
Searctr for

the r¿C {p,5Li} 8Be Reaction

at 38 t{eV

by

Philip Y. E. lee

HaY ' 
1977

A Thesis

to the Faculty cf Grarluate Stuôíes

Fulfilnent of tbe Beguirements for

Ðegree of Haster of Science

Ph'ysics DePartnent

Uníversíty of, ganitoba

Finni Peg , llanitoba

l...::.

Subnitte¿l

trn Partial
the

;..:-..
i'.;',.

I:1 .i

-

OF MANITOEA

-



''SEARCH FOR

THE l2c(o,SLi)8ge RrRcttnN

AT 38 l4eV"

by

pHILIp y.t,t. yEE

A dissertatio¡r subluitted to the Faculty of Gratluate Sttrdics of

tþe Uttiversity of Mallitoba in partial fulfillment ol'the rcquircments

ol'thr' dcgrce ol

MASTER OF SCIENCE

@ 1977

Pernrissio¡l ltts þec¡r gralttcd to tfuc LIBIIARY Ol¡ T¡lU t,NlVUlì'

SITY OF tvl^NlTOlìA tt¡ lctltl or sell ctlpies of this clissertrtiott, to

thc NATIONAL LIBRA'lìY Otr (:ANADA to ¡¡ticrofilm this

tlissertution and to lend or sell copics of tfie filnl, und UNIVERSITY

MlCROl.'ILMS to publislr an ubstruct of this dissertatit¡n.

The author reservcs other publication rights, antl neithcr thc'

dissertatioll Iror extensive cxtr¿lcts lio¡n it nray be printetl or r¡ther-

wise reprocluced without thc rr.¡thor's writtc¡r ¡'rcrrttissiott.

t':
l::,Í::



l.l'f:'-ì

l-

Abstract

The r2C (Prsl,i) aBe reaction has beeu studied at an

inciitent proton energy of 38 ÞieV at three stri angles.

The protons ãnd alpha particles comi:rg from the breakup

of 5Li particles were cteteetecl ia coinciclence, t he

protons in a plastic scintillator, the alpha particles in

a barrier detector tel€scope. The reaction was first

stuclieit using a lllonte Carlo technigue to simulate the

experiment and in particular to calculate the efficíency

of t.he detection systen. The tr-ight colLection efficiency

of, , plastic scintillator uas also studied. for the proton

detection system of thi-s experiment so as t.o determine

the effect of using various detector geometries. ?he

l2C (pr 5f.i) 8Be reacti-on vas tben investigated experiment--

aJ-ly by observing the proton and the alpha particle in

coinci-clence from the breakup of the sli. The uPper

limits on the cross section for 5Ï,i outgoing ang3-es of

39o" 460, anil slto for this reaction have been obtained-



Acknow ledgements

The author is indebteil to the participants of this
project for their assistance and suggestions. These

include tlrs- lI.Canty, N.Davi-son, P- Debenhamr fd. Falk, anil

J. I{atson, anil I{r- S. P. Kwa n.

The continual guiilance and encounagenent offered by

Dr- N. E, Davison for this projec t is also gratefully

acknow ledgecl"

t-l_

iìnz

::
i|.



Abst¡ac.L
Àcknowledgenents
Conten.tç
List of Figures'
List of lables

I. . Introduction

II- TheorY
fI.1 Kinenatics
L.Í.2. Phase SPace

: II .2.a Introcluction
' rr.2.b The Definition anct Genera]. Forpula

Space DensitY
Born APProximation

Introduct ion
The Nuclear Hatrix Elenent
The Zero-Bange ÀPProxination
The ApPlication of the DHBÀ to
(P'sl.i) sYstem

ïïI- Ðesign Principles for lxperinental Apparatus
IIf . i tire Design of the APParatus

.III.2TheoesignoftheSci^uÈillationCounter
III- 2- a Introduction

: . III.2-b The Characteristics ancl ProPer-
' ties of P1astic Scintillator

fII-2'c The light Collection Efficiency
of a Plastic Scinti-Ilator

III.2.ctTheEffectsofColIiroatorsantl
off-axis Detectiou orr the Peak
ShaPe

IV. The Elrperinent
IV.1 The Cyclotron and the Scattering Chamber

IV.2 The Detection SYsten
fV-2-a The tayout of the Detection Systeu
TY.2.bTheprótonScintillation.Counter

