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Abstract

The 12C{(p,5Li}B8Be reaction has been studied at an
incident proton energy of 38 MeV at three SLi angles.
The protons and alpha particles coming from the breakup
of 3Li particles were detected in coincidence, the
protons in a plastic scintillator, the alpha particles in
a barrier detector telescope. The reaction was first

studied using a Monte Carlo technigue to simunlate the

experiment and in particular to calculate the efficiency

of the detection system. The light collection efficiency
of\ plastic scintillator was also studied for the proton
deteciion system of this experiment so as to determine
the effect of using various detector geometries. The
12C{p,5Li) 8Be reaction was then investigated experiment-
ally by observing the proton and the‘alpha particle in
coincidence from the breakup of the Sii, The upper
limits on the cross section for SLi outgoing angles of

399, 3469, and 549 for this reaction have been obtained.
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I. Introduction

Light nuclei often seem to consist of two or more
groups or clusters of nucleons. For nuclei with Z=¥ and
~A=8%n (n=1,2, 3,...), the binding energy of an extra
nucleon is often large compared to the binding energy of
an extra alpha particle. 1In nuclei with A=4n+1, on the
other hand, 7relatively small binding emergies are found
for single nucleons. These facts and the well known
stability of the free alpha particle led to the cluster
model. Within the framework of this cluster reéresenta-
tion (SHEﬁO, WIL58, ¥IL66) the shell-model wave functions
can be written in cluster form, and the various clusters
treated as single particles in a shell model calculation.
Many of the results of this cluster model are identical
with  those derived from the usmal shell model. Pheoret-
ical investigations {MAT63, BAL64, KuD65, BAL65, NEU65)
have shown that even without iesidual interactions the
independent particle model predicts‘ large four nucleon
parentages when the spins of these nucleons are coupled
to a total spin JT=0+, thus justifying to some extent the
basic approach of the cluster model.

Several experimental approaches have been used to
investﬁgate cluster phenomena in nuclei, but one of the
most fruitful has been transfer reactions. Among the
more important transfer reactions are direct reactions

such as the " knock-out " «reactions: {p,PA) (BALG#H,




JA¥63,S5AK65, BER6S, EPS71) and {«,24) (SAK65, BER6S,

IG063, DON64, BAUSS) ;3 " pick~-up " reactions such as

(P »{) {CRADDY , {p,8Li) {BRA717}, (d,®Li) (DENG63, GEMSGL,

'DAEB64, EIC70, DAE6SH, DENGS, DEN66, DRA71, NCG71), {4,71Li)

(DEN67), {d,7Be) {DENB7) , (e¢,5He) ({PIR7HY, {X, 88)

{BRO65), and (3He,7Be) ({JAY68),and "stripping” reactioans

such as (7Li,t)‘ (BET&?,MIDﬁB). In - particular, the

id,ﬁii) reactions have been widely used to obtain guanti—\
tative information about aipha particle clustering in

nuclei. Since 6Li has a 1ar§e gidth for decay into an
alpha particle and a deuteron (WIL66), the (4,%Li)

reactions selectively excite 1levels derived from thé
target by removal of an alpha particle-like cluster. 1In

fact, the {d,%Li) angular distr'ibutions exhibit features
of direct reactiqns, and are amenable to analysis within
~the framework of the DWBA theory where the transferéa
alpha particle is assumed to be a single entity or ™ lump
% particle.

In ‘the present work the analogous (p,5Li) reaction
is considered. In particular, an attempt has been made
to study the 12C(p,5Li)®Be reaction. As SLi decays
rapidly, the 12C{p,5Li)8Be reaction has some unique
features which are challenging. The SLi breaks up into
an alpha particle and a proton in about 10-21! second; the
SLi internal wavefunction has J"=3/2-, and the L=1 motion

of the proton and the alpha particle necessitates finite




range calculations. Unlike rTecent experiments such as
{p,5He) and {«(,%He) {PIR7#) which involve the detection
of a neutron and an alpha particle in coincidence, the
{p,5Li) reaction involves the detection of a proton and
an alpha particle in <coincidence. Due to the large
background of elastically scattered protons from the
target, the (p,%Li) reaction 1is experimentally more
difficult. ?inallj with a 12C target thers is‘ a’ large
cross section for a four body final state consisting of a
proton and three alpha ©particles. This makes the the
detection of the (p,5Li) reaction still more difficult.
The present work on the 2C(p,%Li)®Be reaction
involved the measurement of upper limits on fhe differen-
tial cross section at three angles at an incident proton
energy of 38.23 MeV. 1In Chapter II are found discussions
on kinematics, phase space, and the constraints on DWBA
analysis for this reaction. Chapter III gives the design
principles of the experimen%al apparatus iﬁcluding a
description of the Monte <Carlo calculations of 1light
collection efficiencf in plastic scintillators and sinu-
lation of the coincidence detection of the proton and
alpha particle from the SLi breakup. Chapter IV
describes the experiment. The layout of the c¢yclotron
and the scattering chamber are briefly shown. The
detection sYstem and electronics are discussed in detail.

Experimental procedure and data acquisition are also




included in this chapter. Chapter V gives the analysis
of the data and the results. In the analysis, various
projections of the data onto different axes are shown and
discussed. From these projections the upper limits of
the cross sections are obtained. The error associated
with this wupper 1imit is also discussed. Finally an
outline of poésible‘improvements in the experiment ends

the thesis.




I¥. Theory

IT.1 Kinematics

The following notations are adopted throughout this

thesis for a reaction of the tyge

a+h =+ 1+2+43+4+,..+10 {(Pig.2.1)

E =total enerqgy of the systenm

E; = total energy of particle i

T; = kinetic emnergy of particle i
M; = rest mass of particle i

P; = fhree-momentum of particle i
e = poiar angle of particle i

¢ﬁ = azimuthal angle of particle i

Whenever any of these quantities is expressed in the
Centre of mass system, it will be denoted by a prinme.
The speed of 1ight'c is assumed to be unity, so that the
Test energy of particle i can be written as Ni.

M If +the rest masses of all the particles are known,
the final state is specified by n three—momentumv vectors
for a total of 3n kinemgtic variables. Since energy and
momentum conservation provide four relations between
these 3n qgquantities, the final state is completely'
determined if 3n¥ﬂ kinematic variables are measured.
Such an experiment 1is «called a kinematically complete
experiment. 1In a particle~particle <correlation experi-

ment with two particles detected, the variables deter-




DETECTED
PARTICLE

lHCN>Ehﬂ’ Eﬁamwh _
DIRECTION Z-AXS

PROJECTILE TAQGET‘

DETECTED
PARTICLE

UNOBSERVED
PARTICLES

E = total enerdy of the systenm

E;i = total energy of particle i

Ti = kinetic.energy of particle i
‘M; = rest mass of particle 1

P; = three momentum of particle i
9; = polar angle of particle i

¢; = azimuthal angle of particle i

Fig.2.1 Convention adopted for the reaction
a+b ~» 1+2+3+...+n




rined are usually the polar angles 8§ and 8,, the
azimuthal angles ﬁ andJe, and the kinetic energies T,
and T; .

For a three body final state reaction the systém is
overdetermined when the above six variables are measured.
In practice an overdetermination is used to discriminate
between double valued solutions and to reduce background.
Por a four body final state reaction, however, a complet-
1y determined system reguires 8 measurements. Thus, 1if
only two of the particles are obéerved, the exXperiment is
Kinematically incomplete. The allowed events will fornm
then a contingum in a T, vs Tz plot with boundaries which

follow directly from momentum and energy conservation

(VAN73) :
PatB, = D, +5, +D,+8 =7 { 2.1)
~and Ee*E, = E, +E,+E3+Ey = B { 2.2)

Here P and E are the total momentum and energy. The
5L,i+8Be system in fact can be treated as a resonance in a
. four body final state. Both %Li and @8Be have short
lifetimes of the order of abont 10—21 seconds and 10—1%
seconds respectively, The ®Li breaks up into a proton
and an alpha particle, while the 3Be yields two alpha
particles, However, if the 5Li and 8Be are considered as
single entities for a brief period, then the S5Li+8Be
system can be treated as a resonance as is dicussed in

the following paragraphs.




If all the unobserved particles are emitted in the
same direction with the same velocity, then +the allowed
events 1ie on the.boundary 0of the four body continuum in
the T, vs T, plane. This boundary can be shown to be the
same as the locus of the kinematically allowed events for
a three body final state in which the rest pass of the
third particle is equal to the sum of the rést masses of
the unobserved particle. The extremum of £, 1is then

given by the solution of A{E;)=0 with:

AEn= (E-E-EF- (F-B-BF- (B ( 2.3)

Letting @2 be the extremum of IﬁJ‘, the solution is

{VANT3) = %
-BC = DB~ Mmi(c: 0]
Ez = ci-D*
wvhere BJ-_: wz__ ,u~7-+ m:' — CO‘ns‘r m4)2

=-aw
D= a4V cosx with A= |7

and W= E-E, A=P-R
o = cos” [C ,—?.'_)'?‘ ]

For any reaction, the physically allowed events must
satisfy the condition B, 20 (or Ez2M;). The kinematically
allowed range of values for|Rl, given ﬁ and %,, {the
extrema of \p| andlnl), follows from the conse:vation of

energy and momentum. The mimimum value of B appears




when particle 2 and the centre of mass of particle 3 and
4 are emitted antiparallel with egqual momenta. Obviously
in this case P, has the value zero. The maximum momentun
is obtained wvwhen the other three particles are emitted
parallel to each other wiih the same velocity opposite to

particle 1. This condition corresponds to:

B2-42 {C2-D2) 20 { 2.4y

This function can be solved easily by numerical nmethods,
although it is a complicated function in E, and in
general, cannot be solved analytically for E.

If there is a resonance, or if one "lump particle®
exists in the four body final state, the reaction becones
a three body £final state reaction. If there are two
pairs of resogating particles, two body kinematic calcu-
ljations can be applied. Fig.2.2 shows the four body
continuum boundary for the 12C{p,p«)kek <TLeaction along
with thke three bhody 12C{p,px)BBe kinematic locus and the
range of Tp and T, allowed in a two body calculation for
12C {p,5Li) ®Be, +the proton and alpha particle coming from
the SLi breakup. The Tranges of Tp and T, for the two

ﬁody case are discussed in the following chapter.
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Fig.2.2

Boundary of the four body final 'state continuum, the
three body final state locus, and the two body final
stéte region associated with 28 MevV proton bombardment of
12C, The finite gize of the two body region is due to
the mass uancertainty of 5Li, The,resuiting nncertainty
in O-value of the 12C{p,SLi)SBe rzaction causes a spread
in the ontgoing SLi energies. In addition the angle of
~ breakup of the S5Li yith respect to +the direction of
motion of +the SLi causes a spread in proton and alpha
particle energies. Since the breakup Q'valueiof 8Be is
only 90 Kev, on this plot vthe three _body locus is

indistinquishable from the four body continuum bonndary.
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II.2 PHASE SPACE

IX.2.a_Introduction

The probability of obtaining a specific final state
in a nuclear reaction is determined by two factors: the.
kinematic factor and the dynamic factor. The dynamic
factor 1is the square of the matrix element for the
reaction. According to thé usual formalism for the
dynamics of a nuclear reaction, thevtransition probabili-~
ty from an initial state with ﬁa and ﬁ, to a final state
with ncmenta P, ...Pn is obtained from a matrix element:

T = <P, ,BnlH"1%a, B> (2.7)
The matrix element contains all possible information
concerning the application of the perturbation H!' to the
systen under consideration. This matrix element T will
be discussed in detail in section II.3b of this chapter.

The Xinematic factor is a phase space density (phase
space for short). To extract information about the
matrix element or about the final state interactions of
particles produced in the reaction, it 1is necessary to
know the effects of phase space limitations.

The total phase space volume available to a reaction
is determined by the kinematics of the reaction through
the phase space Tregquirements of momentum and energy

conservation. Physically it represents the statistical
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probability of an event yielding a state with +he ith
p;rticle in the momentum range dPf. If T is independent
of the momentum variables, the phass space distribntion
alone will determine t£e distribution of =2vents for that
reaction.

The relationship of the dynamic factor and kinematic
factor to the cross section can be seen fronm Férmi’s
golden rule number 2. The probability per unit time that
the reaction a+b ——» 1+2+3%,,.+n will take place can be

expressed {(FERS50) as:

W= 9‘7{1[4"/@1!-{'1"/,’;%2[: {2.8)

wvhere ﬂi and ?@ are the initial and  final state wvave
functions respec+1vely, and <'%IH'V? > is the matrix
element T for the transition from i to £ caused by a
pérturbation H!' of the Hamiltonian. The factor F is the
phase space factor.

EFquation {2.8) can be‘ expressad in two different
ways :

w 112
“EIT Se (2.9
and W= "1'—'{-_’, T*Reey (2. 10)

Thke matrix element T' in equation 2.9 is not
invariant under a Lorentz Transformation but T® in
egquation {2.10) is. Since ¥ is the same for both

eguations, it follows that the phase space factor f(g; is




T4

non-invariant while R{B} is invariant under a ILorentz
transformation, Thronghont this thesis only the
invariant phase space R{E) is us=z4d. In the following
section the phase space factor is derived. The deriva-
tion of this factor follows that given in reference

{NYB68Y.

