucleon-nucleon

and it

collision; in particular it is assumed that either proton has a comstant probability
of taking any energy between rero and the total emergy available at the inter-
action apex.

The probabilily of proton 1 having an energy between © and E + dE is
dE/EA, and the probability of proton 2 baving an cnergy in the same range is
the product of the probabilily that the intermediate proton has an enmergy ©°
greater than E and of the probability that proton 2 takes an energy between E

and E +dE fraom the available energy E‘; thias is equal to:

{ =

Ea

f g8 4E | 9F r -mn)
EA A A

E

The same expression applies for proton 3.

Therefore, for the observation of a large nmumber of cvents, the distri-

bution of protons from the hypothesivzed reaction is:

P(E}E = x[1 + AME,-wD) | 1 Pei, EFE,

¥ The same result isg obtained if the toial energy-ioss is shared between the
collision apices.
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The relevant experimental values for the evenis with an energy-loss (EL)
less than 40 MeV and incident energy (Eo) greater than 100 MeV are:

£~ 33 MeV, ﬁo ~ 115 MeV, E_ ~ 4 MeV,

L R
and for those events with an incident less than 130 MeV:
E, ~34Mev, E_ -~ 82MeV, Ep ~ 8 MeV.
In figures 10.9 and 10.19 the experimental distributions of the proton energies
are shown for the tweo incident energy ranges; the full-line curves are normalized
to the numbser of events in the experimental distributions above 8 XeV and they
show P(.) calculated using the figures given above.
The experimental resulis and the model results are in good agreement
for E°> 150 MeV, but for Eo<'li}0 MeV the model result gives too amall a
component at the low energy end of the spectrum. However this discrepancy
for low incident energies can be accounted for by the fact that, in the amalytical
model, no allowsnce i{s made for the non-detection of those 3-promg events with
ons proton of energy less than 4 to 5 MeV. The broken-line curve in figure
10.10 shows the proton specirum obtained by using the statistical model of
chapter 5 for the (p,3p) reaclion, and the agreement is good; in this model the
distortion on the spectrum due to lose of the events with low enargy protons
is sutomatically accounted for. For E‘> 100 MeV the distorting effect is much
leas severe and, in fact, the statisiical model ealoulation produces a spectrum
indistinguishable from the analytical model spectrum.
The agreement between the experimental proton spectra and the model
specira lead to the conclusion that the events with (p, 3p) energy~-losses below

40 MeV are consistent with the sirmple “-proion cascade reaction mechanism.
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distributions and the full line curves are the
analytically predicted distributions. The broken
line curve of Fig. 10.10 shows the statistical
model result.
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10.4 Reagtions igvolving heavy particles
Heavy particles have been observed amongst the particles emitted from:
light mclei when they are bomharded with high energy proions and they have
been afiributed to:
(a) the direct knock-out of preformed clusters in the macleus,
e.g. the quagsi-alastic Cn(p. pe::)Ba:5 reactions at 150 1 eV reported
by JAMES & PUGH (1463); a, d and t knock-out from the light
emulsion muclel at 340 MeV reported by SAMMAN, CUER, COMBE
et al. (1954, 1655, 1286, 1:58) and at 660 MeV by OSTROUMOV &
FILOV (1:69), a-particles bLeing the most frequently observed particles;
(b) evaporation of preformed clusters from excited residual nuclel,
e.g. ZHDAROV & FEDOTOV (1969) and PERFILOV & SEREBRENNIKOV
(1361) found a large raiio of a-particles to protons amongst the
svaporation producis from residual lighi enulsion nuclei;
(e} pick-vp reactions by mucleons as they move through ths nucleus,
e.g. RADVANYI & GENIN (1:60) attributed tho deutercns and tritons
observed by then: in p *012 reactions at 150 MeV o pick-up reactions.
There are several theorstical papers which show that the clustering of
nucleons within the nuocleus is not inconsistent with an independent particle
model for the nuelous and that the quasi-a cluster is partieularly favoured
(e.g. BAZ (1256), BLOKHINTSEV (1658), SHELINT & WILDERMUTH (196¢-) and
BUNAKOV (1363), but the theoretical understanding of the production of heavy

particles in nucleon-nucleus interactions is not yet very well developed.



138

It seems pogsible, therefore, that heavy particle reactions could account
for some of the 3-prong events. The large (p, 3p} energy-losses could be
accounted for in two ways. Firstly, if the particles have sufficient energy to
leave observable tracks in the bubble chamber, their calculated energies
(sssuming them to be protona) will be bslow their true energies; for example,

2 40 MeV a-particle would appear te be a 10 MeV proton. Secondly, if they
have insufficient energy to be uetected then they are obviously omitted from :h.
epergy balance for the reaction; up to 16 MeV can be accounted for in this way
by one a-particle. Tvidence for these two sources of energy-loss will be
considered separately.

(iy Ohbserved heavy particles If the three prongs of cach event represent
the sole reaction products, apart from the recoiling mucleus, it is poasible to
calculate the energy-loss for any reaction of the type Clz(p.pAB) or Clz(p, 2p4A),
where A and B represent particles such as d, t, Heaand o. The energy-loss
calculated with a correct reaction hypothesis for an event will be equal to, or
Jjust above, the threshold energy for that reaction. Peaka at thege energies in
the energy-loss distributions would therefore point to the presence of heavy
particle reactions.

For a given reaction, three possible energy-losses can be calculated, due
to the different ways in which the hypothesized product particles can be assigned
to the three prongs. In figures 19.11 to 10.18, the distributions of cnergy-loss
calculated for various hypotheses (including the three poasibilities for each event)

are shown with the appropriate threshold energies. Only for the reactions
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Energy-loss distributions obtained for various reaction hypotheses.
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Clz(v.!m)ae°. c”gp.zwnea. and clch.pwme‘s is there any indication of
peaking at the threshold enmergies, and furthermore it is found that, broadly
speaking, the same body of events is responsible for each of the peaks.
It is estimated from the distributions that up to 10% of the toial number
of 3-prong cvents can be attributed to reactions involving heavy particles.

(i) Unobserved heavy particles Only an indirect assessment can be made

of the imporiance of these reactions. It hag been noted that results from
emulsion experiments, in which heavy particles can be detected to energies
below 1 MeV, show that, of the heavy particles emitted from light muclel,
a-particles predominate. Two assumptions will be made: firstly that the
observed particles are protons, and secondly that any unobserved heavy particies
are a-particles. The break up of the Cm rucleus must therzfore be as follows:
C12~ﬁp+a+a*zn.

because once one a-particle is emitied with 8 protons, the residual Has is
unstable against the deoay: Heﬁ ~a + 2o

ZHDANOV & FEDOTOV (1:6") showed that, for the reaction p + (:12 at
660 MeV, the ratio of the number of a-particles knocked out of the nucleus to
the mumber of protons kmocked out i§ 0.2, and a similar result was reported
byPERFILOV & SEREBRENNIKOV (1¢61) for the muclei C, N, O taken together.

i this result iz assumed to apply at energies in the region of 100 Mev". the

# This is not an unroasonable assumption since Ostroumov & Filov have shown
that the cross-section for the lmock~out of high emergy a-particles from the light
emalsion nucle! is constant for incident energics between 170 MeV and 700 MeV.
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bypothesired ¢Z.'12 break up will, in four cases out of tem, involve one knocked-

out a-particle. The energies of the various particles can be estimated as:

knocked-out o < 16 MeV
evaperaied a : smev
two evaporated neutrons < 8 MeV

and the total hinding cnergy is 36 MeV.

V/hen a knock~out e-particle is invoived, the maxinum energy unaccounted
for will therefore be 4C MeV, and when both a-particles are evaporatsd the
maximum ubobserved energy will be 56 MeV. I the hypothesized process is
important, it is to be expected that the (p,3p) energy-loss distribution will have
a structure reflecting the presence of the above two components.