IV.3 The Electronics
IV. 4 ExPerinenta1. Procedures

v. ÀnalYsis and Results
v.1 Data Àcquisition
V.2 Data Recluction
V.3 Technique ancl ÀnalYsis

aaa

Con ten ts

for the Phase
Distortecl Eave

Pag e

t
lì

Ìii
Y

X

.t

i,

II.3 The
(DsBÀ)
II. 3. a

II.3.c
rr.3. d the

t
5

.5
'ltz
L2

14

19

I^9

2L
?8

32

38
38
63
63

66

6r

77

97
97

103
103
106
7r7
L24

L29
I29
133
137



:i:i'i.::,1::')

iv

V.4 The To( vs Tp Plot
V.5 Projections-of Data onto Various Axes

V.5. a The Projections of Data onto
T..+Tf axes

v.5.b The Projections of Data onto the
and T¡ axes

v.6 The Upper tinits on the Cross Section
V.7 Error

Discussion ancl Conclusion
VI.1 Discussion
vT.2 Conclusion

the

L¿

Page
74r
t42

148

150
168
77r

774
174
t78

179

183

vI.

References

Appendix



.-l

v

List of Figures

Yí9.2- 1 Convention acloptecl for the reaction
a+b + 1+2+3+-..+n.

Fig.2.2 Bounclary of tï¡e four body f inal state
continuuut, tbe three botly f inal state
locus, ancl the two borly final state region
associatecl with 3B I'leV proton bombarclnent
of 12c.

Page

6

-:.. ,,1 r.'.

fiq-2-3 À cluster of x nucleons is picketl up by 
i,,,,',j,.,,ì.,'the inciilent particle a in a pick up 

n 
, 

',

Fis.2. 4 ;;;::::i.**," coor.i nates "r ll: particres 
'," 

^ 
i''.'' ""'

participating in a pickup reactio¡. 25

Fig- 2.5 The energy levels of st,i- 33

Fig-3-'la The ilirections of sli, proton, and alpha
particle-

Fig.3. lb The alpha Particle detector is placecl at
an angle s rli rectly above the proton
detector

Fig.3-2a The coordinate systen usecl in the üonte
Carlo calcu]-ation.

Fig.3-2b The pickup coorclinates of sli-

Tig-3.3 . The natrices å ancl B for transforning the ;:.:':.:',:-'':.:i.;

coordinates of the proton antl the alpha ' ,, ,

particle in the p+'"C frane to the ,,",'¡'..,"i.

¡lanes of the tletectors- 50 :':' ::' 
':':' 

:'

Fig-3.4a tl. distributions of sLi outgoing angles. 57

Fig.3. ¡¡b The clistribution s of T¿+Îp obtainecl fron 59
the Ìlonte Carlo calculatibns-

¡;u¡¡-:':.;'..:.11

I'ig.3. 4c The distribution of the separation angles i':j':ji:i".1'r:'

of proton antl alpha particle for events
_ detectable by the present experimental

arrangeuent. - 61

fig.3.4it The ilistribution of aJ-pha particle breakup
angle in the sti rest frane.

10

39

4t

44

44

6T



vi-

Àn icleal case where tro
tion counters are
cletectors.

Page

plastic scintilla-
usecl as proton

64

þ!f:1-:

t;;:::jl:

Fi q.3. 5a

Fi 9.3. 5b

fig.3.5c

Fig- 3.6a

Fig. 3. 6 b

Fig- 3- 7

Fig-3-B

fig.3. 9

Îi9.3. 1 0a

fig.3. ?0b

3ig-3.10c

Proton @ectors are placed paral1eI to the
incident bean such that resultant par-
ticles fron proton bonbardnent of t2C
ehter the proton detectors off the central
axis of the proton detectors-

À possible alternative arrangenent of the
rletecto¡s in ryhich tbe proton detector is
placecl oa tbe neclian ¡lane ïhile the alpha
particle detector is titlecl ancl its axis
makes an angle of 34o ryith tbe median
pJ-ane.

Sketch of the scintiJ-lator-pbotonultiplier
systen-

G€cmetry of a ray insirle a cylincler.