II.2.b The Definition and General Formula_ _for_ the Phase

Space_Density

For one particle; a definite state of motion, with
specified position {x,y,%Z) and momentum (P ,Py,P;) can be
represanted as a point inva six dimensional phase space.
Conversely each point in phase space corresponds to a
definite state of motion of the particle.

Classically there are no limits on the density of
the representation> points: a given value of x can b=
combined with any value of Py. It is also .possible in
- principle = to ﬁeasure ¥ and P, simultaneously with —
infinite accuracy and 1ocaliée a point 1in phase sSpace.
Thus <c¢lassically there is an infinite number of points
available in phase space for a particle confined to a
certain region in configuration space and with a certain
eﬁérgy, However quantum mechanics ragunires the represen-
tation points to be separated by fiﬁite distances. The

uncertainty principle states that it is impossible to

N

-
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measure position and momentum simultaneonsly with accura-
oy better than
AX; AP = T |

Therefore a state of motion can only be given with this
indefiniteness and corresponds in phase space to a finite
volume or slementary cell of size {2Th).

The number of €final states §, available to one
particle therefore is finite and equal to the total
volume of the phase space divided by the sizZe of the

s

elementary cell:
1

Ni= mfdxdwlz ol P, ol Pyd P.,
Tt o L
_If the particle is confined to a volume V, then
N = ks 4P
with V= (d% 12.1.23

For a particle of mass ¥ and with total energy less
than or eqﬁal to B, Ni will be the number of cells in a

volume enclosed in momentum space by the sphere:

B+R+ = Xt ERCREY

Given the total number of states, ths density of states
in phase space can he defined as the number of states per

unit energy interval j

ANy
Stex= dE
(2. 11)
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The extension 4o a system of n particles each of
which has energy <¥ can be made simply.  The total number
of states N, will be the prodnct of the number of final

states for each particle, thus;

{(2.15)

} » M
Idm::{?i?%ﬁ] J/;Drdgxudﬁi
. x: P

Since all particles are assumed to be confined to

the same geometric volume V, then

v (] T es: mg) T 4% . 169

~

This formula gives the number of cells available to the
final state o0f a system of n particles with particle i
having spin 5. The phase space density of states for n

particles can be written as

AN
Suler= J = T{[cart)’J TQSHU{TT&PP} (2.17)

The conservation of momentum and energy have t0o be

" considered., The conservation of momentum is given by

— )
) — =0
A:nR P {2.18)

and the conservation of energy by

E -E =0 {2.19)

.44
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#ith the introdnction of ths &-function, these
requiremrents can be included 1in squaticn {2.17). The

properties of these §S-functions are

fd’RSg(:l’;-(ﬁ‘%‘ﬁ))='l, (2. 20)

and for enerqy conservation:

{!(:%E&-E)OIE =1 . | (2.21)

Hith the introduction of egquations {2.20) and {2.21} into

. eguation {2.18%), the number of states, ¥m, then becomes
. n : " 3 y 2 n P n -
, N%::lig(aik-+l) ‘iE,LId F.s (5%%'E?‘P) g‘;ﬁﬁéi E)

and eguation {2.17) becomes:

_
Suie>= {165 +‘)fﬂd;ﬂ ER-P ) s(5eE (2.22)
This formula is the non-invariant phase space, and is
' symmetric in all the n particles, In addition, the
requirements of energy and momentun cnnServagiOn are
‘explicitly given. Bowyever eguation {2.22}  1is not
invariant under Lorentz Transformations. The simplest
way to make sguation {2.22) ‘invariant is to feplace d3n;
in eguation ({2.22) by 439 /28; (NYBA8). This gives the

general phase space formula:

{2.23)
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which is invariant under Lorentz Transformations. Thé
factor 2E; enters from a normalization of the wave
function in field theory.

" Equation{2.23) <can be evaluated fairly easily for
three beody and four body final states. The three body
phase space dénsity can be written as:

&2 5153

S(E+E.+E-E) ggc?‘—"é “B-B)

{2,21)
and can be simplied to the form {NYB68):
R < (oA
or dR; 4 dT AT : (2. 24h)

where T; is the kinetic energy of the ith particle.
Expression {2,284b) shows that the namber of states of the
three body final state is proportional tp the area in a
T, vsS To plot.

From eguation {2,23) the four boldy phase space densi-
ty becones:

P oBn ’% ofPpe
TTC&5»+‘)j~a&. Y éuéstﬂEh

5(5,+ Ex+E3+Eq -E) §X P-F-B-R-B) (2. 25)

This can be simplied to the fornm

B E AT
_OR¢ o J’

TdT}_ "E E-z E’g » {2- 26)
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TI.3 The Digtorted ¥Wave Born Approximation {DERAY

Although no analysis was done using D¥WBA in the
present work, the DWRA approach and its prediction on the

cross sectior will be discussed in this section.

IT.3.a Introduction

Bquation {2.8) gives Fermi's "Golden Rule no, - 2":

W= %'4’+§IH""}¢L>IQF 2.8

where <ﬂﬁlH')#2>=T is the nuclear matrix element.
For reactions of the typs A{a,b)B, F is given bhy

{SCH58) 2

2
F=Ftr B da, (2.27)
where dQyp is the infinitesimal element of solid angle
assocliated with the direction 'QL,‘ L3 1is the initial
volame, ahd/a% is the reduced mass in the exit channel,
The guantity ¥ obtained by substitution of eguation
{2.27y into equation{Q.S} is the probability of scatter-
ing into solid angle 442, per unit time when there is
initially one systenm in the volume L3, 3 single systen
in 1.3 corresponds to an incident flux Va/L3 per unit area
and time, where Va is the initial ralative speed of a and
A. Since the differential scattering cross section ds;is
defined aé the probability per unit incident flux, then
wL?

o= Va 12.28)
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When equations ({2.8) and (2.27) are substituted into
|
(2.28) using B, = AaVa

the differential cross section is found to be

a ¢ 4
Mo Aoy L /&LA S’—ﬁmlz (2. 29)

a_(z'— 4-"-2 -h."'

where /A and Mb are reduced masses in the entrance and
exit channels, The sum 1is over the magnetic guantun
numbers Ma, Mg, D, Dy If spin and total angular
momentum as well as antisymmetrization are taken into

consideration, the differential cross section becomes ;

| y . ) o
d _ Lot (%}(—i)(ﬂgﬂ) (2 Sat ‘)ﬁ#l Tl (2230
My

where Jp is the total angular momentum of the target
naclenus A, and S is the spin of the incident particle.
The antisymmetrization factor {Np/Na} 1is inserted into
egquation{2.30% to account for the number of equivalent
arrangemrents of nucleons in the entrance and exit chan-
nels. Naos the +total naumber of permutations in the

entrance channel, is given by

_ (Ma + Na) !

No. = NalMyl (2'3.1)

and is obtained by dividing the number of permutations of

all kinds by the number internal to a and the namber
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internal to A. N, is defiped in a similar way.

IX.3.b The Nuclear Matrix Element

The Hamiltonian for the system 4{a,b)B is
H = Ho+ Ha + Taa + Vap
= He + Ha + Tg + We

where -T,, ,Tyg are the kinetic energj operators for the
relative motion of the particles in the entrance and exit
channels, H; is the internal Hamiltonian for particle 1
and Viy 1is the total intéraction between particles i and
Je

The transition matrix elemeﬁt in the DWBA can then

be yritten as (JACT70):

T=d X}, % Eg | Vaa— Uaa | 2T és‘e",& (2.32)

wvhere Uas is the optical potential for elastic scattering
in +the entrance channel,¢h,4%,§§,§b, are the eigenstates
" of Hq,H, etcj; and the XY are the distorted wavefunctions
of . relative motion for particles a and b. Thus for the

initial state

HA §A = cZ-A §A » Ha‘l%.'—‘&, ¢a {2.33)

(Tan+ U&—A)x: = (E—~2.-&4) 2:1 {2.34)
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where ¢; are the eigenvalues for H , and E is the total‘,
energy. The eguations for the final state are similar to
+he above eguations., If a cluster of ¥ nucleons is
picked up as in Fig.2.3, the total interaction Vaa caﬁ be

written as the sum:

Vap= Vae + Vax {2.35)

The matrix element can then be written as

T=<7CL‘R,§BIV&¥"’( VAB-Uan)lxz- 750. Fs) | {2. 36)

Usnally it is assumed that the matrix element of
{%a8 ~Uap ) 1is zero {SAT64). This is based »nn the argument
that the elastic effects of Vgqg are largely contained in
Uap while the inelastic effects are small. This assuamp-

" tion is probably most valid for heavy nuclei,

The matrix element in equation {2.36) can be further
eyaluated by introducing coordinates explicitly. Since
it  is assumed that the only coordipate dependence of the
potential Vey is on the relative coordinates, it is
usefnl to use only relative coordinates in svalvating 7.
Using « and@ to denote the entrance and exit channels
respectively, one can define the relativa cosrdinates Toc

and Tp t0o be




Fig.2.3

A cluster of -x nucleons vis,picked up by the incident

particle a in a pickup reaction.
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P = oo — g (2.37)
Ne= T, -re {2.38)

The distorted wave amplitude becomes {AUS64)
¥
Tz & (00 (0 X5 (de ie> {BBIV ALY
+
X, G, T (2. 39)

where  BLIVIA,AD =Tt | Van-Uan| B R

In the expression for 2$ v 3. is the Jacobiaﬁ of the
transformation from fixed coordinaies to the Trelative
coordinates T4 and/rp as shoyn in Fig.2.4. The bra-ket
notation is used to signify intergration over all coor-
dinates independeni of r, and g The nuclear matrix
element T“@ is a function of r, and rF, and plays the
role of an effective and in general noﬁlocal'interaction
for the transition between the distorted waves 1: aﬁd’X%.,
It contains all the information on the nuclear structure,
oﬁ angular momentum selection rules, and the type of
reaction being considered.

The nuclear matrix element of equation (2.39) can be
expanded into a series of multipoles each of which
Corresponds to the transfer to the target nucleus of a
definite angular momentum Jj gomposed of an orbital part 1

and a spin part s. If the projectiles a and b have
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a y
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\\ ax - // _
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Fig.2.4

" The relative coordinates of the paftj.cles participating

in a pickup reaction. The entrance channel is denoted by

#{s While the exit channel is denoted by fg'.
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definite spin Sa and S,, and if the target and residual
nuclear spins are Jp and Jg respectively, the transferred
angular momentum can be defined to be:

—h

J=3g-Jp s =5.-5b , 1=3j-5 , {2.40)

The mnultipole series may then be written with Clebsch-
Gordan coefficients, corresponding to the vector coupling

in {2.%#0), so that the matrix element becomes:
,9_ LT Ma,Sem | V | Ja Mg, SaMa”

= .Q?g: /.b—'? G‘,es;,»,,, (Ep;-ﬂzl ; bB,aA)

¥ (- l)g’f-mb< Tnj 3 Ma, Me~-Ma] Tz Mgy

* (S5 3 Ma, =My | S, Ma-My>

x LAs3mmMma~my) 4, Mg- My {2.41)
where m=Ng+m,-Ma-m,, and i— is the Jacobian of the
transfcrmation to the relative coordinates as in egumation
(2.39) . The multipole operator, Gysjm » ©€Xpresses
definite angulaf monentum transfer. Bach of these
multipoles can be expanded into a sum of multipoleé in
charge space, that also express definite isospin transf-
er, Each & then becomes a sum of terms:

<Tat Hp, mg] Tply, ><tpt Mg myl tymg, >

corresponding to the transfer of the isospin t in analogy
with eguation (2.40). The multipole operator, Gasg,m »
may be explicitly displayed by the inverted form of the

above expansion:
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Gesim =i (8557 ) 233 < TaMe, S, | V] TaMa, Somt

M Ny,

s
X 1) b {Taj; Ma,Mg-Ma | g Mg >

X <SAS5 3 Wa,_,"mb t S, Ma - ’an7

x {As 5 m,Ma-mp) 4, Ma—Mp™y
(2.42)

The factor if is to ensure convenient time-reversal
properties. By its construction Gggg,m is seen to
transferm under rotation of the coordinate system like
the spherical harmonic 2?.