In figure 10.1%, the (p, 3p) energy-loss distribution is shown for events
with E'°> 120 MeV (to climinate most of the effect on the distribution of the
spread of incident energies (see figure 10.1)). The distribution shows no
marked structure and in particular shows no discontinnities in the region of
5¢ MeV and 66 MeV. Furthermore, it was shown in section 10.2 that all the
other characteristics of the J-prong events are quite independeni of energy-loss
right up to the maximum encrgy-losses observed (~ 85 MeV).

The evidence for the prusence of energetic heavy particles shows that

an upper limit of 10% of the 3-prong events could be explained by reactions

L SN N -

# Perfilov & Serehrennikov showed that, for the decay of residual light nuclei,
the ratio of a-particies to protons is appraxiinalely 1.7 and that the cnergy
spectrum of the a-particles s peaked at 3 MeV and falls off rapidly above
thia energy.
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involving heavy particles. The indirect evidence for the presence of low
energy heavy particles lends no support at all to their importance. Therefore,
subject to the limitations of the amalysis, it is concludod that the presence of

boavy particle reaction products cannot account for the main body of the

J-prong events.

Traditionally, this mechaniain has been used to interpret mucleon-mucleus
interactions for heavy nucle! and for high energy imcident nucleons, but the
work of ZHDANOV & FEDOTOV (167, 1162, 1984), ABATE (1961), and BERTINI
(1663, 17.64) haa shown that it is also applicable for muclei as light as Qﬁm
and for energies as low &8 50 MeV,; some of their results were reported in
soction 1.3

K the reactions {.;m(p. ffs;mn)mw‘x. x=1,2 ..., are important contributars
to the 3-prong events it is easily seen that they can produce very low and very
high (p,3p) energy-losses. Low energy~losses would resuit from Interactioms
in which the neutrons take away & small proportion of the available energy-
as they would, for example, if they were produced in the evaporation phase of
the reaction -~ and high enargy-lcases would result, for example, from reactions
in which high emergy nsutrons produced in the first stages of the eascade
reaction escaped from the nucleus without further interaction. To assess the
relative importance of these various possibilities, the model, deseribed im

detail in the preceding chapter, was set up. As pointed out in that chapter,
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each reaction of the type (p,3pxn) is assumed, in turn, to account for all of
the observed events and, by comparing the results from each calculation with
the experimental results, an assessment of their relative importances can be
made,

The results predicted by the model for the (p, 3p) energy-losses, the
proton energy spectra, and the cnergy sharing between product protons for the
reactions Clz(p. ftpxxmezj and Cu(p, :?p?ra)i“:a are presented in figures 1¢.20 to
17.28. One encrgy-loss distribution is also shown for the reaction Cm(p. 3p3::)Be7.
The model resulis have been smoothed out to curves and the experimenial distri-
butions are shown by the points. The first observation is that the model
predictions do indeed produce distributions very similar to the experimental
distributions.

An examination of figure 13. 20 shows that the contribution to the events
from the Clz(p. 3p3n)Be7 reaction, with its high threshold emergy, is likely to
be minimal. Firstly because it can contribute events only in the tail of the
energy-loss distribution, and secondly becanse {f it were important in this
region, the contribution from the reactions (p,3pn) and (p,3p2n) would have to
be very small to retain & good fit for the high emergy-loss cnd of the distri-
bution: this would leave a large proportion of the main bady of the events, at
lower energy-losses, unexplained. The unimportance of the (p, 3p3n) reaction
can easily be explainad by the fact that this reaction would require the breaking
up of two a subgroups in the mucleus compared with the breaking up of only

one for the (p,3pn) and (p, 3p2n) reactions.
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No such elear-cut cbservations can be made concerning the relative

importances of the (p,3pn) and (p,3p2n) reactions. The table bhelow summarizes

the goodnoss of fit between the medel predictions and the experimental results

shown by figures 10 27 to 10,28,

The experimental proton energy specira seem to have more low energy
protons than is predicted by the model for either reaction. This could well
be due to the very phenomenological manner in which evaporation has been
included in the piodel, because the proton comtribution from cvaporation begins
to be important at the lowsst proton emergies observed in the experiment.

The general conclusion to emerge from the teble iz that the model
predictions for the (p, 3p2n) reaction give a better fit to the experimental
duﬁ'ibnttm than the (p,3pn) predictions do. Let us examine farther the
ensrgy-loss distributions to see to what extent the dominance of the (p, 3p2n)
reaction can be substantisted

Firstly, what are the implications of hypothesizing that there is no
contribution at all from the (p, 3pn) resction? In figure 17. 2 the histograms

show the differenmces batween the predicted (p,3p2n) esergy-loss distributions

|
|
I
i

Type gy E > 100 MeV i E < 100 MeV

result ; ° © i
{p, 3p) energy-loss (p, 3p2n) better both {it over different ranges
protont energy specirum | (p, 3p2n) better {{:, 3p2n) imarginally better
energy rctios both {it equally wcll {p, 3p2n) better
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and the experimental energy-loss distributions; also shown are the energy levels
corresponding to the production of the kmown low-lying excited states of Bem.
It can be seon that the (p, 3p2n) reaction can account for all of the events with
E°> 170 MeV and EL> 56 MeV, and for all those with E°< 1790 MeV and
E.L>4s beV, The remaining events all occur in the ‘reg,ion of energy-loss
corrasponding to ths low-lying excited stales of Bew and 30 they could be
attributed to the (p,3p) reaction; it has already been shown (section 1%, 3) that
these evonts have protom spectra consistent with a (p,8p) cascade reaction
mechanisim, It seems quite pozsible, therefore, thai the (p, 3pn) reaction is
unimportant and that all of the observed events are produced by the two
reactions: Clz(p. 3pzn)Be8 and Cn(p,Sp)Bem.

Having established that the possible minirurm: contribution from the (p, 3pn)
reaction i3 =zero, it will now be interesting to see whether an upper limit can
be set to the (p,3pn) contribution. In the first place it can be zgen from
figures 19.21 and 10, 22 thai there is 2 amall residue of low energy-loss events
that cannot poesibly be accounted for by the (p,3pn) reaction because they are
below the threshold energy {or the recaction; these musi be attributed to the
{p, Sp).rmﬁan. Apart from thoze, however, many of the events shown in
figure 19.22 can be accounted for if contributions to the events from the (1, 3pn)
reaction are hypothesized. or incident energies below 100 eV, it can Lo
seen from figure 10, 22 that the contri‘butién from the (p,3pn) reaction could

be almost as high as 1Y without producing significant discrepancies between

the predicted and the experimental distributions, but the energy sharing resuits
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of figures 10.27 and 1. 28 would be in disagreement with the experimental
results if very large contributions were hypothesized. On the other hand, for
inetdent energies above 100 MeV large contributions from the (p, 3pn) reaction
would produce s distribution with more events in th: energy-loss region of
36 MeV to 46 MeV than arc observed experimentally. I figure 10.31 the
experimental distribution i8 shown along with the distributions predicted for
various combinations of contributions from the {p, 3pn) and (p, 3p2n) reactions.
Certalnly, (p, 3pn) contributions of 507 and above imply an excess of events
in the 36 MeV - 46 MeV region but a contriution of up to approximately 40%
would give a distribution consistent with the axperimental one. It must be
borne in mind, though, that the lower the hypothesized contribution fro:: the
(p,3pn} reaction, the better will be the agreement between the . peric.ental
and the theoretical distribuiions for the other results summarized in the tabie.

To summarize: all the events can be accounted for by the iwo reactions
clz(p,sm&w and Clztp. szmneg (30% and 70% reapectively), but up to 405,
of the events could be due to the reacticn Clz(p, Spnmeg. although the evidence
points to the fact that the contribution {rom this reaction is probably well

below 407,

10.6 EKnock-out of gorrey_mv pairs of protons

It would be extremely interesting if a body of events attributable to the
direct knock-out of a corrolated pair of protons could be recognized, because

very little is known about such correlations. Although the 3-prong events
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Fig. 10,31 The experimental energy-loss distribution compared with
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have Leen shown to be consistent with nucleun cascade rcacuons, the evidence
i3 not conclusive and the possibility that the three protons emerging from the
nucleus arise from a proton-diproton colligion within the nucleus remains open.
I such reactions were present, the spectrum of excited states produced
in the residual Bem nucieus woild reflect the parentage coefficients for the

expansion of the Cu ground siate :n terms of two protons and Bew.