The coordinates usecl j-n the calcnlation of
the light collection efficiency.

Light collection efficiency as a function
of rarli-us {f} ancl ilistance {¿} from the
encl 'farthest fron the photocathode for
scintillators of length 1-0, 2-O and 4.0
cn.

The colliuator uith uirtth H{9} chich can
be describeil as a function of the coorclin-
ate 9.
-Peak shapes proilucecl by various colJ-ina-
tors placecl synetrically ryith respect to
the axis of a cylinclrical scintillator 1-0
cn long by 1.0 cm in ¡adius-

Sa¡ne as f or Fig.3- 10a but the scintillator
is 4.0 cn long.

Sane as for Fig-3.10a but the scintillator
is 4.0 cn long and the inciclent proton
energy is 50 nev.

ceonetry of a co-l-lina tor-scinti-Ilator sys-
ten for measurements vith protons incident
at an angle I fron the vertical-

64

64

75

78

84

70

70

72

81

83

Fig. 3. 1 1

86



yr-l_

Page

fig-3-12 Peak shapes for 20 ¡leV protons incident at
30o to the vertical on a scintillator 1.0
cn long of raclius 1.0 crr. 88

Fig.3.13 The collinator used in obtaining the
experimentaJ- data for both the light
collection efficiency experinent anrl the
rzC (pr sI,i) 8Be experinent- 91

fig-3- 14 Comparision of cal-culated and experi-mental
peat shapes- 94

Fig.4.1 Cylotron beam liae layout. 9g

Fig.4.2 The scatteriag chanbe¡ flith the proton ancl
the alpha parlicle cletectors- - 100

fig- 4.3 targeï angles with respect to bearn
diréction. - 7Az

rig-4.4 ï,ayout of the apparatus 104

Fig.4.5 Section of the proton cletector- lO7

Fig- 4.6a The calibration curve for the Proton
cletector' r1o

Fig.4.6b The 'calibration cuÉTe for the alpha par- 
nztic]-e cletector-

Pig.4.7 Preanplif ier circuj-t f or the
photomultipt-ier- 113

Fig- 4.8 The resistance chain for the
photomultiplier- 115

rig- 4- 9 Schematic blcck diagran of the electronic
circuitry usecl for data collection- 11g

Fig.4. 10 The TÀc spectrum . I22

3i9.4. 11 f,ayout of the proton and alpha particle
delectors for tining atljustnent. 726

Fig- 5. 1a The ra$ data scatter plot citbout any
coastraiÐts. 130

?i9.5.1b The rarr data scatter plot ¡lhen only tb.e
alpha particle ancl the real coincidence
are accepteÈI. ßz

l'i:jr f i,



¡!:a"

viii
page

Fig-5-2a The scatter plot of T.¿ vs Îp rithout any
' particle identification const'raint. 134

?i9.5.2b The scatter plot of Îa vs f9 yith a
particle identification constraiiit appliecl
so that only alpha particles are accepted. f36

fig- 5.3 The clistributions of the events clue to
clif ferent reaction mechani-sms. 139

Fig.5-4a Scatter plot of T* vs 1, for ÐF= 30o- 744

Fig.5.4b Scatter plot of 1o( vs Tg for ê¡ = 40o. 145

fig.5.4c Scatter plot of ïo( vs Tg for €9 = 50o- 746

Fig.5.5a The single histogram plot against Ta+ff
for Ð7 = 30o' 152

Fig-5-5b The single histogram plot against T¿+Tf
f,or €P = 40o- 153

Fig.5- 5c '1he single .histogram plot against T,. +t
for €p = 50o. 154

Fig.5- 6a The distribution of events on the TF axis
d.ue to two bocly r 2C (Pr sli¡ t9"' three botly
12C{p'Pl) ÐBe' and four bociy r¿C { prp"4elc1. 155

Fig-5.6b The 'theoretical tno bocly, three body, and
four body fina-L state dístrÍbution on the
T,¡ axis- 157

Fig.5- 7a The pro jections of clata onto the 1¿ ancl Tp
axis uithout setting constraints which
linit the events to be sithin the snall
enhancemeat as shown in Fi9.5.5. 160