It is often helpful to write GZS}',”" as a product of

two factors,

Gasgm (Bp, B> = Arsy Sasjm (B, P (2. 43)
A%é is the spectroscopic coefficient which includes such
quantities as fractional parentage coefficients for the
inifial or the final nuclear states and the interaction
strength, while fosj,m is the form factor. The form
factor by definition is a function expressing the struc-
ture of the nucleus. The form factor is determined on
the basis of a given model and adjusted to give the best
measure of agreement with the experimental data. The
form factor iﬂ%ﬂ“ is proportional to the magnitude of
the interaction Vap and to the internal wavefunction of
the transferred nucleon. The physical meaning of j&Sénﬂ

will become apparent in the following section.
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With the introduction of equations{2.41) and {2.43)
into equation {2.39) the distorted wave amplitude reduces
to a sum over multipole contributions:

% Sp-Msb .
T =£§, (@4+1) Agsy C-1) {Tn 53 Mg, Me-Ma | Tamg >
5
x {As,m, Moyl g, M=+ Mg >

m
X <§a.$(,; Vna..,"')’nblslma"y"b7 'S4

’ ~ {2.44)
where the reduced amplitude ﬁgris defined as
) 3 % N -
( a!l+t)é/éjﬁgn = J o7t f AN g g, Tepd Sasg om0 )
X2 R, 2i) (2.45)

I¥.3.c The Zero-Range Approximation

Equation {2.45) presents calculational difficulties
for Teactions involving any sort of rearrangement. The
pfesence of different variables in the two <channels
prevents easy reduction of the integral, and therefore
.eguation {2.45) 1is difficult to evaluate. In most
current diétorted wave calculations the above difficulty
is removed by the assumption that the form factor is of
" yvery small range, either because it is proportional to an
interaction that has a small range, or either because the
internal wavefunctions of one or more of the projectiles
have small ranges. This zero-range assumption has the
physical meaning that the light particle in channel @ is

emitted at the same point +that the 1light particle in
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channel o 1is absorbed.® For the reaction involving
transfer of particle x with:

B-2 = x =a-b
the zero-range assumption thus implies

-— -~

-

Pl
]

and J_}:(;::-Iib—

N -
Malg + My lla
Mz + My

|
3

bl

Ma
Mg

where Mg=Na+M, and is the mass of particle B.

The form factor then can be written as
gﬂﬁ}',m(n,ﬂ = (D'{S»" ﬁBA‘d} £54,m /lp Mg, el (d

- - * T - Ma3
= F_-gzs'(ll) Yez“ SO - 72 )
20 L0 LT g (2. 45D)
where %,=ﬁ‘/|qA is the unit vector and therefore indi-
cates the scattering angle. As a result, equation {2.45)

reduces to the zero-range expression:
3 - R
(22+1) 4‘ 2 fO\/"xp M"E/L) Fesjny
% (ﬁ-') A7 (B (2.146)

where T = T, which is considerably easier to evaluate.
Hany computer codes have been constructed to evalu-

ate equation (2.%#6) numerically. The distorted waves in

equation{2.46) are usually 3in the form of partial wave

expansions:
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. L N
RS S e Ty (B B AR %0t (2.47)

and

0l

N N ATE wr L T

')“I m
2% el CAgp)
{2.48)

The angles #,9 indicate the direction of ?? with respect
to the coordinate axes, The 7radial functions fﬁx are
required to vanish at rB-O in order that’Xg be regular.
The unit vectors kP and rb are deflned as k}/%k@\ and
rp / \Tpls

The angular integrations of equation {2.46) are done

analytically, yvielding Y
s UL ( 4T (alptl) 7%

F"' =L,tme,‘M¢ (L +1 )
453 4Lp£ so0] | o)(Lpﬂ MP%H%M“>%'P (’F‘P}ﬁj‘d‘(z.w)
where
253 Mg 4T
ILﬁlotz Ma I— (559(/1) gELP(kP»M ﬂ>£"—ud;"’“n Hdn (2.50)

The radial integrals ﬂﬁ; are obtained by numerical

integration of equation {2.50) using radial wavefunctions
foug and fx,, that have been computed by numerical
integration of the optical model radial Schrddinger
eguations in channels « and B

One quantity that affects the magnitude of the

radial integral in equation{2.50) is the change of linear
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momentum, kf;—'k,‘. The zero~range form factor Fosy (T) is
derived from the overlap of bound state wavefunctions.
Because these tend to have small momenta, the form factor
tends to be a slowly-varying function of r. Therefore
the values of the radial integral{2.50) are dominated by
the radial distorted waves ﬁﬂﬁ and f,,.,. This overlap
is reduced if thé momenta 'k, and ke are very different,
for then the distorted waves oscillate at very different
trates and the overlap averages to a small value. To
yield 1large cross section, a reaction must provide good
momentum matching, with Kx“kﬁ-

Ahgular momentum matching also plays a role in the
‘radial integrals. The wavefunction of each pértial wave
tends to have its largest maximum near the classical
turping point. Therefore best overlap in equation{2.50)
is obtained if the first maxima of the two radial waves

coincide. This occurs if

Lo . Lg
R ke

If conditions of the reaction yvield K{kkﬁ then.IugLﬁ is
favored; therefore small valunes of angular momen tum
transfer are favoregd.

The DWBA formalism can also be applied to nmultinuc-
leon transfer rezactions, and the cross section can then

be calculated as before using
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- 4t (S2) () emr ey G Tl O

My,

Because the spin projections are displayed explicitly in
equation{2.44) the sums in eguation{2.30) can easily be

performed with the result that

dg_ deptpllt hey(No) ORTD 2 (P2 g

a2~ (ari) (2Tpt1) (3SFT)

{2.30D)
With the zero-range approximation for the reduced ampli-
am . ' .
tude, Ps'é is given by equation{2.49).

Thus with suitable wave functions and interaction
potentials the theoretical values of the cross sections
can be obtained for different nuclear models, and these
cross sections then can be compared with those obtained

from experiments.

I1.3.4 _The Application of_ the DWBA to_the {p,3Li) System

Although'no DWBA analysis has been attempted in the
present work, the application of the DWBA to the 12C{(p,
5Li)®Be reaction is briefly considered here, In the
‘calculation of the zero~-range approximation it was shown
that in order to have large c¢ross sections, the reaction
must provide good nmomentum matching such that x;%k@ °
Although the zZero-range approximation is not valid for

the (p,5Li) reactions the conclusions regarding momentum
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rig.2.5

The energy 1levels of SLi. Energy values are plotted
vertically in MeV, based on the ground state as zero,
Valdes' of total angular momentum J, parity, and isobaric
spin T which appear to be reasonably well established are

indicated on the levels.
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and anguniar momentum mismatch are still. largely walid.
In the present work, with incident proton energy of 38.23
MeV and an outgoing S5SLi energy of 22.6 MeV {(at ©%; =399,
the ratio of the linear momenta of the proton and 5Li is
about 2. The ratio of the momenta is thus not ideal.

It 1is also known that small values of angular
momentum transfer favor large cross sections. The ground
state of SLi 5as J"=3/2-, -while the ground‘state of B8Be
has =zero spin. Since the proton has spin s=1/2, - the
angular momentum transfer 1 is restricted to

J+s>1>1 I-s) |
This gives 1=1 or 2 while parity restrictions eliminate
1=1. |

The P-state wave function cf SLi in its ground state

prevents the application of zero-range DWBA. This is due

to the fact that a P-state gives zero amplitude at short

range while the zero range approximation places all +the

interaction strength at zero range. This suggests that

the apnalysis of (p,5Li) has to done by using the

finite-range approximation. 3In the following paragraphs
the finite-range approximation will be obtained.

The exact numerical pgocedure for the finite-range
integration .of equation {2.45) is done by performing as
many integrations as possible before the distorted waves
are broﬁght into the calculation. Because the distorted

waves in equations (2.47) and {2.48) are to be handled in
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spherical harmonic expansion, it 1is obvious that the
angular dintegrations 1in eguation ({2.45) can all be made
to precede the integration over the radial wavefunctions
of the distorted waves. The calculation thus has two
stages. {1y All dintegrals that involve internal
variables of the form factor or that involve angles of ry
and rg are performed. {2) The double radial integral
with respect to ry, rg is performed.

The first stage of the caiculation is carried
through by expanding the form factor in a double series
of spherical harmonics. Because fgg4.n transforms under
rotations 1ike ", this series takes the form
Sosim = Lﬁ% LpL“Cn-Pﬁu) 7/119. (ﬂp)?’;u(/;d) (LﬁLd, MM LM >

Equation (2. GS) thus becones
I _@m¥  Ltle-) o FLtAT _gs
P - _p;_wg.ﬁ Lﬁ‘a € , IL@L,.(LprSm)‘mIL&O)

Yo (@.0)

where the 2z-axis is taken along kxv the y-axis is along
§;xﬁb and @ is the angle between kd and k@. The radial

1ntegrals Iﬁp#(ate

.QSa fﬁ— d”- f)lpdn-p-; Lpuzﬁ l}lﬁ) l,,z (ﬁ&;ﬂ&’) -g;‘l"" (k"“/"“")

vhere ﬂﬁzl is the coefficent as defined in eguation
{2.45b). The second stage involves the calculation of
the double integral IL:i* "This is done by numerical
methods.

The overall calculation of the finite-range' DWBA

thus requires +the numerical evaluation of one set of
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single integrals and of one set of double integrals. The
distorted wavefunctions only enter in the double

integral.
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ITI. Design Principles for Experimental Apparatus

IIX.1 The design of the Apparatus

The design of the experimental set up 1is Dbased oﬁ
the assumption that the 12C{p,5Li)8Be has initially:only
two bodies in the final state. The incident proton is
assumed to approach the 12C nucleus and to capture an
alpha particle to form a SLi nucleus. However bhecause of
its short lifetime the SLi quickly breaks up into a
proton and an alpha particle, Relative to the 3Li
direction, the maximum angle of the alpha particle 1is
around 8.5° while that of the proton is around 319 for
the present experimental conditiomns. These angles are
obtained from a kiﬁematic calculation which will be
discussed later 1in this section. For a given SLi
direction, the associated alpha particle will fall into a
cone with opening angle of roughly 179 {Fig.3.1la). The
intensity of the alpha particle distribution is expected
to be peaked near the edge of this cone assuming that the
5Li breaks up isotropically in its centre of mass.

The experimental set up, which will be discussed in
detail in the next chapter, closely foliowed +this reac-
tion model. A proton detector was placed in the same
horizontal plane as the target while the alpha particle
de£ector was placed at an angle B8 directiy above (Fig.3.

1b). Since the alpha particles from the SLi breakup were
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Fig.3.1a

"The directicns of SLi, proton, and alpha particle. ¥ith
a given SLi direction both the proton and the alpha
particle from the breakup of SLi go out in a cone of 62°
and 17° respectively for incident proton energy of 38

MeV.




Proton. beam e T

/

. K =Particle Cone

SLi Direction

=
(@




41

Y

’ Z
NJe S .
. —~~ « ~Particle
~N. 4 S Detector

~ s :
__________ '% ’
% : . _ Proton

Detector

Pig.3.1b,

The alpha particle detecter 1is placed at “an angle &

directly above the proton detector.
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produced in a 17° cone, the alpha particle detector
irtercepted only a portion of the alpha particles.
Moreover, the alpha particles were not uniformly distri-
buted within this cone. A Monte Carlo program was
written to simulate the kinematics of the reaction and
the SLi breakup and to estimate the local densities of
the correlated alpharparticie and proton - in their allowed
cones. From these results the efficiency of the detec-
tion system could be calculated., The Monte Carlo techni-
que 1s outlined in the Appendix. 1In the remainder of
this section, the approach to writing the program and the
‘results obtained are discussed.

The Monte Carlo program was written to simulate the
kinematics of the experiment. 1In the two body reaction
12C{p,5Li)®Be the energy of +he outgoing SLi can be
determined from +two body kinematircs., In the case of an
incident proton energy of 38.23MeV and with +the oproton
detector at 30°, the SLi has an energy of 22.6¥eV in the
laboratory frame to within the uncertainty - due to the
}spread" in the ®Li mass. The ®Be, which also has a short
lifetime; goes oﬁt in the opposite direction at about
1059 with enerqgy of 6.3 MeV in the laboratory frame, and
it breaks up into two alpha particles in 10-1'% second.
In order to simplify the Monte Carlo calculation, the
‘following assumptions were mades

{1y The incident proton beam was monosnergetic and




L3

parallel,

{2) The beam spot was assumel to be a single point
located at the centre of the targszt.

{3) The target was very thin so that the energy 1loss of
the alpha particles or of the protons passing through the
~target was negligible.

- {4} The IZC(p,SLiaﬂBe reaction in the p+127 centre of mass
frame was assumed'to be isotropic.

{5) The breakup of the 5Li was assuazd to bes isotropic in
ité centre of mass frame,

Throughout the program the random number generator
subroutine RANDI, which is a standard IBM subroutine, was
uséd to generate random numbers, Fig.{3.2) shows the
configuration and coordinates used in this program. In
this figoure the %-axis is the beam direction, The p#12C
frame ({Pig.3.2a) is defined as the centre of mass franme
for the p+12C gystem., The 5Li rest frame (Fig.3.2b)  is
defined as the frame in which S5Li 1is at rest. The
following symbols are used for the coordinates of the
"SLi, alpha particle, and proton:

For the SLi:

?%4 is +the polar angle of 5Li in the laboratory
frame,

Véfjs the corresponding polar anglzs of SLi in the
p+12C centre of mass frame {C.M. for short)

4%,15 the azimuthal angle of 5Li in the laboratory




Fig.3.2a

The coordinate system used in the Montes Carlo calcula-

tion. This frame is referred to as the p+12C frame in

the text,

Fig.3.2b

The breakup coordinates of SLi, This is referred to as

the 5Li rest frame in the text,
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franmsa, {lab. for short)
For the proton
#? is the laboratory polar angle of proton.
4}i§ the laboratery azimuthal angle of proton.
efis the laboratory polar angle of the proton in
the SLi rest frame.
é*is the C.M. polar angle of proton in +the SILi
rest franme.
§}is the laboratory azimuthal ‘angie of the proton
in the S5Li rest franme.
The corresponding angles of the alpha particle are

expressed by replacing p with an « in the proton

coordinates, i.e. 1,’;( . %, G &/, and .-

As the incident proton strikes the 12C nucleus at
rest in the laboratory <frame, 5Li 1is formed. For
simplicity of calaulation the shape of the mass distribu-

tion was assumed to be a gaussian:

Faams;) = F @ @Mke)”

3.1

Here Fp normalizes ¥ so that Fd{aM)=1, and the value of
AF is about 1.5 MeV {LAUGE). Th= Monte Carloc progran
chose 5Li masses in accordance with this Aistribution and
usad them in calcunlating the kinematics for each svent of

the simulated rTeaction.