Since
the evidence from the results, presented in section 10. 2, shows that the event
characteristics are no different, on average, throughout the energy-loss range,
it is presumed that i{ the proton-diproton mechanism is iLmportant it contributes
events ai all energy-iosses, and il was seen in figure 10.15 that, for a given
incident energy, evenis are distributed uniformly with energy-loss up to the
maximum possible level. This implies that the sums of the parentage
coefficienis for eqgual intervals of Bew exciiation energies are counstant at

least up to the mwaxinum excitation energies observable. However, BALASHOV
& BOYARKINA (1:64) showed that the expansion of the C12 wavefunction in
terms of a proton-neutron pair and Bm involved [inite parentage coefficients
for only the very low-lying excited siaies in the residual Cue nucleus and it
seoms likely that the result would not be greatly different if the expansion
were for a proton-proton pair and Bem. This evidence suggests that the clean
knock-out proton-diproton reaction mecbanism is not an important contributor
to the observed 3-prong events.

In figure 10.37 the spectrum of ithe lowest epergy protons from each

event i3 shown for all events with E°>1zs MeV; bearing in n::nd the loss of



147
low energy protons, the spectrum is characteristic of an evaporation spectrum
(sce, for example, ZHDANOV & FEDOTOV (126%)). This further suggests that
diprotom direct knock-out is not important because in sueh a reaction there are
no evaporated protons.

Fimally, there is the question of how the nissing energy is accounted for.
If the measured energy-loss represents the excitation emergy of the Bew nucleus
before it breaks up, as it would for a clean diproton kmock-out reaction, thenm as
the incident energy increases and the highest energy-losses increase, aso the Bew
break-up products (2a + 2n) take away, on average, more emergy. For o= 120
MeV and E.L- 80 MeV, the four particles must take away approximately ) MeV.
Aa the incident energy increases, this value will be a: least as large as that,
but if the preseat resulis are extrapolated they suggest tha: higher incident
energies would give rise to higher (p,3p) energy-losses and consequently that
even more energy nust be accounted for by the a-particles and neutrons.
However, ZHDANOV & FEDOTOV (1260) showed that, even at an incident
energy of 663 MeV, the energy spectrum of the a-particles ia peaked at 4 MeV

# This is a typical

and drops expomentially to 1% of the peak value at 20 MeV.
evaporation spectrum and it certainly suggests that the average a-particle
energy does not increase as the incident energy increases. To account for
the high energy~losses, therefore, neuiron energies above these encountered in

evaporation spectra are required. The presence of high energy neutrons but

et R -

# Over half of the a-particles ihoy observed carie irozi the reactions
involving the knocieout of two protuns from cl?,
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not high energy a-particles cannot easily be accounted for by a model involving
the spontaneous break up of highly excited Bem nuclel.

Only an indirect approach to the problem has been possible, but from the
separate bits of evidence, which all show that a proton-diproton reaction
mechanism could not easily account for the results obtained from the 3~prong
events, it is concluded that the mechanism is not responsible for a significant
proportion of the observed events.

The analysis does not rule out the possibility of a proton-diprotoa Inter-
action followed by final state interactions, which have the effect of establishing
& nucleon cascade; nor does it rule out the possibility of & proton-quasi deuteron
interaction, because in the case a large amount of energy could be carried away
by a neutron. But these possibilities are not susceptible to analysis.

There are no difficulties of the type discussed in this section if nucleon

cascade and evaporation reactions are admitied.

10.7 Summary and conclusions concerning the 3-prong events

Several possible reaction mechmisms for the production of the observed
3-prong events have been investigated.

Nucleon cascade and evaporation mechanisms leading to reactions of the
type Cm(p. 3mn)Bem.x. when I[nterpreted with a relatively elementary model,
accurately predict the various experimental energy distribations for all of the
3-prong events. The evidence suggests that the (p, 3p2n) reaction is the

dominant one but at least some comtribution, at low energy-losses, must come
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from the (p,3p) reaction. Although no contribution from the (p,3pn) reaction
is needed to explain the experimental results, a contribution of up to 40% can
be admitted before the agreement with thesc results is violated; however, the
lower the hypothssirzed proportion, the better is the agreement.
Apart from the mucleon cascade reactions, the analysis shows that up to
127 of the events could be due to one, or to a mixture, of the reactions

m(p. 2pt)Bes. and Cu(p, pﬁd)Bea. No evidence was found for

sz(p.z N)BO&, c
reactions involving the clean knock-out of & correlated pair of protons. However
more complex reactions cannot be ruled out because it is not possible to test
for their presence; this category includes, for example: a caseade reaction
involving correlated pair interactions; and participation of heavy particles in

a cascade. Nevertheleas, the excellent agreement between the experimental
results and the results predicted for the nucleon cascade reactions does stand
out as the most striking feature of the analysis.

At first sight, the conclusion that the reaction Ciz(p, 39211)!398 is the most
important single contributor to the 3-promg events, secms contrary to the
precdictions of the detaniled Monte Carlo calculations performed by other authors.
For example, the results of Bertini reporied in section 1.3, predict that
6(p. 30) > 6(p, 3pn) > 6(p, 3p2n); the results of ABATE et al. (1961) and
GRADSTFEJN (1862) alsc show the same feature. If the cross-section of
2.6 + 6. 3 mb, calculated in gsection 7.8 for the eventa with energy-losses less

than 40 MeV and incident energles greater than 100 MeV is very approximately

corrected for the loss of low energy protons, by assuming that the mumber of
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protons missing from the spectrum of figure 10.? is equal to the number of
migaing events, a value of 4.4 +1 mb is obtained; this applies to e mean
incideni emergy of 117 MeV. An interpolation of Bertini's results gives a
croes~seciion of 5.1 mb for the (p,3p) reaction at this energy which is in
agreement with the experimental resuit. The Monte Carlo results for the
(p. 3pn) cross-section - largest in Bertini's results where it is approximately
equal to the (p,3p) cross-section - implies a contribution of 10% from this
reaction in the present instance and this ia well within the posaible upper limii
of 40% suggested in section 1¢.5. This leaves a very large contribmtion from
the (p, 3p2n) reaction which cannot be accounted for by the Momte Carlo cascade
mode! predictions.

There are two possible explanations.

Firetly, if o sabstructures in (212 play an important part in the proton-
nucleus reaction then it seems likely that the interaction of the inc.deut proton
with a nucleon when it is participating in a sub-a correlation (not necessarily
a spatial correlation ~ see BA7Z (1556)) could result in the ejection of all four
of the correlated nucleons. Since this nuclear structure effeot has not been
allowed for in any of the Monte Carlo calculations this could account for the
fact that the predicted cross-section is very much smaller than the experie
mentally deduced cross-section for the reaction C' (p,3p2n)Be".

Secondly, since the cascade calculations nmake no allowance for evaporation
from the uuclei remaining after the cascade stage of the reaction, it is possible

that the evaporation part of the reaction greatly reinforces the (p,3p2n) reaction
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but not the other reactions. It can be seen from the results of Metropolis
(see section 1.3) that, for medium weight nuclei at least, (nucleon, x nuocleon)
oascade reactions leave the resiiual nuclel with considerable amounts of
excitation energy which will be dissipated by particle evaporation. ZHDANOV
& FEDOTOV (1u64) investigated this posaibility for their experimenial conditions
of 660 MeV protoms on cm. because their experimental results also indicated
a predominance of the reaoction (p.aptn).# As reported in section 1.3, they
did in fact find that a very stong reinforcement of the cross-section for the
production of the final mucleus Bca (or two low energy a-particles) was predicted
if a conventionnl nucleon cascade calculation was followed by a decay mode
calculation. They skowed that the effect was due to the stability of the a
grouping within the mucleus which makes Be® (or 2a) a highly favoured final
product.