Pig- 5- 7b The projections of experimental clata
within the small enhancenent shown in
ri9-5-5 onto the Tg axis- 762

fig.5-ic the pro jection of experinental tlata rithin
the snall enhancenent shocn in Fig-5.5

' onto the T< axis- 164

Fig-5- B The linits on 1o¿ +Tf used in the projec-
tions of data onto the 1"r ancl Tg axes-' 166

Fig.5-9 The spectra obtained by subtracting the
f our borly ph ase space curve f rou the
spectra in Fig-5.5. 169

ì::,:r1

f:::



ix
Page

fig-6.1 The separation angles plottetl as a func-
tion of the incident proton energies. l7S

Fig-A.la Àn arbitrary function þt*1. 1g4

Fig.A. ?b The rlistribution of a$t¡ - 188

rig. à- 2a An arbitrary distribution *{*}. 190

Fig.A.2b þt"l is trànsferrecl tc a rectangular clis-
iribution N(R). 190

ìì:!i,
tiiil;;'r,

iilìl.j,i:j:i;i,¡i''ï



x

tist of Tables

Page

lable 3.1 The result obtainetl from the Monte Carlo
calculation for the reaction 12C {Pr sLi} 8Be

with sLi breakup into a proton antl atr
alpha particle. ,4

Table 5.1

Table 5.2

The energies of clifferent sequential clecay ., n
reactions -of gEoup {2, . t + (

The comparision of the 1o¿ +Ît value
expecteil for a coincident. proton and an
alpha particle breakup, and the range of
Tor +T? for a three bocly final state fro¡o
r2C (þ,p¿) aBe- 149

of the calculatetl

.1) _

1. ,'
i:: :

Table 5-3 The clata and results
cross section. 172



I. In troduction

tiqht nucl-ei often seem to consist of tr¡o or nore

grÐups or clusters of nucleons. For nucl-ei sith Z=N and

À=4n (n=112, 3r...) r the binding energy of aD extra

nucleon is often large conpared to the biaôing enêxgy ot

an extra alpha particle. In nuclei with À=44+trr on the

other hand, relat.ively sma1l bind'i-ag energi-es are found

for single nucleons. These f acts and tbe well lçno¡En

sta,b5-lity of the free alplta partS-cle led to the cluster

noclel" $it.hin the framework of this cluster rêpresenta-

tion {SÍ1860, wTL58' g1166) the she11-noðe1 wave functions

can be r¡ritten in cl-uster f,ormn and the various clusters

treated as single particS-es in a shell noile'l calculation.

$any of the results of this clustes model are identical
gith those ilerived fro$ the usual shell model. Theoret-

ical- iavestigations {¡{ÀT63' 8A.L64' I(ttD65' BÀL65' NE{í65}

have shown that ev€a llithout resiclual interactions the

independent particl-e noilel pretlicts large four nucleon

parentages ryhen the spins of these nucleons are coupled

to a total spin Jlf-û+, thus justifying to some extent, the

basic approach of the clust,er nodel-

SeveraJ- experimental approacbes bave been used to

investigate cluster phenomena in nuclei, but one of the

most fruj-tful has been transfer reactioas. Àmong tbe

more i-mportant transfer reactions are d.irect reactions

such as the rr knoclr-out rr reactions: (PrPø() {BÀL64'

r:-.:: " - -'-l

'.. r." --. .-.1..

I : l; :'11 ' :_:, '



i, i'j

2

JAt{63rS4K65, BEA65, 8P571) and lotr24) {SåK65,88865'

IGo63, Doìtr64, BÂU65) i " pick-up rf reactions such as

{p,d) {cRå66} , {p,6I'i) (BAÀ'?'l} , {d' óI,i} (DEN63' GEM 54 '
DAE64, ErC70, Ðå866, DEt¡65, DEI{66, DRÀ71, HCG? 1) , {d, z],i}

(ÐEN6?) ' 
(ð' 7B€) {Ð8N67} '

(o(" sHe) (PrR74) , Ur sB)