O

According to two body relativistic kinematics
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{(DED62Y), if all the masses and the centre of mass angle
are known for particle i, then the corresponding labora-
tory angle ©; and the enerqgy B; can ba obtained by using

the following relations

'— 'Y ad 51"
6/ = tan" (K(cos 8/)+ 6/ﬂ,') { 3.2)
E; = ¥ (E/+ P ces 6.) { 3.3)

where 8] is the C.M. polar angle of the particle i,
. )
Y=C-g)" | ( 3.4)

’

and E{ and P

) are the C.M.  2nergy and npomentun

respectively.

According to assunptions {4) and {5)  the reaction
‘proceeds isotropically in its C.#. frame, and the break
up of SLi is also isotropic in the SLi C.4, frane, The
Monte Carlo technigues was thus used to gznerate 4#%;and
9; according to the equations

cos8 ={1.0-R,) »c0os®) +R, scos8; {3.5)
Here R, is a randon numpber distributed uniformly on the
‘interval 0 to 1, ® and ©’ are th: upper and lower limits
of 4%; or eﬁ as the case may bs.. The azimuthal angles
V¢%;and §b wvere obtained by using the f£ollowing eguation:

C p=Ra g, -4, ) 4, (3. 6)
where B, is a second random number and é ,@. are the

limits on 3. The above equatisn is a straight line
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indicating an equal probability of finding ¢ in anv
interval 4¢. |

Thus with the two body kinematic equations mentioned
before, the energy and directions of the S5SLi, and the
proton could he obtained. The enargy and direction of
the alpha particle were determinad uasing conservation of
enargy and momentum, However the directions of the
proton and alphé particle obtained above are relative to
the direction of S5Li as shown in Fig.3.2b, and have to be
transformed@ to the p+12C laboratory frame. This is done
using Fuler's +transformation, and the following set of
equations is obtaingd {DANT2Y:
For the proton

SIN "}’P Sm?,% = Cos 'BL’Z,' siN Py, .sw@,,rcos ‘ir +cos qS{,-mvapsm;P L

wsm Yy, SNy, cosep 3.7

Sw '4;, 905 4‘», = COS 1}5_,. cos éqsm QP cvs;'P —~ sIN Sézl_ qu, sm$
tsin Yy, cos Pg, cos By (3.8)
cos, = cos"#i_,- cosBp — SIN /Sl’*i/ s & cos 3, (3.9)

‘For the alpha particle the subscript p is replaced
hy & -
¥ith the angles obtained from the above eguations, the
directions of both the proton and th2 alpha particle can
b2 +transform=d to Cartesian Coordinates with the centres

of the detectors as the origins. It is useful to rmake
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this transformation bhecaunse it is simplier in Cartesian
Coordinates to compare the location of particle 1 with
the bhoundaries of the collimators. If particle i falls
within the bonndary of +the collimator, it will bhe
accepted as a good event otherwise it will be reijected,
The origin of the new coordinate system may be expressed

in terms of the p#12C centre of mass frame using

1= sin cos B ' {3.10)
Vi = Ry sim A sind, (3.11)

2., = ce>s’¢;,‘ {3.12)

where 1 stands for either p oreg and r; is the distance
from the target to the particle i detector. The final
transformations to coordina%es centred on the detectors
are performed by rotating about the y-axis then along the
x'-axis as shown in Fig.3.3. The angles of rotations are
the angles of the detectors in ths p+12C centre Vof nass
frame., With t%e transformation mairicés A and B given in
Fig.3.3, the Cartesian Coordinates of the proton or alpha

particle in the Aetector plane can b2 obtained




50

Figa3.3 ~l

The matrices A and B for transforming the coordinates of
the proton and the alpha particle in the P”*QC' frame to

the planes of the detectors.
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cos & © —SiMe

sl 6 o cos O

1 o o)
B= o -~aud cossd
o cosd and
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X ! o o 0sBp, o -siNfp;\ [ Xs
v/ 1= o -snén cosdo; o O
(3.13)
7 .
Z. Io) cos 4’0& SN ‘f‘p,_. SIN QQ‘._ 0 cos@p: 2;

wvhere 8p; and ¢5iate the polar and azimuthal angles of the
jth-particle detector.

Usually 2.5x105 events were generated by the program
at the target. A1l these events are assumed to bhe
12¢(p,5Li) 8Re events. The first Monte Cario step estab-
lished +he S51i ground state mass. The angles of the 5L3i
in the overall centre of mass frames was also obtained
using a Monte Carlo techniocue. This C.M. angle wvas
raestricted to a certain range s0 as to 1improve the
ProgrAam efficiency. mhe limits on this angle vwere
detornmined by starting with a wide angular range and then
narroving the range as far as possible without/ losing
events of the desired tyve.

¥ith the centre of mass angle of SLi generated, the
kineratic calculation for 12C{p,5Li)28Be then followed.
mhis calculation gave the laboratory angles and ernergy of
sLi in +he p+12C frame. The alpha particle and proton
angles in the SLi rest frame were then generatagd. Since
the breakup D-value of the 5Li is 1.96 M2V plus or ainus
a correction depending on the choosen SLi mass, the

centre of mass momenta and energiss of the proten and the
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alpha particle c¢ould be calculatzd. The values of the
laboratory momenta and energies in the SLi rest frame
yere then obtained, The last step in the progran
involved the transformation of coordinates as has been
discussed. At this stage the azimuthal angle of the SLi
in the p+!'2C laboratory frame and that of the proton or
the alpha particle in the SLi rest frame wers generated,
Only the events falling inside the boundaries wers
accepted. On the - basis of the‘ namber of events
"detected” by the NMonte Carlo model, the efficiency £ of
the detector system was calculated. Since the efficiency
defined here is determined by dividing the number of
"detected” events by the number‘geaerated, the units of
$, are steradians. See Tablel.1.

- The shape of thé collimator on'the proton detector
was optimized by running the Monte Carlo program with
only the alpha particle detector collimated while obsery-
ing the distribution of protons on the proton detector
plane, The most favorable shape for this collimator was
found to be that discussed in section III.2.d. The size
of the proton céllimator was dotarmined from the light
collection efficiency of +he plastic scintillator as
discussed in the following section and involved maximiz-
ing the solid angle while minimizing peak shape distor-
tion. In determining the detector positions the maximum

breakup angle of the proton and alpha particle was
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Table 3.1

The result obtained from the Monte Carlo calculation for
the Teaction !ZC(p,SZi)sse with SLi breakup into a proton
and an alpha particle. The value of 75, +Q is obtained
from kinematic calculations. This calculation 1is for

incident proton energy of 38.23 MeV.

3 1 X T i 3
1 8 IMean 8] & | T+ Tp | Tq, +Q |
{ P | {in sr) 1 (in MeV) 1 {in MeV) |
1 [N 4 . k| J
¥ k] Ll 1 1 ™
] 300 { 338° ] 1.18x10-5 | 24.7%.2 ] 24.65 i
! | 1 ! 1 |
I 1 1 + } 1
| 40° | 46° | 1.16x10-5 | 23.62.2. | 23.68 . |
i i ] | i

I + + + t+ 1
| | i i | N
i 50° ] 5490 { 1.14x10~-5 ] 22.3%.2 ] 22;&1 |
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calcnlated using the kipematic calculation. This angle
vas abont #40°. However if the sigze of the c¢ollimators
and the distances from the detectors to the target were
faken into consideration, the optimnum angle between the
centre lines of the two detectors was approximately 349,

The output of the program contained the printout of
the direction of the SLi, the =snergies of the 5Li,
proton, alpha particle as well as the sum of +the proton
and alpha particle energies for each accepted event, The
.positions where the alpha particle and the profon struck
the detectors, were also printed out to ensure that
events accepted were indeed within the collimator bhoun-
daries. It also contained the distributions nf the polar
angle, the azimuthal angle; the enerqgy of the 5Li in the
p+12C  laboratory frame, and the distributién of the
breakup angles of the proton and alpha‘particle as well
as the sum of théir breakup angles in.the 5Li rest frame.
The disﬁributioﬁ of the detected 2vents on the detzctor
surface was also included,

Figure 3.4 and Table 3.1 summarize the réesults fron
this program. Figure 3.4a shows the mean SLi angle to be
¢ﬂ= 390, 459, 540 wyhen the pfoton datector is located at
& = 30°, 409, 50° respeactively. Figure 3.4b shows the
distribution of the sum of the kinetic energies of the
proton and the alpha particle, The distributions of the

breakup angles of the proton and the alpha particle as
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wvell as the =sum of their angles are plotted in Figure
3. 8c., 411 the events 1in +these distributions wers
accepted events within +he detector collimators. Tn
these figures it is shown that the range of the sum of
the breakup angles is 279-43° ip the 5Li rest frame for
all three proton detector angles., The distributions of
the alpha particle breakup angles also show a relatively
high density around the maximum alpha particle breakup
angle as axpegted. |

| Table 3.1 shows the values of the SLi outgoing angle
in the p+12C centre of mass frame, the efficiency of the
detection system, and the sum of thé 'proton and alpha
particle energies. The values of Tg, 0 calculated fronm

two body kinematics at the mean SLi angle are also shown

for comparison.
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Fig.3.18a

The distributions of 3SLi outgoing angles corresponding to

mean proton detector angles of 30°, 40°, and 50°, From

these graphs it is seen that the respective SLi outgoing

angles are approxXimately 399, 469, and 5409,
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Fig.3.4b

The distributions of T,+Tp obtained from the Monte

calculations.
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Fig.3.#8c

The distribution of the separation angles of proton and
alpha particle for events detectable by the present

experimental arrangement.

Fig.3.44

The distribution of alpha particle breakup angle in the

511 Test frame,
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III.2 The Design of the Scintillation Counter

ITYX.2.3 Introduction

The ideal apparatus for this experiment would have
an alpha particle detector on the scattering plane with
one proton scintillation counter placed above +the plane
and one below it {Fig.3.%a). This arrangement maxinizes
the proton solid angle while it minimizes the kinematic
shift due to accepting pfotons and alpha particles coming
from SLi nuclei emittea into a wide range of angles.
However, due to limitations imposed by the height ofv the
scattering chamber, an arrangement such as described
above is not feasible. UOnfortunately it is not possible
to allow the protons to enter the scintillator off axis
as in Fig.3.5b. A study of light collection efficiency
in a cylindrical scintillator shows that this arrangenment
results in very asymmetric peak shapes and poor resolu-
tion. An arrangement with the proton detector on the
plane and +the alpha particle detector above it as shown
in Fig.3.5¢ is a ponssible alternative.

This section will discuss the properties of plastic
scintillators, the light collection process and also the

distortion effect of off axis proton detection.
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Fig.3.5a

An ideal <case vwhere two plastic scintillation counters
are used as proton detectors, One of the counters is
placed above the scattering plane and the other below it.
Both counters are tilted and their central axes make
angles of 349 ywith the scattering plang. An alpha

detector is placed on the median plane.

Fig.3.5b

Proton detectors are placed parallel to the incident bean
such that resultant particles from proton bombardment of
12C enter the proton detectors off the ceRtral axis of

the proton detectors.

Fig.3.5c

4 possible alternative arrangement of the detectors in

which the proton detector is placed on the median plane
while the alpha particle is tilted and its axis makes an

angle of 349 ygith the median plane,
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Scintillators

It is well known that plastic scintillators have a
non-linear response for Jlow energy protonrs. The light
output for a given enerqgy loss is less when the density
of idonization is +high. Wright (WRIS3) obtained the

following realation:

%“’Z’i’(i*“%) C@as

Aere a is a constant and is egual to 25&2mg-2e?/cm2 for
protons, and 4L/dx is the light output in the segment dx
of the range.

Various aunthors {SHU49,P0T60,KEI70,ANK63) have con-
sidered the theory and experimental results regarding
light collection efficiencies for various sizes and
shapes of scintillation counters. In these studies it
has been shown that the efficiency of the 1ight collec-
tion depends strongly on the position within the scintil-
lator at* which 1ight is produced. For instance, liggt
produced near the walls of a cylindrical scintillator is
more effectively transported +to the photocathode than
light produced near the axis (AVE63). The light collec~
tion efficiency of plastic scintillators will be farther
discussed ip Section IIT.2.c.