Therefore both expianations depend upon a-particle substiructure. It is
interesting to recall (soe saction 1.3) that the Monte Carlo calculations of
other authors gave betier agreement with experimental resuits if the presence
of a-particles in C'° was admitied, although in these calculations the a-particles
were treated as subpariicles which do not break up.

On the basis of the evﬁenacc presented, it s concluded that a~particle
substructures play an important role in determining the course of pucleon

2

interactions with the cl - mucleus and that the 3-prong events arise {rom

Ne,
reactions of the type Cu(p. 3pm)Bel' X, with x=2 predominating.

£ 60% of all the non-mesonic reactions with three or more charged products
(excluding the residual mucleus) were attributed to the (p, 3p2n) reaction.
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The 2-prong events that have (p. 2p) energy-losses in the region of 16
MeV bave been explained by the quasi-elastic (p,2p) reaction, but the majority
of the eventa have energy-losses well above that corresponding to the most
simple imock-out reaction. There is no evidence for a dominant contribution
to the events from the heavy particle reactions (p,pd), (p, pY), (p,pﬂea) and
(P.pa), as can be seen from the energy-loss distributions obtained by cone
structing the events according to these bypotheges - shown in figure 10,32,
Following the conclusions draws from the J-prong events, it was interesting
to investigale to what extent the high ensrgy-loss 2-prong events could be
attributed to reactions of the type Clg(p.zm)su'x; to do this the reaction
model described in chapier 9 was modified to calculate the various energy-loss
distributions. The results are shown in figure 1. 33 togother with the CXPeri-
mental éﬁmiaum" .

It can be seen from figare 10. 33athat the reaction Clz(p, Qpaa)Ba is of

no importance for explaining the experimental results.

— e

# Because the 2-prong events were not measured with a microscope, as were
the 3-prong evenis, a large mumber of events with one or two very short prongs
were not measured (see appendix VID). This means that there are avents
missing from the high energy-loss end of the enargy-loss disiributions and
consequently it {3 not possible to make a very accuraic normalization of the
distributions predicted by the model to the experimental distributions. The
normallzations shown in figure 19.33 are, therefors, somewhat arbitrary.
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I, as deduced from the 3-prong evenis, the a-particle substructure of
C,'2 is imporiant, and the (p,3p2n) reaction has a very high cross-section,

a large number of 2-prong events will be produced by (p, 3p2n) reactions in
which one proton has insufficient energy to be detected. As well as the
cascade model caloulations for the (p, 2pxn) reactions, therefore, (p, 3p2n)
reactions with one proton of energy below 5 LieV have also been simulated
and the resulting predicted (p,2p) energy-loss distributions are also shown
in figure 12 13,

Sevcral points emerge from an examination of figure 13.13. Firstly,
the (p, 2pn) reaction alone could be responsible for ali of the eventa observed
at the lower incident proton emergies and for a large proportion of the events
at the higher incident energles. 3econdly, either the reaction Cm(p. 3p2n)Be8
or the reaction Clg(p. zpzn)Bj can account for all of the high energy-loss
evenis (above EL ~ 50 MeV for the (p,3p2u) reaction and above EL ~ 60 MeV
for the (p, szn) reaction) for both incident energy regions. Taking the curve
normalizations given in figure 1. 33 for these {wo reactions in turn, the residues
of events that they leave unaccounied for are obtained by subtracting the curves
from the experimental distributions; these are shown in f{igures 1¢.34 to
1°.17. In the case of the reactions Cu(p. 3p2n)Bes, the regidual events for
both incident energy regions all lie in the region ol energy-loss expected for
the quasi-elastic (p, 2p) reaction involving the knock-out of an s-gshell proton

(E, = 34 MeV, AEI = + 5 MeV (TYREN et al. 1865)). In the case of the

1.
(p, 2p7n) reaction at the higher incident energics, there are residual events
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in the region of the quasi-elas:ic g-sheil binding energy and also soae above
the range of energy-losses covered by the quasi-elas:ic reaction.

Unfortunately, a very wide range of suitably normalized cor-hinations of
contributions from the reactions Clz(p. zmsnu. Cn(p. 3p2n)Bea, C"(p.an)Bm.
and Cu(p. Zan)BH will give (p,2p) enargy-loss distributions that [1t the exper.-
mentally observed distribution so that, whilst it is established that the experi-
mental results for the high (p, 2p) energy-loss events are consistent with the
resulta to be expected [rom mucleon cagcade reactions, it is not possible to
determine the relative Importances of the variocus reactions. However, the
following points can be made.

Firstly, cne way of fitting the experimental resulis is by a combination of

1 and Cm(p. 8pzn)Be8 (one proton energy<<$5 MeV).

the two reastions Cw(p, zp)gB1
Taking the extreme case of no contributions from the (P, 2pn) and (p, 2p2n)
reactions, and sccepting the normalization of the predicted (p, 3p2n) energy-loas
curve shown in figure 19.33b for the events with 5,100 KeV, the residue of
evente, shown in figure 10, 38, ropresenis the quasi-elastic (p, 2;))g reaction aand

the background of unclean knock-out (p,2p) reactions only. An order of rugni-
tude determination of the quasi-elaatic (p, z?p)a reaction :n the energy range 1.9

MeV to 130 MeV can be made from these evenis. The dotled curves show iwo
alternative estimates for the background evenis and on sébtracting these from
the histogram, the two estimates obtained for the mamber of s-shell events are
170 and 180. Taking the average of these and assuming that the events are

gsubject to exaectly the same corrections as the p-shell cvents (see section 7.4),
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the estimated s-ahell cross-section for 10 MeV< £o< 130 MeV is ~ 8 uib;
thia is approximately half of the cross-section calculated for the quasi-elastic
knock-out of p-shell protons. Since thore are half as many s-shell protons in
c'12 as p-shell protons, this value is probahlyf of the correct order of magni-
tude for the cross-section. This result shows that it is pot uareasonable to
hypothesize that the reaction C. (p,3p2mBc’ is the dominant centributor to the
bigh energy-loss 2~prong events and it is therefore concluded that the results
from the 2-prong evenis ars consistent with the conclusions reached in the
previous gection, i.e. that the a-particle substructure in Cm plays an important
part in determining the course of the nucleon-nucleus reaction.

Secondly, admitting the fallibility of the above deductions and looking at
the results in another way, the fact that the (p,2pn) reaction gives rise to an
energy~loss distribution with a pronounced peak in the same region as the
energy~ioss for quasi~-slastic (p, 213)3 reactions shows that il is not necessarily
correct to attribute the experimentally observed peak to the quasi-elastic

reaction, as has been the custorn: of previous authors.

10.9 m 4-prong events

Sixty-gune 4-prong events were measured. The experimental information
on the distribution of these evenis with incident energy and (p,4p) emergy-lces
is shown in figure 10.38. In figure 19. 3% the spectrum of the energies of the

prongs, treaied as protons, is given.

- N e

¥ See the commenis in the footnote on page 83
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The presence of the resction p+ C - = p + 3o was tested for, bat In
the energy-loss distribmtion obtained when the events were reconstructed
according to this hypothesis there was no evidence of & peak at zero; this
reaction is, therefore, not being cbaerved.

The (p,4p) emergy-loss distribution is of the same pature as the S-prong
(p, 3p) energy-loss distribution and the 2-proag (p, 2p) enexrgy~loss distribution
above the p-shell peak. It seems likely, therefore, that the 4-prong c¢vents

, cm S-X
are also caused by resctions of the type {p,4pxn) Ll .
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CHAPTER 11
CONC LUDING REMARKS

The work reported has provided the author wi.ii interesting and valuabnic
experience in the fields of experimental technques, data processing, computer
prografciing and manipulation, and the interpretation of experin:enial results
in terms of the physics of the mucleus.

The quasi-elastic nature of the Clz(p. 2p) reaction leaving the residual
Bu nucleus in its ground staie, previously established by other experimenters,
bhas beer, confirmed, and the energy dependence of the cross-section belween
5% MeV and 137 MeV bas been seen to be consistent with the effect of the Pauli
princ.ple, operating within the nucleus, on the free proton-proton cross-section.
For the higher iﬁcident energies the measured cross-section :5 In agreement
with the results of other experimenters.

It has no: been poasible 10 study the quasi-elastic reaction involving
s-shell protons nor to measure it cross-section, because events fron this
reaction were not separable from the evenis from other reactions.

Multiple scattering of nucleons within the C12 nucleus, leading to the
establishrnent of intramiclear nuclcon cascades has been shown to be extrovely
important; nucleon cascades and cvaporation reactions can account for the
majority of the 2-prong evenis and for zll the 3-prong events and 4-prong
events, the production of the low exeited states of Bu has also been scen to

be consistent with multiple scattering of the protons produced in the quis -

elastic reaction.
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It seems surprising that mcleon cascade and evaporation reactions are
so important in a nueleus of only twelve mucleoms. A possible explanation for
this, deduced from the cbservation that the experimental evidence points io a
very large crogs~saction for the reaction Cm(p. 3p2n)Be8 is that a-particle
substructure effects in the micleus are frequently respomsible for the ejection
of {our mucleons from the nucleus when it is disturbed by the incidence of a
high energy nucleon.

By seiting up a profon beam with very little energy spread in it, the
propans bubble chamber has been used at the limit of its resolution (deter-
mined Ly straggling). The main disadvanteges of the apparatus have proved
to be its inahility (a) to differentiste Letween protons and other charged pariicics,
(b) to dstect prolons with encrgies helow 5 to 10 MeV, and (c), in comnion with
most other deiectors, to detect neutrons. The first two disadvantages could be
alleviated by using for the stady & dismond loaded emulsion or a cloud chamber;
bhoth of these methods bave their own disadvantages but the former has been
used successfully by Zhdanov & Fedotov {or 869 MeV protons.

Perhaps the most ussful next step would be to compare the experimental
resuls with predictions of sophisticated Monte Carlo calculations, it would be
particularly interesting if the effects of a-particle substructures in the nucleus

cold be simulated in such calculations.
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Appendix I
Technical Notes

The chamber body was machined from a solid dural bloek
1337 x 18" » 125", Supplied and heat treated by "Northern
Alurinium Co, Lid, "

"Heavell” Compressor able to supply i litre of air/sec &t 55 atmos.
' Foxbore' Needie Valve

"Foxboro” M/4V Stabilog Pressure Controller

"Barksdale” Crescent Series Valve. Model A1038

Supplied by ' Marston Excellsior Lud." (LC.L) MMi4l
"G.E.C." FT 230

'"Dalimeyer’ Series F/6.5. Wide angle, astigmatic and coated.
Focal length 2 3/8".

"Hiord"” 35 mm perforated Paan F film

"Ericson’ GR 10G

99% pure propane from 'Calor Gas'.

1569
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Appendix I

Choice of Aperwre for the Cairera Lenses

The diagram shows the image space of a camera lens. I {s assumed
thai the bubbles in the chamber act as point sources and for simplicity,
only points on the principal axis of the lens are conside:ed.

11 is the image point for a point In the centre of the chamber

12 is the image point for a point on the bubble chbamber window

A is the plane of the film

y|
|
f
f
{

Lé-»-é

The radwus (r) at M of the light cone of I2 is given by

v+! t
and since t<<vy
fa
P g | ()

Thus, to reduce the loss of resolution due to this geometrical effect,

the aperture radius a should be as small a3 possibie. However, as a ia

reduced, diffraction effects beconie immporiant,
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Using the Rayleigh criterion, the diffraction radius for the image ’1

can be wriilen aas

a (?)
The opiimum resolution over the whole chamber will be adiieved when
r~r’; that is when
1.220v _ & ,
a8 v ()
if D is the depth of field in the object space and m is the demagnification
irom the bubble chamber to the {im
D
1 2% (4)
and equation (3) gives
gj
a = vy j L.440m_ D’«m (5)
Since u ~ 13f, v~ {, the focal length of the iens.
~fore
There'\the stop number (F) of the lens is given by
{ 1 D
Fo= 2a = EAVE] / 2.’44X (6)

Using thc reievant values
m = 14
A= 5x16 cros

D = 30 ems

F = 19

The number of bubbles {n) resolved per centimmetre in the object space
1
(= Trur) is given {rom equations (1) and (4)

2 F
D

=2

A -~ 18 bubbles/cm
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From microscope observations on the film it is found that at F15
20 tv 2% Lubbles/cin are resolved - in good agreciieni with the resu.t
from the apyruinate treatment given sbove., A more detailed treatment
is not Justified because of the somewhai arbitrary nature of the Rayieigh

criterion,
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Appendtx HI
The magnification of an energy spread in a pioton beam as it is degreded
in energy

In the diagram
R 18 the residual range in propane of a proton ef energy E
dE is the initial RMS energy spread in the beam
R4dR 18 the residual range of a proton of energy E +dE

and E, is the energy of the protons at the plane A

E,
|

_ é i R+JR """" >
E+dE t
¢ —L- 3
E +

< - = — R— — — =

I
A

It is required to find the energy spread at the plane A when energies are
measured by the method of residual ranges.

A range-energy relationship of the form E = ARB is assumed; this
introduces an error of less than 1.

Using this, the difference in rangea of the two protons is

dR = e, (1)
JR—

The ensrgy difference (dEol) at plane A, measured by the method of

residual ranges is

dE_, = AMR-1)2 - AR-L)E 2)
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For 'l%%’ << 1 which applies for all but the last centimetre or so
of the path in propane

= m——.
dE , 1-B (3)
{(R-L)

The expression can be presented more concisely if the appraximstion

B=0.5 is made (B~0.54). Using this approximation and substituting for

" T “

dR
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Appendix IV
ibe energy spread in a proton beam as :t is degraded in energy due (o

the statistical nawre of the slowing down process

STERNHEIMER (1960) has calculated the RMS percentage straggle in

the range of a stopped proton bLear: (the straggle coefficient) for a series
of elements and incident energles.
Consider the emergy uncertainty due to this effect at a depth of

penetration I. where the average beam enpergy is Eo

E
]Q
e e el — :
E - = = -
A

For protons of a given energy Eo at the depth L, the straggle in the
range produced by stopping them s
ko {R-1)
where ko is the straggle apefficiem for protons of energy Eo'
The total range siraggle produced by stopping the inciden! protons is
kR
where k is the straggle coefficient for protons of energy E. The range

straggle produced up to the plane A can therefore be expressed as

1

. ]
dL ==_ﬁs"ﬁz - k: (11-1 (1)
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The equivalent RMS spread in energies al A is obtained from the range-
encrgy relationship

B
Eo = A{R«L)

hence , d’i‘}oz! = AB(R—L)B.ldL (2)

and subsiituting for dL

L B-1/ 2 2 2 .
dmog = AB(R-~1) /k m-ko (R«1) (<
s'aking the appronimation B= 0.5, a8 in the previous appendix, and

assuming that k = ko = constan: (iruc to within + 57) equation (3) can be

wr:iten 28

dE

- ﬁ 2R1.-1.
02 2

R-L (%)
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Use, on view 1, the template provided.
CD defines the beam entry window;

AB defines the edge of the illuminated region; tracks should be visible
from here on.

X

—
W-——-—------->
X
X

The chamber s divided into ten reglons, lzbelled 1 to 1¢ on the
template,

1. Selection of a frame
Firstly, decide whether or not the frame is to be "accepted”. To do
this, askthe following question: Can I see, quite clearly, everything that
bappens on this frame? If the answer to this question is 'mo’, the frame
is to be rejected and noted on a separate scanning sheet.
2. Selection of an event
Having accepted a frame, scan it for 2-prong, 3-promg and 4-prong
events,
If an event i3 seen:

(a) Check on view 1 that the incident proton has entered through the beam
window; the track, when projected backwards, should intersect the line
CD. I it does not, ignore the event.