Another characteristic of scintillators closely
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related to light collectinn efficiency is the attenuation
factor (KUTI66). This attenuation of light intensity is
cansed by absorption of photons within the scintillator.
The intensity of 1ight depends on the path Jlength

according to the esxpression:
I = T, exp{-AX) _ [3.16)

where x is the path the photon has traversed, and o& is
the attenuation coefficientf The value of dlchanges as
the path length increasszs. For NE1022 scintillators
{such as 1used in this experiment) with length in excess
of 1 cm, o is approximately =2qual %o O.Gu’cm-l while for

short scintillators 1t is closer to 0.08 cm—t,

ITI.2.c The Light Collection Efficiency of a_ Plastic

Scintillator

%¥hen a scintillating plastic and a phofémultiplier
are used to detect charged particles, thére may be large
variations in the magnitude of the output pulse from
particle to particle, anﬂ_ in some .special cases the
resulting peak shape may be severely distorted. The main
featurés of the peak shapes produced by protons arse
determined by two factors:

{1} the statistical fiuctuations in the number of elec-

trons emitted from the photocathode, due primarily %o the
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finite pumber of photons produced in the scintillator,

{2y the variations in light transmission from the scin-
tillator to the cathode, arising from different reflec-
tion and absorption losses along the various paths that
the photon may follow within the scintillator.

The first of these two factors is assumed to have a
Gaussian form and will not be discussed further. The
second factor which deals with light collection efficien-
cy as a function of position in the scintillator volunmse
is disconssed in more detail.

In the calcnlation of 1light collection efficiency, a
scintillator is described as a volume fadiatar which is
characterized bv the energy %, in the form of 1light
‘arisinq. in the scintillation process, a coefficient of
absorption«, and an index of refraction n. The ratio,
B/Ep, of the energy ® arriving at the cathode to B,, is
called the light collection coefficisnt e .

In the following treatment Of the light <collection
efficiency, the f£ollowing approximations and assumptions
are used:

{1) The scintillator material is homogenous, isotropic,
and free of flaws and sources of internal scattering.
Any nuclear interactions in tha scintillator are
neqglected {BAKAD) .

{2y The scintillator surfaces are well polished and

reflections are specular.




69

{3) At every point within the scintillator the fluores-
cent light is produced isotropically.

{4y The ratio of the smallest Jimension of the body to
the longest vwavelength involved is very 1large, allowing
geometric optics to be used.

{5) The photocathonde response is assumed uniform.

In this thesis the shape of the scintillator is
restricted to a right circular cylinder, and the material
considered is NE1023 plastic scintillator. Fig.2.5 shows
the scintillator-photomultiplier system and the geonmetry
of a ray inside a cylinder.

The calculation of the light collection efficiency,
¢, involves two main factors, the reflection and the
absorption of 1ig£t inside the scintillator. The average

efficiency is:

o
g:./%, =21 R: EXPl-<Xi) {3.17)

A=y

where N is +he number of photons produced by the
scintillation process, and i1 refers to a single photon.
Bi is the reflection probability for the i-th photon, and
X; is the path length traversed by the i-th photon.

The dependence of on 1If,7) {Fig.3.7) was first
investiqatea by L.N., Averina (AVES63). 1In that work the
values for the light collection 2fficiency were calcu-

lated for unpacked, polished, cylindrical scintillators,
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Fig.3.6a

Sketch of the scintillator-photomultiplier systenm.

Fig.3.6b

Gecmetry of a ray inside a cylinder.
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Fig.3.7

The coordinates used in the calculation of the 1light
collection efficiency. <Cylindrical coordinates are used.
£ is measured from the central axis of the cylinder and =z

is measured from the end far from the photocathode.
Q
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and ccmpared with experimental data. Unfortunately the
paper did not give sufficient numerical or graphical data
or calculate peak shape. 1In the present work therefore
the 1light collection efficiency of NEI102A plastic scin~-
tillators was also briefly investigated firstly by a
Monte <Carlo simultation and then by comparison with some
data of interest to the present experiment. Plastic
scintillators in the form of right circular cylinders,
with radii of 1.0 cm and lengths of 1.0, 2.0, and 4.0 cm
were considered. The necessary data such as the index of
refraction and attenuation coefficient were obtained from
the data sheets published by Nuclear Enterprises.

Details of the dependence of &€ on § and z are
summarized in Fig.3.8 which shows the <calculated 1light
collection efficiency as a function of the radius (§)
. from the central axis of the cylinder and the distance
{z} measured parallel to the cylinder axis from the end
farthest from the photocathode. A strong increase 1in
collection efficiency near the walls of the cylinder and
near the photocathode is apparent. The increase near the
walls is due primarily to the increased portion of the
light that is totally reflected at the walls. It is also
apparent that the response becomes more nearly indepen-
dent of £ close to the photocathode where the walls play
a reduced role, These features are qualitatively similar

with those of Averina (AVES3).
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¥ig.3.8

Light collection efficiency as a function of radius (%)
and distance {z) from the end farthest from the photoca-

thode for scintillators of length 1.0, 2.0, 4.0 cm. In

each case the scintillator radins is 1.0 cm. A1l values

of z are in centimetres.
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I1X.2.d The Effects of Collimators and off-axis Detection

on_the Peak Shape

In the 1last section it was shown that € depends
strongly on the coordinates {§¥, 2z). It follows that the
collimators play an important role in determining the
peak shape. In this section such an effect 1is first
~studied for protons incident parallel to the scintillator
axis, and then for protons entering at an angle to the
cylinder axis.

Various collimators may be described by giving the
width W{§) shown in Fig.3.9 as a function of §. The
namber dN of protons entering the scintillator between
radii ¢ and +df¥ is then given by

AN = W(€)df xF, {(3.18)
where ¥, is the incident flux.
According to egquation {3.15) in section I11.2.b, the

light output is described by:
T <3 z | | (3. 15)

. where x is measured in units of mass per unit area as
compared to § and z which are measured in centimetres.
The total light collected at the photocathode from a

proton entering vertically at radius § is




78

Fig.3.9

The collimator with width W{§) which can be described as
a function of the coordinate €. 1In general W{$) may have
different values on the -top and the bottom of the

collimator.
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2
I f-ggg s(szydz= 13.19)

o

where R is the proton range in the scintillator,
The pulse height distribution is then given by

Wes)
I

= we
aL -
< W($) [ﬁ‘? faz 255,2)0!2] (3.20)

Calculations were carried ont for circular collima-

tors and for slit collimafors of widths 1.0mm, 2.0mm, and
L,0mm. A11 slit collimators were taken o have round
ends {i.e. § = constant)., Thus a slit collimator #.0mm
wide and 4.0mm long is identical to a circular collipmpator
of diameter 4.0nmn.

Fig.3.10 shows simulated peak shapes calculated
using the Monte Carlo program without any broadening due
toi‘the statistical nature of light detection or elec-
tronics. The peaks obtained for the four collimators are
normalized at the maximum pulse height to -emphaéize
differences in peak shape. The arrowys labelled & to 16
indicate the portion of each ocurve that is used in
obtaining the peak shape for collimators of various
sizes.

There are saveral features of special idnterest.
Firstly a «circular collimator 4mm in diameter piaced on

the scintillator axis will produce a pulse height distri-

bution with an intrinsic width of approximately 2%, S1it
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Fig.3.10a

Simulated peak shapes obtained from a Monte Carlo calcu-
lation of 1light collectién efficiency assuming various
Lcollimators placed in front of the scintillator and
symmetrically with respect to the scintillator axis. The
scintillator was taken to be 1.0 cnm long by 1.0 ecm in
radins. The incident protons are vertically incident and
have initial energies of 20 MeV. The arrows indicate the
high energy 1limits for the collimators of varions size.
¥No peak broadening due to electronics or the statistical

A

nature of light production is included.

Fig.3.10b

Same as for Fig.3.70a but the scintillator is 4.0 cm

long.

Fig.3.18c

Same as for Fig.3.10a but the scintillator is 4.0 cm long

and the incident proton energy is 50 HeV,.
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collimators will be slightly narrower. The same collima-
tor placed off-axis will give poorer rescolution. Evean an
1 mn collimator rcentred at 0.7ce from the axis of the
scintillator will have an intrinsic resolution of appro-
ximately 8%, Finally it is clear that system using large

collimators, that allow protons to esnter near the scin-

tillator walls as well as near the centre, may have

seriously impaired resolution.

¥hen protons enter the scintillator at an angle +to
the scintillator axis as shown 1in PFig3.11, eguation
{3.20) must be modified. TIn the case of c¢collimators,
wvhose width is much less than their length, the necessary

nodification redunces to

’

§= ysine+$, | {3.21
where vy is the distance covered by the proton inside the
scintillator, © is the incident angle, and $, is the value
.of where a given proton enters the écintillator. The
sign of $, depends on which side of the cvlinder axis

{either group 2 or group € in Fig.3.11) *he proton

enters, Finally
Z = yCosS8 {3.22)

Obvionsly in evalnating eguation (3.20), dz will be
replaced by 4dv.
Fig.3.12 shows the result for 20 MeV protons inci-

dent at ®=30° on a scintillator 1.0cm 1long. 51it
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Fig.3.11

Geometry of a collimator-scintillator system for measure-

ments with protons incident at an angle ® from the

vertical.




V%)

COLLIMATOR

SCINTILLATOR




88

Fig.3.12

Peak shapes for 20 MeV protons incident at 30° +to the
vertical on a scintillator 1.0 cn long of radius 1.0 cn.
In each case the collimator is symmetrically placed with
respect to the scintillator axis and is 2.0 nm wide;
Calculated results are shown for collimators slits of

lengths 4.0mm, 6.0mm, and 8.0mm.

RN
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collimators of sizes 2.0mm wide and 4.0,6.0 and 8.0 anp
long are assumed. 7In these peak shapes a double pedestal
on the high energy side is observed. However thié
phenomenon c¢an be uwnderstood gqualitatively from the
previons discussions. The protons from grouwp £ {in
Fig.3.11) traverse regions of the scintillator with
higher 1ight collection efficiency than those from either
of groups B and A. On the other hand, for longer
collimators, protons in group A pass through volumes of
the scintillator in which light collection efficiency is
also Trising steeply with$ ., 2s a result these protons
generate a sacond pedestal that overlies thaf coming from
group C.

The discussion in this sec%ion is next applied to
‘vcalculéte the peak shape obtained using a large wédqe-
shape collimator enmployed at an early stage of the
present work. The scintillator was a cylinder of ¥NE102A
4,0 c¢cm in diameter and 2.5 cm long, polished on all
surfaces and optically coupled to an EMI 98153 photonul-
tiplier. vThe scintillator was placed in a brassrcasinq
and the end opposite +to the photomultiplier was 1in
contact with a Havar foil,

Tﬁe collimator was a wedge 24.7am long varying in
width from 3.7mm to 6.0mm as shown in Fig.3.13. The ends
of fhe wedge were cnt at a 34° angle so that protons with

) !
a 34° angle of incidence and moving in a plane containing
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Fig.3.13

The c¢ollimator used in obtaining the experimental data

for both the light collection efficiency

the 12C(p,SLi)®Be experiment.

experiment

and
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the 1long axis of the wedge, travelled essentially paral-
lel to the walls of the collimator. The ﬁedge was offset
from-the axis of the scintillator parallel to the long
axis of the ccllimator so that next to the scintillator,
the narrow end of the collimater was 18.5mm from the
cylinder axis while the wider end was 6.2nmm avay as shown
in Fig.3.13. Protons with energies of approximately 35
MeV were scattered into the above system and the peak
shape shewn in Fig.3.14 was recorded. The broadening due
to electronics was deduced from the spectrum obtained by
using a 3mm diameter circular ccllimator centred on the
scintillator axis and with protons incident parallel to
the axis. The full width half maximum of +this latter
peak is 3.320.1%. Unfolding the width due to the finite
size of the collimator left a 2.6+0.2% F.W.H.HM. broading
(very nearly Gaussian) due to electronics and statistics.
The Gaussian shape is shown in the insert in Fig.3.14 to
the same horizontal scale as the experimental peak.

The <curve labelled " perfect resolution" shows the
intrinsic peak shape calculated as described previously.
The peak shape obtained by folding the Y"perfect resolu-
tion" curve with the 2.6% PF.W.H.M. gaussian curve
reproduces the experimental data guite well. The effect
of the overlying pedestal is clearly visible in the
experimental spectrum. A small change of slope near a

relative pulse height of 1.10 due to the underlying
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Fig.3.14

Comparision of calculated and expsrimental peak shapes.
Experimental data are shown by dots. The curve labelled
"Resolution 2.58% {F.W.H.M)" is calculated fron the
unbroadéned peak shaps labelled "perfect resolution® by
folding a Gaussian shape with resolution of 2.5% {P.W.H.