(b) Check on view 1 that the angle made by the incident track with the
reference line is less than 3° (the incident track s to be considered omly
over the first 2" or so). I the angle is larger than 3°, ignore the event.

{c) Check ON ALI VIEWS that there is no scatter on the incident track. The
diagram below shows such 2 scatter and indicates that unless care is taken
the scatter may ve overlooked.

I a scatter 1s detected, ignore the event. <
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1. _Revordig_of an event
Fill in the first four columns on the scanning shset.
Some events are very clearly 2-, 3-, or 4-prong events, bhut sometimes
events may be wrongly classed if care is not taken.
(2) Apparent O-prong events may have very short stubs,
e g

—_—

"

For such events, write “swmb(s)" in the comment column of the scanning
sheet. Record any uncertainty about the mumber of prougs.
(b) Apparent 1-prong events often have a short second prong,

e.g

/

'\ '

"~

Record, where necessary, &8s sbove. .
{c} If a 2-prong evant with iwo short prongs is seen, look very carefully for
the presence of a third prong, especially /f the event occurs in the first half
of the chamber. This is Important as nearly all 3-prong events are of this

type,

@, ga /
4
z'f
! ; L nee &‘

Generally, for deciding on the number of prongs, all three views
should be looked at.

4. Comments
Under the scanning sheet column headed "Comments", record, when
relevant, the following fealures:
(a) Short stubs.
() An event that s visible on one or two views only.
(¢) A secatter or event on one of the pronga of an event,

e g e
N 1,‘.\‘«% -

() Anpything that appears unusual.
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5. Beam Tracks

6.

On every tenth frame count the number of "acceptable’” beam tracks
{(see mections 2a and 2b) and record with the frame number.
3topping Tracks

At the end of rost of the rolis of lilm there arc about 3% frames with
tracks siopping at the end of the chamier, followed by some frames with
tracks stopping halfway acroas the chamber.

Do not scan these irames for events buit merely record the frame
mumters,

B, Measuring Procedure for 2-prong Events

S8et up the filn: on the measuring machine so that the tracks enter at
the end close to you, and the frame number is on your right. The relevant
views can be recognized by the fiducial positions: the position where the
"George” and “Andrew" crosses are close together indicates the view mumber.

VIEW 1 VIEW 2 VIEW3

C s Y (Y )

+ «. +

s x/ 4+ x) NS

Firetly, look at the three views and decide upon which two the event
concerned can most easily be measured; the appropriate view numbers will
be included in the event identification number (1. D.)

Decide what type-mumber to asaociate with the event; the type-mumber
determines the measuring procedure which bas to be used. If the event has
two long prongs (longer than about 1; cms on the screen), it ia a type B event;
onc long prong and cne short prong charscterire a type ” event and two short
prongs a type 1 even:.

The following 1. D. must be iyped out imurcciately before each event
measured:

Characters typed Significance
- Fvent commences
5 digita Frame number
1 digit Event number. Events on each fran« are
numbered from the beam entry end of the
cheruber.
2 digits View numbers used; in imcreasing order

1 digit fvent type-number
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Then * For an event without complications
or # i there is any uncertainty (e.g. abou! poaltion
of end point or presence of a scatter etc.)
or > If there is a very short stub

Then, taking the prongs clockwise, or in the case of a type 2 event, taking
the shorter prong [irst, punch:

- If neither prong scatiers
or 1 If the first prong scatters
or ? If the second prong scatters
or 3 If both prongs scatter

For a prong that has a scatter, take the scattering point as the end of the
track.

For frnmes with more than one event, & new LD, must he punched
hefore each event.

Measursment

Choose the iower number view of the two selected and measure as
{ndicated below:
{(a) 7ero the machine on the ceniral fiducial mark - the flduclals to be used
are the "Andrew’ crosses. Punch out this co-ordinate and then proceed to
measure fiducials 2 and 3 in order.

T

x1

Nl v,
(b) 2et the machine on the inecident irack close to the beginning of the irack
and punch out the eo-ordinate. TRepeat for a second point halfway along the
irack, and also for the apex.
Then,
For a type 1 event:

- Measure the two end points, laking them in the order of a clockwise
movemeni. Take great care {0 gel an accuraie seiting.

b

xS
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for a iyne ? avent:
“'easure the end poin: of tho short irack firat, them measure a point
about 1" from the apex on the long track, and finally, nieasure the end point

of the long track. |
' 5
4.
For i iype 3 event:

Measure the prongs n a clockwise direction

4

[

§
4
A

1
oo

xN

6
7

When all the pownts on ‘h- event have been measured, set the machine
on fiducial * again and punch out.

Now retwrn {o the ccntre fiducial and chec: that the counfers return to
revo (within 2 10 5 counts on each axis). ™0 NOT punch out this point.

The measurement on the {irst view {a now complete.

Switch to the second view and repeat the measuring procedure given
above. When the second view has been f{inished (with the »ero check), type
out the symbol + on the data tape and run out 3o e bhlank tape.

Cancellation Symbols

The following cancellation sy: iois are avallable for error removal:
(a) 7 an incorrect point is neasured, type out the characters LS and » on
the tape immediately afier the erronsous measurement and remeasure the point.
(b If severul consecutive points are to be cancelled, type 1S followed by the
same number of *s as there are points to be cancelled.
(c) Y » complete vicw 8 incorrect, then, AT THE ENDN OF THT VIEW, type
a2 conra.
(d) ' after compleiing the measurenent of an event it is to be cancelled, type
a full stop and start again WI:'H A NFW L D,

Cancellation symhola bave no effecet afier the symbol + has been typed.
In the case of discovering son: error after typ.ng +, either remove the event
from: the tape or cover the + and type the relevant cancellation symbol.

Before removing a data iape from the tape punching machine, terminate
it with ten line-feeds.
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The points measured on the measuring machine or on the microscope
are in an arbitrarily oriented cartesian co-ordinate system (the machine system).

Camera positions and the various bubble chamber parameters are best
expressed in a co-ordinate system linked to the fiducials eiched on to the front
face of the front window of the bubble chamber (the [iducial system).

For reconstruction, the most suitable co-ordinate system is linked to the
line joining the intersections of the principal axes of the two views with the

front of the chamber winiow (the camera system - see figure Viel).
It is assumed in ihis appendix, as in chapter 5, that all co-ordinates

are expressed in the camera system. The various transfiormations before
and after the reconstruction of the event arc performned in the analysis
computer-prograr:.,

Consider the point P In the hubble chamber. Assuming no distortions
in the camera lemses, it can be seen {rom figure VI-1 that similar triangles

in the bubble chamber and on the lelt-hand view give

and =% - ,-j- (2)
For the right-hand view

- = v (3)
3-X L



Enlargement of one
of the image planes

FIG. VI-| BUBBLE CHAMBER OPTICS
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From (1) and (3)

- x . 'xn
x + i?z ytx|

X a w (()
U"x"-yx")
- Ay
Y (yrxg_’gxn) (5)
From figure VIi-2
r! = ef-’-d"ﬁ' SMb‘*ZM‘ (6)
ad, tme = A, Mg _ .. elie @

ginc = '
A+

tan b = -_.._..8.'..._...._.
j n*zfz + /’(n"’-l;

¢

ian e =

nf + "(n’-l)
Therefore, from equation (6)
, .
/57 = ;i + 5[,.2‘3 + /i(ntl.lr + z[nzfz + /o"(nz-l)] (8)
From (2) and (5)
11 r’
— ()

yxtyxt

= (x'24y'2) in (8) and (9)
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Fig. VI-2. Object to image ray in the normal plane.

) >Y

X

Fig. VI-3 Relationship between the various angles.
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-4
e A R I

3
[nzfz + (x‘zw 02)(‘3.1)] (10)

Equatioas (4), (5) and (10) give the exact first order reconstruction
relationships,

The angles a and # and the co-ordinates of the apex of the ovent are
used to define the incident track of au event. The suxiliary angles O and &
are caloulated first. The relationship between these angles is shown in
figure Vi-3.

Appraximate forms of equations {4), (5) and (10) are used; these are
derived by sssuming that, for the small angles a, b and ¢

tan{a; b;e) = sin(a; b; c)
Using equations (6) and (7) and substituting for the tangents

] 'é— \j 8 L ] z
Fo= Pt e P im
, '/
sy e bkl
Therefore L = A" (11)

r.. Pt
and it can be seen from figure Vi-1 that

L . peng. (12)

It follows from (11), (12) and the sine rule that y' =y From (2), (5) and (6)

" = g & z + L
Yy x'-y'x" f fm fn*



Inserting y' = y*

and froma (4) and (5)

¥ o M2
x"xbi
1
Y = e
X =X

The errors arising from the approxtmation are about 1% in Z and about

0.2% in X and Y.

From equations (13) to (15)

y' = z+m+n37m
=\ (. %zz
x Z +od + n&/n*

Differentisting (16) and (17) and dividing

dy. _ Ve Y - (Z +nd +n6/n*) tan O
dx’ tan & X +4/2 = (7 +nd +u6/n*) tan $

where tan ® and tan $ have been substituted for%‘ andg

XYZ is a point on the incident irack:

similarly

respectively

tan &' = X-(Z«*gd«t-n?[n‘)m
X-4/2-(Z +nd +né/n®) tan &

Solving (18) and (12)

i

tan $

Y 1 tane' tané’

(13)

(14)

(18)

(16)

(17)

(18)

(1)

tan @ = (Z +od +Eﬂn*) T (Z +nd m/n')(m"-ta.ne')
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rromw ligure VI-3 it can e seen that, finally,

A = mnd (tan 2/1an6)

and @ = tan ) (tan &/sin 7).
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Appendix VI
A _break-down of the 2-prong events
Figure VIi-1 gives o detziled break-down of the events, listed at the

scanning stage, into the various categories established during the nieasuring
stage of the amalyais. The following explanmatory notes refer to the superscripis
in the table.

(1) Om average, an event had to be measured iwice before its geometrical
reconstruction passed the acceptance tolerances set in the progran.. To
minimize measuring effort, thogse events that failed to pass the tolerances but
were unquestionably hydrogen events were not remeasured. The estabhlishment,
in this way, of a set of evenis of inferior accuracy was permissible because
accuraie data was not required for all the hydrogen events,

(2) Events that fell outside the acceptance limits set on the beam angle and
the Z co-ordimate of the event apex.

(3) The events with an energy-loss, EL = 0 + § MeV, were classed as
hydrogen events.

(4) Because evenis with a scatter on one or hoth prongs are not cowmpletely
determined by measurement, their identity could not be determined by the
suergy~losg eriterion. However, the hydrogen events could be recognized Ly

a combination of their kinematical properties, and the incident energy distri-
butions of the separated hydrogen and carbon coiponsats of the scatier events
are shown in figure VI-II, A method of assessing the p-shell component of

the carbom events follows from the following reasoning: the probability of a
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scatter on a prong is a function of its energy, and the distribution of prong
energies for p-ahell events (EL-r 16 MeV) at an incident energy of Eo is very
similar to that for hydrogen evenis at an incident energy of (Eoole) MeV.
Therefore, if:

N‘p = no. of p-shell events in the incident energy interval Eo.!‘.dE
with a scatter
Np = no, of p-shell events without a scatter in the same energy interval,
Nii = no. of hydrogen evenis in the incideni epergy interval (Eo-ls) +dE
with a scatter, and

N..

y ™ Bo of hydrogen evenis without a scatter in the same energy interval

Nh (Eo-lc)

NH (ED-IG)

N;J (Eo) Np( EO).

u!
Tae ratio T‘g' and the derived scatteriag coinponent for pe-shell events are
H

shown in f{igure VII-Ii,

(5) For example: events with scatters on the Incident track; events with a
third, very short, prong; misleading scraich marks on the film.

(6) About 507 of thege had one promg too shori to be measured, 207 had
both propgs too short, and 3¢7 had end points or apices hidden by scratches,
spurious tracks, distortions, etc. The first two sets will be accounted for by
the short prong correction factor and are exciuded from the analysis; the third

set was approximately catsgorized by making ruler measurements on the projected

images.
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Fig. VII-IL. Breakdown of the events with scatters.
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121 7 45 8 112 59 98 115 116 105 130 30 7 12 122 80 67 97 124 7
125 44 16 15 44 61 47 83 82 83 105 18 8 10 54 37 119 85 163 96
115 11 16 58 94 64 31 47 125 93 108 32 20 8 63 62 98 37 158 130
119 42 5 17 172 176 9 102 176 83 T 106 27 7 23 96 56 61 56 119 111
124 10 36 15 102 52 80 53 96 73 111 36 20 18 74 13 99 61 133 109
90 10 9 32 89 48 981 119 165 11 88 7 6 16 985 30 105 71 52 81
91 22 8 14 42 31 125 47 144 146 121 8 12 9 58 41 70 45 126 87
125 6 156 33 91 35 98 93 109 90 123 27 34 9 105 53 79 87 125 62
122 14 19 12 54 39 98 62 115 64 81 13 8 5 47 73 114 91 145 82
103 23 7 9 23 71 140 83 162 80 119 37 8 12 80 40 82 92 161 174
131 9 650 15 97 39 78 60 134 105 123 36 7 8 106 41 50 72 94 36
99 10 8 10 90 71 72 32 162 132 112 21 15 27 124 47 40 158 111 75
131 11 22 13 85 31 76 64 135 106 126 8 11 9 50 47 137 58 158 124
118 7 41 6 104 46 48 97 152 66 100 36 21 7 26 35 40 32 62 73

101 6 16 38 110 32 52 113 147 67 123 26 50 10 93 64 70 83 157 102
117 8 14 18 74 32 68 106 139 38 89 65 T 9 109 59 27 55 132 83
68 10 5 7 100 51 111 57 100 100 117 12 7 8 121 44 69 105 156 97
125 657 9 3 114 24 60 127 175 84 129 34 14 8 46 9 50 51 86 42
105 19 9 3 113 49 67 170 144 88 121 80 23 8 26 37 118 19 144 144
105 36 7 b5 55 34 124 86 97 134 121 9 30 9 84 53 78 119 79 123
116 9 52 24 108 34 45 175 140 175 128 9 14 45 170 62 28 116 143 80
113 15 9 8 52 69 130 121 103 117 123 35 25 12 48 43 100 88 139 75
114 17 20 21 63 18 97 56 150 97 129 14 9 53 138 25 25 122 161 43

117 11 10 19 138 83 55 91 136 99 115 5 16 42 94 66 55 136 127 72
110 10 13 18 76 68 24 13 78 67 88 29 6 5 139 35 75 130 132 90
113 12 46 24 52 52 42 101 35 89 118 11 40 16 56 19 77 39 178 70
120 8 41 32 86 65 46 43 129 108 113 12 43 14 42 4 117 42 114 118
127 11 24 52 118 71 40 88 153 92 109 8 19 12 109 25 21 128 130 16

74 6 14 17 117 12 67 110 151 78 103 5 20 15 114 16 52 115 86 59
125 6 26 17 80 44 69 73 129 63 117 27 20 11 97 59 50 90 139 62
108 8 11 15 98 45 88 563 109 96 122 11 39 32 52 30 74 170 88 92
104 10 7 16 90 49 128 46 ©654 81 130 11 7 18 98 46 112 93 140 121

121 10 21 20 21 21 78 35 69 78 81 6 6 9 41 10 114 45 90 108
125 8 21 14 88 38 57 75 127 88 129 26 50 20 70 50 69 68 137 71
111 23 29 11 18 24 60 41 69 57 " 4 5 6 109 50 58 109 132 90

120 6 31 12 115 29 49 89 153 69 123 19 23 14 87 33 66 87 131 90
1256 10 8 64 121 88 36 49 106 62 130 6 20 6 86 26 95 120 175 62

100 11 23 19 95 19 35 86 114 31 66 9 6 5 T1 73 103 143 154 45
122 26 8 8 20 37 148 44 158 114 122 6 39 7 97 54 50 119 90 98
111 12 12 17 23 29 141 40 155 117 98 24 11 12 5 90 140 85 136 64