M.) shown in the insert.
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pedestal 1is also visible in both the experimental and
calculated peak shapes. The discussién in this section
then clearly suggests that the idea of using a proton
detector with protons incident off axis is not desirable
because of the asymmetric peak shape ‘obtained both

theoretically and experimentally.
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IV. The Experiment

I¥.1 The Cyclotron and the_Scattering Chamber

The proton beam used in this experiment was produced
in the sector-focused cyclotron of the University of
Manitoba {BURSA). This cyclotron accelerates negative
hydrogen ions resulting in external proton beams variable
in energy from 20 to 49 HeV. Fig.4.1 shows the layont of
the cyclotron, experimental area, and the scattering
chamber, Figs.4.2 and #.,3 show a sketch of the 36"
scattering chamber used in this experiment including the
detector and +the target  positions. A target ladder
capable of holding up to 6 targets was mounted on top of
the chanpber. D@téctors were mounted on a rotating
platform fitted with a Decitrak angular readcht, The
beam current, which was measured and integrated by a
current integrator, was typically araund 6 nanoampres on

the target +throughout this experiment. The reasons for
using such léw carrents were firstly ¢to lower the
background and secondly to lower thz counting rate to the
rate that the photomultiplier could handle. 1A counting
rate reduction Qas necessary becaasz2 of the fact that in
this experiment fast timing, which required high voltage,
was used, Consequently overheating the photomultiplier
might result at high count rates. The maximnm counting

réte that the photomultiplier could handle was calculated
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Fig.t4.1

cylotron beam line layout.




pary

sl

Z

T 7,

LLLLLLN LA ELE LA A A AR SRR AR R

L L

|

VAULT

s 0z Surs , SlélTS
; ¥ BENDING
MAGMET

i

TooRr \

7

x
. \ > ' /
CYCLOTRON. \ /TTERI::MP

SSANSSSANSNNANANNYN

FARADAY CUP //i
S0 RN

HAND <f// DIFF PUMP
VALVE WITH

ot ROUGHING

CHAMBER

' k\\w \
: lg\ \\\\\\\\\\““\\\\(\\—\\\\.\\\\\\\\\\'\\"“\\\\\\_\_\
ol _ . : .

66




100

Fig.4.2

The scatteting chamber with the proton and the alpha
particle detectors, the alpha particle detector is
directly above the prdton detector, The distances fron
the target to'alpha. particle detector and the proton

detector are 711.8 cm and 8.7 cm respactively.
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to be 1,35x10% protons/sec.

I¥.2 The Detection Systenm

——— - .

s Tty

A general description of the apparatus is given in
.
this subsection; individual parts will be discussed in
the f0llowing subsections. Fig#i.4 shows a layout of the
‘apparatus.

The design of the apparatns was based on the results
described in the last chapter.  Ths mean SLi outgning
~angles and particle energies expeczted at various poSi-
tions of the proton and alpha particle detectors, were
known from the Monte Carlo calculations. Tt was found
empirically and subsequently verified by calculation that
placing the proton destector out of the scattering plane
was not desirable. TAe following arrangement of the
apparatus was judged the most satisfactoryf

The plastic scintillation counter for protons was
placed 1in the thorizontal plane and was enclosed in a
sealed brass cyclinder, B2ir was circulated through this
cylinder casing by means of poly-flo tubing to act as a
cooling agent for the photomultiplier and the base
circuit, The high voltage cable for the photomunltiplier
was fed through the poly-flo tubing removing the need for

high voltage vacuum feedthronghs, The proton counter
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Fig.4.4

Layout of the appartus.
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within the casing was then mounted on the platform of the
turn table in the scattering chamber.

Above the proton counter an alpha particle telescope
vas mounted as shown in Fig.4.8. Thz telasscope contained
three solid state detectors, a 2004m 4F detector, a S500um
' detector, and a 500um veto detector. Using the AE and
the ® pulses, alpha particles cownld be distinguished fron
other particle types. The particle identifigafion ¥as
performed on-line using computer software discussed in
the féllowinq chapter. The purpose of the veto detector
was +to remove high snergy particless, primarily protons,
which could penetrate boih the AF and E detectors.

The target used in this experiment was a CHy foil of
thickness 2.96 ng/cm?, A helium gas target was also used

fsr setting up the timing and calibration.

S o e i i i, Wl . S e S e i S o e i ot i

The 1lavont of ﬁhe proton counter 1is shown in
Fig.4.5. This counter contained a cylindrical 4.0 cm
diameter by 5.0 cm iong N®10232 scintillator, an EMT 98153
photomulitiplier, a resistor chain, and a preamnplifier.

The system was totally enclosed in an air tight brass

cylinder which was placed inside thes scattering chamber.,

The collimator placed in front of the counter is shown in

Fig.3.13. The size of +this collimator was carefully

considered as a compromise between a large solid angle
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Fig.4.5

Section of the proton detector
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and uniformity of scintillation response.

A havar foil of thickness .0038 cm was placed behind
the ccllimator to act as a light seal, and to act as an
absorber for +the- plastic scintillator. According to
Gooding and Pugh (GO060) a thin absorber in front of a
plastic scintillator can improve. the 1linearity of
response as a function of proton energy. This is because
of the fact that the enerqgy lost in the absorber by 1low
energy particles is greater than that lost by high enerqgy
ONesS,. This has the effect' of straightening out the
respense curve but gives it a non-zero intercept on the
proton energy axis. The effect of such an absorber is
shown in thé proton calibration curve in Fig.H4.6.

Immediately beshind the havar foil was the plastic
'scintillator. The scintillator compressed two O-rings as
shown in Fig. 4.14. ‘These O-rings acted as vacuum seals
for the front end of the cylinder. The plastic scintil-
lator was potted to the photomultiplier using General
Electric RTY-615AB Optical coupling compound. The pho-
tomultiplier was held inside a magnetic shield by two
teifon rings, and the magnetic shield was in turp
supported inside the brass cylinder by two larger telfon
rings.

A resistance chain and preamplifier were designed
for use with the system. Both the resistance chain anda

preamplifier circuitry are shown in Figs. 8.7 and 4.8.
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Fig.lU.6

The calibration curves for both the proton (4.6a) and the
alpha particle detector(4.6b). It is observed from the

proton curve that if an absorber such as havar foil is

placed in front of the plastic scintillator, the calibra-
tion <curve is linear down to at least 10 MeV, but that a

non-zero intercept on the energy axis is obtained.
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‘ Fiq:u«-?

Preamplifier circuit for the photomultiplier,
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Fig.4.8

The resistance chain for the photomultiplier.
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The preamplifier featured two signal outputs. The output
from the anode was for timimg purposes, while the other
output from the eighth dynode was used for pulse height
measuremnent. Such features were required because of the
high counting rate of the protons elastically scattered
from +the carbon target. 4 test pulse input was also

included in the preamplifier.

IV.3 The Electronics

A block diagram of the electronics used in this
experiment is shown in Fig. 4.9. The electronic circui-
try contained three sections: +the proton arm, the alpha
arm, and the timing portion.

The alpha arm contained 3 detectors: the AF, the E,
and the VETO detectors. The signals from these three
detectors were first amplified by ORTEC 1092 preAmpli-
fiers placed next to the scattering chamber. Outputs
from these preanplifiers were then sent by cable to the
control room where the major electronics racks. and
PDP15/40 computer were located. These signals were
amplified by CANBERRA 1416 amplifiers. The AE signal was
increased by a factor of 4 over that of the E detector in
order to make full use of the dynamic rTange {300
millivolts to 10 wvolts) of most of the electronic
modules. This signal was then decreased by the sanme

factor of 4 before it was added to the E signal. The
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Fig.4.9

Schematic block diagram of the electronic circuitry used

for data collection.

AMP: Amplifier'

COINC: Coincidence unit

DA: Delay anmplifier

CFD: constant fraction discrimator
DSI: Dual suam inverter

5FLOG: 5 fold logic

GDG: Gate and delay gemnerator

Dz Delay

QUAD DISC: OQuad discrimator

PUG: Pile up gate

" PRE AMP: Preamplifier

TAC: Time to amplitude converter

TFA: Timeing filter amplifier

SCA: Single channel analyzer
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signals from the three detectors were all connected to a
coincidence module where the X E and E signals were set in
coincidence mode while that from the veto detector was
set in anti-coincidence mode. The éutput was used later
in the main coincidence module which controlled the gate
on the ADC,

The proton arm contained two inputs. The pulse
height signal from the photomultiplier dynode was first
amplified by the preamplifier discussed in the ©previous
section, iThis signal was then patched from the experi-
mental area by a CIT416 amplifier. After this signal
passed through an SCA it was connected +to the main
coincidence unit.

The timing signals were derived from the anode of
the proton counter and the E deteétor of the alpha
.particle telescope. It is known that <cyclotron radio
frequency (RF) picked up by the fast signal cables is an
important noise source. TIn order to eliminaté this RF
noise, the timing signal from the E detector was fed into
a fast amplifier {Le Croy 133) whose output was connected
to a timing filter amplifier {TFA ORTEC u633; At this
connection a T connector allowed a clipping stub to be
connected as shown in Fig. 4.9. The clipping‘siub was a
504Z RG-8 <cable shorted at one end. Its length was 3/2
wavelengths of the signal from the cyclotron oscillator.

Reflected signals from this clipping stub would therefore
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cancel +the incoming RF noise at the T connector. The
improved timing signal was then amplified by the timing
fi}ter amplifier before entering the constant fraction
discriminator (CFD ORTEC 463). During the experiment
however a difficulty with "WALK" arose. It was therefore
necassary to include a QUAD Discriminator {QUAD DISC.
EGEG TI40/N) and a 5 fold logic (LRS163)as shown in Fig.
4.9. The output of the 5 fold logic was then used as.the
STOP pulse for the Time to Amplitude Converter 1TAC).‘
The START pulse came from the proton arm. The signal
from the anode of the photomultiplier was first
attenuated in the experimental area and then was sent to
a differential discriminator (DIFF.DIS. EGEG TD101/N) in
the control roonm. The INT. output from the DIFF.DIS.
was used for measuring pile up events. The output fron
the DIFF.DIS. was ﬁsed as a START pulse to trigger the
TAC. A timing resolution less +than the 35 nanosecond
separation of the cyélotron beam bursts was obtained,
thus aliowing clear separation of the "REAL"™ and "RANDONY
coincidence peaks as shown in Fig. %.10. The output of
the TAC was +then connected +to the main coincidence
circuit. The main coincidence opened the ADC gate to the
computer if the signal from the alpha arm, the proton
arm, and the TAC were in coincidence. A final adjustment
was made to all the linear signals so that they arrived

at the ADC's simultaneously.
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Fig.#.10

The TAC spectrum. The centre peak is the freal+randonm”
coincidence peak. The other 6 small peaks are the randon

peaksa.




Number of counts (x103)

'0'0

123

1

ean

ﬂmﬁjnﬂﬂ

O,

H10 . 615

TAC in channel number

1024




124

IV.4 Experimental Procedures

The follcowing procedures were carried out before anad
during data collections.
{1) Beam Optics Adjustments: The beam spot was adjusted
until it was properly centred and had a size less than
3mm wide by Hmm high.
{2) Gain Matching for fhe A4F and E detectors:
.A crude matching of the gain of the 4E and E amplifiers
was first obtained using a pulser. A more accurate
matching of the gains was obtained using an alphé
particle source.
{3) Energy Calibrations for both the scintillation count-
er and solid state detectors:
The energy calibration of the alpha telescope was first
obtained with a known source of alpha particles,then with
the 12C{p,o) ®Be reaction. The proton energy calibration
was obtained wusing !2C{p,p)12C and H{p,p)H scatterings.
Halfway fhrough the experiment a second calibration was
performed as a check for electronic drifts. The calibra-
tion curves are shown in Fig. U4.6.
{4} Timing adjustments:
The timing of the electronics was initially set up using
a pulser, then refined using protons and alpha pérticles
from “He(p,p)*He scattering. A& helium gas cell was used
as the target. The proton counter was placed at 118° on

one side of the chamber while the alpha particle teles-
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cope was placed at 25° on the other side as shown in
Fig.8%.11. These positions correspond to 180° separation
between proton and alpha particle directions in the
centre of mass system resulting in a high rate of real
coincidence. The coincident proton and alpha particle
could then be used for timing purposes. The energy of
alpha particles at 25° laﬁ. is 20.3 MeV while that of
protons is 17.8 MeV for an incident proton energy of
38.23 MeV. The alpha particle energy corresponded weli
to the energy range expected for alpha particles coming
‘from SLi breakup following a 12C{p,5Li)BBe reaction.
However the elastically scattered protons have higher
energies than that expected from the ‘SLi breakup. The
expected proton energy range in the latter case is from 5
MeV to 12 HeV.

During the experiment the TAC spectrum was cCollected
and was checked from time to time to ensure that the
wvindows set on the real and random peaks had not shifted
significantly. Fig.4.10 shows a typical TAC spectrun.
The TAC spectrum contained & random coincidence peaks and
a large peak containing real plus random coincidences.
From this spectrum the timing resolution of the TAC was
found to be about 8 nanoseconds. The ratio of the number
of real plus random events to the number of random events
alone was about 4.5 toll.

{5) Data collection:
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Fig.#.11

Layout of *the proton and alpha particle detectors for
timing adijustment. The distanceé from the target to the
alpha particle detector and the proton detector are 11.8
cm and 8.7 cm respectively. The proton coilimaﬁor is
shown in Fig.3l33, and the alpha particle detector has a

s1it collimator of size 10 nm by 4 mnm.
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Data acquisition was performed using the computer progranm
MULPAR which will be discussed 1in detail in the next
chapter. The data were stored event by event on magnetic
tapes and the analysis was subsequently carried out
off-line using a IBM370 computer and the program CORMAG
which will be also discussed in detail in the following

chapter.
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VY. Analysis and Results

¥Y.31 Data Acguisition

Data acquisition was performed using the PDP comput-
er program MUOLPAR {an acronym for multi-parameter} in
coajunétion with an external application-dependent pro-
cessing routine GPYEE written for this experiment. This
rootine was ca?able of using particle identification loci
to determine whether the particls was a proton or an
alpha particle, and whether +the energy  was withiﬁ a
specified range. It was also capable of performing
simple calculations on the parameters.

Those events that opassed the opesrator-specified
tésts could be used in accumulaiing 2 dimensional spectra
for diéplay on the CRT screen either as a 64xh# differen-
tial contour displayvy or as a 512x512 "tyinkle" Adisplav.
The variables on the axis might be chosen to he any of
the ADC inputs or simple functions o5f the inputs
generated by GPYEE, A Moseley plotter could also be used
to produce on-1line scatter plots of the currently dis-
p;ayed two dimensional spectrum. Fig.5.1 shows typical
scatter plots of the two dimensional displays generated
off-line during subsequent analysis. Each point plotted
represents one recorded event. With suitable commands
data could be recorded on a magnetic tape for subseguent

off-line analysis.

7/
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Fig.5.1

The raw data scatter plots. {5.1a) shows the raw data
without any constraints. It appears that there is a gap
.at around channel 256 of Ty. This gap cuts the data into
two sections. Fig.5.1b shows the raw data when only the
alpha particle and the real coincidéhces .are accepted.
From Fig.5.7b it is seen that the 1lower section in

Fig.5.7a is mainly due to randonm and false coincidences.
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?ﬁe program MOLPAR was used aainly for a roungh
analysis and display during th2 sxperimant. A similar
PDP program PETE with the same extarnal subroutins GPYEER
was mnused in preliminary analysis. Howaver a more accur-
ate analysis was done using the FORTRAN program CORMAG
run on an IBM370 computer. An outline of these programs
is discussed in the following section.

s

V.2 Data Reduction

Off-line déta reductién was performed wusing +the
computer program CORMAG., This program could perform the
same tasks as MULPAR, but could also make single‘ histo=-
grams, double histograms {two dimensianal hisiograms},
and scatter plots of specified variables with a set of
constraints {or tests) for each indlividnal histogram or
plot. There was also a facility in this progran foi
subtracting randoms out of a scatter plot. CORMAG could
keép track of up to 80 constraints for each individual
histogram and up to 16 variables per avent might be
printed on the line printer for tha first 10D events
which passed the set of constraints specified. This
feature provided means of testing the agreemen* between
CORMAG and MULPAR and of testing the correctness of the
processed variables,

Fig.5.2a shows a scatter plot of AE vs F such as was

used for vparticle identification. Thers is a clear
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Fig.5.2

Scatter plots of AF vs E. Fig.5.2a shows the plot
without any particle identification constraint. Dif-
ferent types of particles are labelled in the plot. Tt
can be seen that the particles are clearly separated.
Fig.5.2b shows the plot with a particle identification
constraint applied so that only alpha particles are

accepted.
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separation of vparticle types and with 1oci Adrawn abont

the alpha particle hand, the othar particles could be

eliminated as shown in Fig.S5.2b.

V.3 Technique_and_Analysis

The reaction mechanism leading to a four body final
state such as 12C{p, pdlolX caN be‘iavastigated by means of
a Dalitz plot,{i.é. Tx vs Tp plot). A number of proton
induced reactions on 12(C have a proton and three alpha
particles in thebfinal state, Thesa resactions can be
divided into three groups: |
{1) p+120 —» p+IX

P+12C ~» DP+x+8Bn —» D¥3x
{(2) p#+12C =~ p#12C*k =— p#+3¢

p+i2C > K +IB¥* —» p+ 3¢
{3) p+12C — SLi+3Be —» p+3x
All these reactions involve four bodies in the final
state. However fhey can be distingaished on a Dalitz
plot. Group {1) involves the dirsct production of either
a three body or four body final state. If the three body
final state is plotted on a Dalitz plot, the events fall
on a locus as shown in Fig.2.2. For the four body final
state however, +the events can. fall anywhere within a
region limited by the four body continuum boundary. The
four Dbody final state might he considersd as a series of

three body loci with varying relative 'enerqies of +the
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undetected two body svstem, Four body final state events
are allowed anywhere inside the boundary locus in the T
vs Tp plot., Group {2) involves a two body reaction with
sequential Adecay of one of the particles., ¥#hen the daia
from such a reaction are plotted in a Dalitsz plot, there
will be concentrations of events at specific values of Tu
or‘ Tp depending on whether a proton or an alpha particle
is produced,v This is because of ths fact that when a
protor or an alpha particle is produced initially in a
two body reaction, its enerqgy has a definite value. This
value corresponds to a constant value of either Ty or Tp
in a . Dalitz plot, Group {3) involves the two body
reaction P+12C —» SLi+8Be followed by two body decays of
5Li and 3BBRe. Since this reaction involves initially a
two body reaction, the energy of SLi is well defined anad
S0 is the breakup O-value. These well defined values of
5Li energies give rise to Concenttations of points along
the lines of constant T,+Tp according to
Tat*Tp = B Q

Hzre Tg; has a fixed vaiue for a given %1i outgoing
angle, The distribution of these events on a Dalitz plot
is showp in Fig.5.3., The spread in +the 12C{p,3Li) BRe
region . is due to the mass uncertainty of 5S1i and the
angle of breakup of 5Li with respect to the direction of
motion of the STi.

The analysis of data made use of these features.
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Fig.5.3

The distributions of the events due to different reaction

mechanisms,
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The analysis was carried out in thres steps. The first
step was to plot the data on a Ty vs Tp plot. The second
step was to oproject the data onto the line with T =Tp »
If the events were mainly due to tha reaction proceeding
through SLi, then a peak should be observed in the
neighbourhood of T +Tp =T #0. The third step was +to
project the data onto the T. and Tp axes. In these plots

‘the effects dne to seguential decays are emphasized.

V.4 _The Ty ¥s Tp Plpot

dccording to two body kinematics, if SLi breaks up
into a proton and an alpha particie after the +two body
reéctiﬂn, 12C{p,SLi)BR2, then the sum of the proton:and
alpha particle energies falls on a straight line in the
Tx VS Tp plot. This two body state corresponds to a
resonance in the four body final state, The resonance
should appear as a broad enhancement along the above
mentioned straight line in the Tx vs TF plot. Infortun-
ately results from the thres body 12C{p,p«) BRe reaction
also fall very close to this line. There is however a
difference in the shapes of the two body and three body
distributions, which in principle at least permit the two
and the three body reactions to be distinguished. This
will be discussed in section V.5.b.

An attempt was made to obssrve directly such an

erhancement on a scatter plot. The data plotted corres-
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ponded to real events that had passed the test of
particle identification. - The scatter plots for all 3
proton  detector angles {309,409, and 50°) are shown in
Fig.5.4, The four body kinematic continuum boundaries
from the calcunlations of eguation (2.3) also are shown.
These boundaries fall along the edg2 of the dense area in
all the figures. Unfortunately the four body background
is very -strong and obscures any enhancement due to the
two body SLi+8Be final state.

¥.5 Prodjections of Data onto Various_Axes

[
-

The projections of data onto various axes are
egqunivalent *to suamming the numbers of =zvants associated
wiﬁh a certain variable. The data were projected onto
the (Tx#Tp) axis, +the T, axis, and the Tp axis. The
events, which did not pass the real coincidence test or
the alpha vparticle locus test vwere excluded from the
projections., The remaining events ware true (p,e} coin-
didences due to SLi breakup plus th2 four body breakup of
i2C+p, three body ({p,pxX) reaction on 12C, and false
coincidences. The proton and alpha particle energies
from the group {2) reactions are shown in Table 5.1. The
energies of protons from elastic or inelastic scattering
to lowlying states of 12C are higher than the energies of
the coincident pfotons accepted in this experiment, thus

2limipating an important source of random coincidences,
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Fig.5.4

Scatter plots of T« vs Tf' The four body continuum
boundary and the three bodyifinal state locus are shown
in the graphs. Since the Q-value of 8Be breakup is 90
KeV, the three body locus is very close to the four body
contipuum boundary. Fig.5.%a.b.c show the scatter plots
for 8 = 30°, 40°, and 50° respectively. The events in
these plots are real (random coincidence subtracted) and

are within the alpha particle loci.
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Table 5.1 .

The energies of different sequential decay reactions of

group (2);

== 7 ———- e ——
i Reactién } Excited} Proton enéi§y v| K enerqgy f
1 N 2 State_}- in MeV -V .} in MeV {
I | in Mev| & = - op = I
P | | 30° 40° 50° | 300 400 500 |
- S— - e
] IZC(p,giqs | 1.5 -Vl 1'éa.o'é3.1 2.1 1
1 | 2.3 }f23;3-22,a 21.3 {
1 T i N ‘1¢§9,q 18.6 17.6 |
¢ :' : i 1
| 12c(p,p)t2C| 4.4 | 33.0 32.4 31.6 |- o
1 o { 7.7 ] 29.7 29.2 és.éil'f {
| R T | 3
1 1 9.6 | 27.8 27.2 26.5 | -
Fl 1 l i N 1 3”.
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Only inelastic excitation of 12C states above 24 MeV can
contribute to sequential processes in the energy range in
vhich {p,SLi) eavents should appear. However such statses
due to their high excitation are iikely to be broad, and

strongly overlapping, leading %o a broad background in

contrast to the narrow peaks of lowlying states.

The projection of data onto the 3**TP axis involves
adding the numerical values of the kinetic energies of
the coincident proton and alpha particle. TIf the proton
and alpha particle were due to a '2C{p,5Li)®Be two bodv
reaction, then Tx +7p should be a constant except for the
5Li mass uncertainty. Therefore, a two body reaction
should appear as an-enhancément on the Ty+Tp axis in the
vicinity of Tu+% =Ty, *Q where T, is obtained from a two
body kinematic calculation. On  the other hand if the
proton and alpha particle in coincidence were due +o a
three body final étate from 12C{p,pk)8Be, the events
should correspond to a continuous locus on the Ty vs Tp
plot., The ranges of TutTp for the two body and the three
body final states are shown in Table 5.2. It can be seen
‘that the range of Ty+T for ths three body final state
overlaps the region corresponding to the two body reac-
tion. Finally 3if the proton and the alpha particle in

coincidence were due to the four body final state
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Table 5.2

The comparision of the
coincident proton and a
range of T, +Tp for a

12C{p,pa) ®Be.

Ter *T?

value expected for

a

alpha particle breakup, and the

three body

final state fronm

r T Y T T 1
I 8 | 8, B ST | Tx*+% ] Range of 3 body i
] | i { in MeV | in Mev {
F }‘ } } { 1
I 30° 1 &&° | 39° | 24.7%.2 | 24.5-26.1

i + 1 i + 1
{ 409 | 51° | 469 | . 23.6+.2 | 23.4-24.8 !
i + i + {
I 50° | 58° 580 | 22.3+.2 | 22.1-23.3 |
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reaction 12C{p,pollell, the two undetected alpha particles
would allow numerous possible combinations of Ty and Tp -
However, phase space considerations suggest that the four
body contribution should £all rapidly near the four body
houndary making it possible +to obhserve two body
enhancements,

‘The spectra for Tu+Tp for all three proton detector
angles are shown in Pig.5.5. It is‘observea that a small
{and ambigunous) enhancement appears in each case near the
expected values for a ®Li+B8Re final state. There remains
the problem of separating the two body and the three body

events as they both appear within the small ®peaks?,

e e i e st ot N e s . i e e e e . s L it

¥.5.b The proijection of Data onto the Ty and Tp Axes

It is also of interest to project data onto the Tg
and Tp axes. The purpose of such projections is to
distinguish two body and the three body effects. Accord-
ing to three bod? phase spaée calculations the pro-djection
of data onto either the Tg'or the Tp axis should resnlt
ir a very wide distribation as shown in Fig.5.6. If a
small portion of the four body final stats continuum were
also included, the projection of tha data would still
result in- a broad shape of similar nearly featureless
character. 1In the present experisent since the 8Rs
breakup 0 value is only 95 XeV, the boundary of the four

body continunm should be nearly suparimposed on the three
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Fi1g.5.5

The single histogram plots against T«+Tp. Fig.5.5a, b, ¢

!
correspond to the plots of B = 30°, 40°, and 50°

respectively.
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| Fig.5. 6a

The distribution of events on the Tp axis due to two body
12C(p,5LiasBe, three body 12C{p,pot)®Be, and four body
12C{p,pxt)otsl » The two body distribution on the Tp axis is
from the Monte Carlo calculation and is shown at. the
bottom of the histogranm, The three body and the four
body phase space distributions have similar shapes and
follow the curve marked " 3 body and 4 body phase space

calculation®.
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Fig.5.6b

The theoretical two body, three body, and four body final
state distribution on the T, axis. The two body final

state distribution 1is from the Monte Carlo calculation.

The distributions of the three body and the four body
final state are from the phase space calculation and have

similar shapes.
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body locus. The shapes of projections of eavents fron
two, +three, and the four body final state reactions onto
the Ty and the Tr axes are shown in Fig.5.6. The +*wo
body shape was obtained from the Monte Carlo calculation.
From this plot it is seen that events due t98 three hody
and the four body final states can possibly ba resolved
from +the +two-  body reaction. As mentionzd above if +he
backgronnd is mainly due to the thrzs body and the Ffour
body final states, the projection of data onto the Tx or
Tp axis should appear as a hroad 3istribution. Howaver,
if the reaction is due to the two body final state, the
data sﬁould appear as an enhancement over the region
given by the Monte Carlo calculation.