120 21 46 7 81 19 96 93 155 81 101 16 46 5 47 20 137 61 144 138
111 5 9 18 87 52 71 59 108 100 124 9 52 13 88 31 117 59 140 141
97 12 5 19 125 53 62 132 154 54 111 34 16 5 65 48 72 38 136 106

128 10 26 13 79 52 567 41 132 107 108 36 9 11 178 47 63 115 139 26
112 14 26 12 93 33 128 108 97 146 124 5 7 18 132 55 24 125 144 59
118 31 12 10 129 20 46 140 164 39 121 42 26 7 1156 13 61 127 173 48
83 5 10 30 95 76 37 119 128 58 127 10 63 12 107 57 33 68 133 176

72 10 5 7 157 3% 70 131 114 87 128 7 29 38 64 32 26 58 178 58

7 7 5 17 131 62 48 87 137 79 125 5 33 13 68 56 118 123 135 66

125 4 58 14 62 50 89 105 139 44 80 22 12 6 39 19 82 22 118 96
121 14 12 30 147 19 73 145 104 81 112 6 18 6 82 52 62 124 94 11
74 19 6 7 50 654 111 83 160 T 123 10 19 41 103 17 114 96 136 113

110 5 30 11 73 45 78 29 130 41 126 7 87 7 136 27 69 121 88 174
94 7 17 7 73 B3 70 69 70 101 131 6 61 10 120 36 ©66 86 161 89

103 7 4 33 161 70 32 91 129 88 116 8 14 26 106 18 28 108 121 23
78 8 6 16 101 71 30 31 129 99 101 9 17 17 583 47 50 98 96 16

106 7 11 23 178 556 41 109 101 57 114 27 8 25 82 48 56 131 90
6 14 10 21 35 112 55 127 86 117 38 5 T 48 131 75 148 105

6 13 16 42 38 77 79 85 83 130 6 12 40 80 48 94 125 4
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Eo E1 Ez Es °1 °2 °3 °12 °13 °23 Eo E1 Ez Ea o1 °2 °3 °12 o13 °23
130 17 16 7 71 42 83 108 126 52 73 5 8 7 74 71 76 102 128 108
130 6 53 6 83 59 126 116 151 81 108 7 6 57 54 61 109 82 154 100
120 8 9 5 76 30 104 69 150 108 79 9 12 6 79 38 112 92 84 119
102 9 9 42 89 18 49 90 131 49 98 6 6 15 114 65 66 66 131 175

78 10 18 15 128 52 54 118 145 83 87 9 25 5 101 17 60 90 139 174

89 16 16 21 39 26 53 79 113 66 97 26 9 11 67 67 87 132 142 45
129 27 23 11 52 40 56 66 93 87 110 26 22 5 58 36 88 36 118 96
129 5 60 9 83 64 66 98 125 89 83 5 26 11 65 27 136 173 131 139
131. 6 4 8 131 53 58 80 170 110 92 19 6 11 105 49 176 97 104 69
124 44 6 14 100 32 92 106 165 78 101 7 11 23 84 47 47 42 104 67
112 20 8 9 64 45 207 90 111 88 114 30 7 9 154 44 25 115 136 32
116 8 26 17 59 9 101 55 143 109 111 8 12 11 50 22 121 44 144 115
101 27 29 8 151 46 71 119 138 89 98 32 18 7 59 48 84 49 85 113
128 9 59 8 72 31 141 66 102 111 129 36 8 5 96 26 45 81 128 62
103 12 51 5 144 46 44 104 147 67 107 6 37 16 27 40 124 46 129 95
125 36 20 9 121 91 62 31 154 142 87 10 9 27 128 51 11 80 124 52

90 5 19 6 111 17 96 123 138 80 128 7 29 15 32 49 133 47 139 96

94 10 32 11 80 50 53 101 115 82 124 53 20 12 48 63 76 103 112 15

9T 7 7 31 91 57 179 46 133 94 113 22 36 6 94 40 71 126 66 106
109 15 8 16 64 49 41 54 94 47 95 4 9 19 81 34 71 102 113 40
111 22 15 16 63 59 64 92 99 8 99 18 20 6 163 44 40 122 148 60

89 22 17 8 33 25 55 41 80 47 , 65 6 5 9 96 46 104 59 89 117

90 8 15 15 90 57 117 46 139 122 109 15 4 18 103 22 123 105 56 143
120 11 18 12 58 43 57 69 114 69 95 10 9 14 118 30 24 101 127 39

78 5 6 7T 59 47 137 44 137 136 86 5 6 23 92 47 86 982 149 68

99 24 19 15 81 22 175 71 151 B1 123 23 13 11 556 46 79 72 121 87
112 6 31 32 77 60 170 132 146 18 74 6 7 7 48 31 143 57 161 123
127 21 10 16 34 18 150 22 170 166 104 12 5 46 117 51 41 174 139 89
132 28 29 6 59 41 86 41 109 105 124 4 41 14 85 47 40 60 119 84
102 27 8 5 96 26 66 118 139 57 122 33 8 10 93 17 34 85 113 42
110 37 26 7 31 24 96 9 125 118 117 12 20 26 104 21 54 114 143 41
107 7 13 41 99 70 53 51 51 24 130 16 25 20 32 38 75 49 101 94
106 31 18 17 43 24 174 63 57 98 121 10 10 18 78 32 111 98 150 81
130 16 24 26 63 30 84 88 148 61 105 7 6 8 141 50 45 95 129 172
124 16 3 5 91 24 90 67 175 113 127 4 6 20 60 33 112 91 160 80

80 6 6 30 104 66 43 143 112 86 111 12 27 22 41 36 95 56 133 179

72 14 7 6 57 66 106 41 158 122 95 8 14 23 90 32 43 8 91 175
111 19 14 21 100 69 50 32 142 114 112 256 7 8 79 39 81 76 140 115

79 6 9 7 59 64 113 79 142 68 49 6 8 6 77 45 99 82 139 78
130 4 8 32 79 27 51 103 105 38 117 23 21 6 87 40 97 56 138 116
129 23 41 8 42 44 92 82 131 62 122 10 23 37 119 51 56 72 165 107

83 29 13 7 34 30 123 29 145 144 124 24 5 27 74 41 38 18 112 54
122 28 41 5 119 44 86 120 109 120 120 13 40 13 106 41 127 147 127 86

92 92 15 7 31 49 116 55 144 115 82 37 6 5 84 44 70 47 95 18
128 35 35 11 16 39 149 54 159 117 123 25 24 13 124 15 67 118 152 179
106 10 7 22 81 79 109 106 137 117 116 13 7 28 79 19 109 64 160 123
113 21 26 8 60 50 100 93 148 90 102 7 15 11 134 66 64 73 151 123
109 6 23 13 67 76 130 140 123 173 111 16 6 4 137 68 17 81 147 84

91 7 17 9 103 52 57 129 150 39 79 24 6 5 161 16 19 126 151 62
106 34 12 4 52 32 59 72 107 62 96 26 7 5 113 39 73 97 173 87
104 12 8 17 28 63 103 81 126 85 93 7 29 3 100 18 77 106 125 64
114 6 18 39 82 ‘17 67 67 106 80 103 15 24 13 42 20 50 55 20 55

80 19 15 10 72 61 25 16 80 68 115 9 16 8 55 45 52 55 92 56
127 31 4 42 139 38 51 104 170 86 120 11 12 14 158 48 35 143 124 56
121 39 18 8 61 55 49 31 50 20 125 37 17 4 50 17 86 36 112 92
131 27 5 21 113 91 48 60 133 77 92 6 20 17 129 55 104 177 124 137
112 28 53 4 111 21 81 92 99 89 106 14 4 16 75 28 48 69 109 74
123 33 33 23 60 31 29 61 81 25 108 12 8 11 55 50 79 82 111 104
132 27 20 43 53 39 178 76 125 54 120 12 5 18 139 64 88 104 119 84
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