The proiections of experimental.data onto the Ty and
the Tp axis are shown in Fig.5.7. In Figs.5.7b and 5.7c
only data within a narrow range of T +Tp were. plotted,
the range vwas widg enough to include all {p,5Li} and
three body events popunlating 8Be in its ground state but
narrow enongh to exclude most of the four body events.
The range is delimited by two straight lines cutting
across the Ty vs T§ plot as shown in Fig.5.8 for 9 =300,
Jf the data projected onto the Tp axis are dune mainly to
reactions other £haa sequential decays, the experimental
corve should be in the form of a broad peak on top of a
wider distribution. Unfortunately thes poor statistics

obtained do not permit resolution of the two hody
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Fig.5.7a

vz

The projections of the data onto the Ty and Te axis
without setting constraints which limit the events to be

within the small enhancement as shown in Fig.5.5.
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Fig.5.7b

The projections of experimental data within the small
enhancement shown in Fig.5.5 onto the Tp axis. The
dotted 1line is thg shape of the two body distribution

from the Monte Carlo calculation.
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Fig.5.7c¢

The projection of experimental data within the small
enhancement shown in PFig.5.5 onto the T axis. The
dotted line is the two body distribution shape obtained

from the Monte Carlo calculation.
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Fig.5.8

The limits on T“+TF used in the projections of data onto
the 7, and Tp axes. The Jlimits were calculated ¢to
include 12C({p,SLi)®Be ~events leading to ground state of
8Be. The small enhancements noted on the high enerqy
flanks of the distributions in Fig.5.5 are within these

limits.
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reaction from the three and the four body £inal state
rsactions so that at best an upper limit for the cross
section of {p,S5Li) reaction is obtainable. Figs.5.7b and
5.7c also show that the expected shapes of the two body
final state do no£ match the experimental shape. This
suggests that the differential cross section of the +two

body finpal state reaction is small.

e . Y. e N i A i o s Vot ‘. T o o WAl e S e S . e

Since the data of the present experimént could not
give definite proof of the presence of the 12C {p,5Li) BRe
reaction, only an upper limit on the cross section can be
calculated. Any {p,5Li) =2vents present would be in the
small peaks in Fig.5.5 élong with three body and seguen-
tial events. The four body background may be roughly
subtracted assuming its' shape 1is known from the phasse
space'ﬂalculations. The resulting spectra are plotted in
Fig.5'9.b The number of counts in each peak is of the
order of 100. The uncertainties in the numbers of counts
are large however due to uncertainty in subtraction of
the four body background. FError bars are not shown since
the madjor source of error is common to all points and is
of thelorder of 100%. See Section 7.7.

The eyperimental cross section for lzcip,SLi)?Be can

be calcnlated using the formulas

do~_ Y
BL ~ [NTE
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Fig.5.9

The spectra obtained by subtracting the four

space curve from the spectra in Fig.5.5.

body phase
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where Y represents the number of counts in the peak as
shown in Pig.5.9, in which all the events are assumed to
be (p,5Li) events.

-

&y is the efficiency for detecting SLi as obtained fronm

the Monte Carlo calculation,

N is the number of the target nuclei per unit area,

I is the total number of protons incident on the target.
The data for calculating the cross section along

with the results are shown in Table 5. 3.

In +this section the relative and absolute error in
the cross section associated with this experiment will be
discussed. The relative error is due mainly to the
statistical wuncertainties in the peak being considered,
‘and contains in all cases contributions from both the
‘real+random? and .‘random' ccincidence spectra. The
error bars shown in Fig.5.5 represent these uncertain-
ties. Iﬁ can be seen that the uncertainty in the peaks
is about 10%. However, 1in those ©peaks obtained by
subtracting - the four body phase space background, the
error can be as high as 100%. This value is obtained by
moving the four body curve within the statistical error
bars on points where the four body background is expected
to dominate. The other source of relative error is the

dead time correction which was obtained by comparing the
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Table 5.3

The data and results of the calculated cross section.The

definitions of various symbols are explained in the text.

A ) 1 k| T k LD ¥ k2 )
l& 1@ le. 1 & 1 & | 1 1Yy 1 2 |
i i I | x10-5 | %1020 | 'x1015] ! ub/SB |
! | i | in SR | n em2 |  counts i |
—t + t z + —t 1
] 30° | 44° | 390 | 1,18 | 1.49 | 4.14 | 61 | <8.4 |
3 i 1 e J“ i 3 1 g |
T T ] 1 1 E] E ] El R

1 30° | 5190 1 46° | 1.16 | 1.49 | 3.26 | 45 | <£7.9 |

e d
o
o
-+
e
P Y
e

] 50° | 58° | 549 | 1.14 | 1.37 | 4.9% | 83 | <10.7 |
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number of Faraday cup counts recorded by the computer and
the number recorded in a fast scaler. This correction
varied from 0.01% at & =40° to 2.5% for 8 =300,

The major sources of absolute errors in the cross

sections are
{1) the determination of target thickness (about 5%).
{(2) the determination of the efficiency of detecting SLi,
{about 5%). |

There are also other minor sources of error such as
the pileup correction and the target angle. These errors
are neglected however since their contribution to the
total error is much.smaller than that of other sources.
The errors on the values of Y ({i.e. the peaks in
Fig.5.9), and thus on the cross sections, ~are about
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Vi. Discussion and Conclusion

¥YI.1 Discussion

The apper limits on  the cross section for the
12¢(p,S5Li) 8Be reaction obtained in the present experiment
afe about {10%10) ub/sr, these may be compared with the
Cross seétions for the analogous 12C{d,%Li) 8Be Teaction.
With an incident denteron energy of 52 MeV, the cross
section for the 12C(d,6Li)B8Be reaction has been found to
be about {4+1)Ab/sr in the angular range 30°-60° (RIC70Y .
The cross section of the 12C{p,SLi)8Be reécfion may well
be smaller than that of 12C{d4,8Li)8Be because the 5Li is
less bound than the ®Li, the 12C{p,3Li) BBe reaction
therefore tending to go +through nmore direct breakup
channels than the 12C{d,sLi)®8Be.

There are sevefal ways in which this experiment
might be improved. It 1is suggested that a different
target should be used. The target should be chosen on
the basis that competing reactions producing alpha par-
ticles have smaller cross sections. This would provide a
smaller tackground and fewer random coincidences than in
the present case.

It 1is also suggested that this experiment shbnld be
run at a higher incident proton energy. As shown in
Fig.6.1 the separation angles for the proton and the

alpha particle from SLi and the two alpha particles fron




175

Fig.6.1

.The separation angles plotted

incident proton energies.
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8Be become smaller as the incident proton energy
increases. As the separation angle between the proton
and the alpha particle becomes smaller, it is possible to
pdt two proton detectors one above and one below the
plane as shown in Fig.3.5a. This would provide a larger
s01id angle for detecting the proton. The other advan-
tage with higher iacident proton emergy is that +the +two
Q;pha particles from the breakup of 8Be might be
détected. Since the separation angle between these two
alpha particles is small, it would be possible to set up
one detector telescope to detect the two alpha particles
simultaneously. Siﬁce the two alpha particles are fron
the breakup of 3Be, they would arrive at the AE detector
almost simultaneounsly, and deposit twice the amount of
energy as a siﬁgle alpha particle in both the 4F .and E
detectors.v This would identify a ®Be as opposed to an
alpha particle. From two body kinematics, the ®Be Should
have a fixed energy at a given angle. Therefore the saun
of the energies of the two alpha particles from the 8Be
breakup should be constant except for effects due to the
Li mass uncertainty. The experiment might possibly, in
fact, be run looking only for 8Be nuclei, a. {p,5L1i)
reaction being indicated by an enhancement in the number
of B®Be nuclei at an energy corresponding to the emission
of a single SLi particle. The detection of the proton

and the alpha particle from the SLi (or at 1least the
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alpha particle) would greatly reduce the background.
Such an arrangement, would of course, introduce more

technical difficulties in setting up the experiment.

¥I.2 Conclusion

Although the present experiment shows no definite
evidence of the 12C{p,5Li)BBe reaction, it does not
eliminate such a possibility. The difficulties asso-
ciated with this experiment permit only an upper limit on
the cross section to be obtained. The difficulties
inclnde the following in summary.

{1) It is anticipated that the reaction has a small cross
section., |

{2) The detection of the proton out of the scattering
plane is not feasible in the present case. This 1limits
the pioton detector solid angle.

{3) It is also difficult to resolve the two body from the
three body final state due to poor statistics anad large
three and four body background.

The upper limits on the cross section for the
12C{p,>Li) ®Be reaction populating B8Be in its ground state
are found in the present experiment to be approximately

(10110Lab/sr in the angular range 30° to 50°,
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Appendix

The Monte Carlo Method

The Monte Carlo method is used to reproduce the
distribution of any function ?5(x) on the x axis using
random numbers. There are two’ classeé“of' functions,
namely, {7) the functions which cannot be integrated
analytically, and {2) the functions which can be inte-
grated analytically. These two classes of funétions wiil

be discussed separately in this Appendix.

Class {1) Functions:

Let x be any value between a minimum value, x,, and
a maximum value, Xugx » ¢Yx) is then the wvalue corres-
ponding to x, and can take on values between 4& and f&m@
where 42 and fa“ are the minimum and the maximum values
of ¢Tx) respectively as shown in Fig.A.la. If a randonm
number R, is chosen between 0 and 1, then there is a

corresponding value of x given by:
X, = B, (Xpm)*+{1-R,) %, { 2. 1)

If a second random number R, is also chosen between 0 and

1, then a corresponding ¢&L can be expressed as:

P = Ra Buae + (1-RD Y, € 2-2)

-

Now with the x;, value generated by equation {2.1), the
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Fig.1d.1a
14

An ‘arbitrary function 4’{){} .
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vailue ¢ﬁx,) can be calculated. Orly the events with the

following condition are accepted:

B £ Pex | (A.2b)

The distribution of 4%1) on the ¥ axis can be reproduced
if many of different random numbers are génerated. If
only the events satisfying the conditidn imposeﬁ by
equation (A.2b) are plotted, then the distribution of the
numbers of  events as a function of x has the form of
4Rx). The distribution of SLi masses can be used as an
example. Equation {3.2) gives the distribution of the

3Li masses as

e" (aMiifae)”

Flama)= F { 3.1)

If AM% has a cut-off width of 3 Mev, AE is obtained from
equation {3.1), and ¥, corresponds to the maximum value

of F, then AMi; can be generated by using equation {A. 1)

AM = RAMG gy + Q=R AME;, (a.3)

Heres AWLimax aﬁd AN, are the maximum and the minimum
values of AM%; allowed for practical reasons by the
programmer. This valune of AMg; can then be substituted
into equation {3.2) to obtain a value F{AMg; ). Now a
second random number R, is used to generate a F value

according to eguation (A.2):
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Feae = BaF, {A. 1)
In this case the minimum value of F is assumed to be
negigible. The-value Fean is then compared +to F(aM4; )
obtained from equationr {3.2). The distribution of the
A4, obtained from the Monte Carlo calculation is shown

in Pig.A.1b.

Class {2) Functions:

If +the function ¢Hx) canl be integrated, then a
different technique can be used to generate values of x
with the distribution of @P{x). The probability that
events occur in a range dx centred about x as shown in
Fig.A.2a is P(x)dx. This probability can be transferred
into a rectangular distribution N(R) of‘the random number
R as shown in Fig.A.1b. The area of the corresponding
bars in the two figures should be the s;me. Since N {R)

is a constant {=c say), and the areas are the same, then

N{R}4R = ‘ﬁ(x) ax

B 7}
;(ch i.&;(X)dX
CR, = )?’(x) ax (2. 5)
Ro

Since thexupper limit of R is 1, and this corresponds to

X=Xuay » then
, X mar

c = 4Rx)dx  ( A.6)
Ro

When {A.5) and (A.6) are combined:
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Pig.A.1b

Thq distribution of AN .
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Fig.A.?2a

An arbitrary distribution %Hx}.,

Fig.d.2b

¢{x) is transferred to a rectamular distribution N{R).
The areas inside the bars of Fig.A.2a and A.2b are the

Same.
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R, = "f:f:x)d‘/{ {2.7)
/ Pyt
Using Pen= fsé"“’”l”‘
then P xd~ 5= R E v ;K\Tcxov
and PxD= Ci-R\)§6xo)+é|fo<ne*)
Therefore L= 3 [(1-8)F (xy + Ra F (xua)] (2.8)

has the =same distributiqn as ¢(x) when R, 1is uniformly
distributed iﬁ the interval 0 to 1.
By vay of example consider the generation of the

_ proton angle in the 5Li breakup frame. Since the 51i is
assumed to break up isotropically in this frame, the.
distribution of the number of protons as a function of
B is préportibnal to singp', i.e. 4“6?) ec sSing . By
using egquation {A.8), the C.M. angle of the proton is

related to a uniformly distributed random number R by
cosg! = {1.0—&)cos§i +Rcos@%Ax {2.9)

or & = cos’ ﬁc«.o-g) COSEp, + R 05 Bppeny ]