{8A065) ' and (3He""Be) tJåf68} rand ttstríppingt' reactioas

such as (?tirt) íBET67,l1ID68). In particular, t.he

{dréLi} reactions have been wiilely used to obtain guanti-

tatj-ve inf,ormation about alpha particle clustering in

nuclei. Since 6ti has a large sid.th for decay into an

alpha part.icle and a deute ron {WIt66} , the (¿1, 6 Li)

reactions selectively excite levels cierived from the

target by renoval of an alpha partícle-like cluster. In

fact, the {dnóI'i) angular distr'ibutions exbibit features

of direct reactions, anil are amenable to analysis ¡¿ithin

the frame$ork of the ÐEBA theory shere t.he transfered

alpha particLe is assumed to be a single entity or tt lump

rr particle.

fn the present ¡rork the anaJ-ogous (p'5Li) reaction

is considered. In particnlar, an attenpt has been nade

to stucly the ¡¿c {P' sti} aBe reaction. Às sli decays

rapidly, the r¿c (P'sli) 8Be reaction tras some unique

features which are cballenging, The sli breaks up into

arì alpha part.i-cle and a proton in about 10-¿l second; the

sli i.nternal ryavef uncti-oa has .lr=3/2-, and the t=1 motion

of the proton anil the alpha particle ¡ecessitates fiaite

.:íÌ
l: il

1,1:1i:1
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Eange calculations. Ilnlike recent experinents such as

{p r sÉIe) and {o(,5He) (Pf RTIt) uhich involve the detection

of a neutron a¡d an alpha particle in coincidence' the

{prsti} reaction involves the detect.ion of. a proton and

an alpha particle in coincidence- Ðue to the large

backgronnd of elastically scattered protons from the

target, the (p'5¿i) reaction is experimentally more

ilifficult. 9ina11y with e rzC target there is a large

cross section for a four botty final state consisting of a

proÈon anð three alpha particles. this makes the the

iletection of the (pr5ti) reaction stilt more difficult.

Tbe present rqork on the rzC (prsti) aBe reaction

invol-ved the measurement of upper J-inits on the clifferen-

tial cross section at three angles at an incitient proton

energy of 38"23 IïeV. In Chapter TI are found discussj-ons

on kinematics, phase space, and the constraints on DllBA

anal-ysis f or this reaction- Chapter fII gives the clesign

princS-p1es of the experimental apparatus inclucling a

description of the IIonte Carl-o calculations of light

collection efficiency in plastic scintillators and sinu-

l-ation of the coi-nciilence detection of the proton ancl

alpha particle from the 5Li breakup. Chapter IV

describes the experinent. The layout of the cyclotron

anil the scattering chanber are briefly shown. The

d.etection system anil electronics are clíscussed in iletail.

Experimental proceclure ancl d.ata acqnisition are also
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incl-uded in this chapter. Chapter V gives the analysis

of the data ancl the results. In the analysis, various

projections of the tlata onto d.ifferent axes are shosn and

discussed. from these projectj-ons the upper linj-ts of

the cross sectior¡s are obtained. The error associated

nith this upper li-nit is also discussecl. Finally an

outline of possible inprovenents in the experiment encls

t.he thesis- 
I' l:'..'..:

fr:.1 1-:
l:. :rl
l:i.:':
l.:.,:

i::r..¡
i:,:r I jì
Ì l: i.'.',.'

i;:]iì:ÌìÈ
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fÏ. Theory

IlJ rfgenaliqs

The fo13-owing notations are adopted throughout this

tbesis for a reaction of the type

a+b -+ 1 +2 +3+ 4+ . . - +n {Fig.2- 1}

E =total energy of the systenr

E; = total enerqy of particle i

T; = kinetic energy of particle i

M¡ = rest mass of particl-e i

P¡ = three-momentum of particle i

€i = po1'ar angle of particle i

Q¡ = azimuthal angle of particle i

llhenever any of these quantiti-es i-s expresseð in the

centre of nass systen, it ryiIl be denoteô t¡y a prime.

The speed of light c is assu¡ned to be unity, so that the

rest energy of particle i can be written as Ilí .

Tf, the rest masses of all the particles are known,

tbe f,ina3- state is spec!-fiecl by n three=monentum vectors

for a total of 3n kin"o,.ai" variables. Since €ûergy and

no¡nentum conservation provi-cle foßr relations betrryeen

these 3 n quantiti-es, the f inal state is courpletel y

deterrnined if 3n-4 kinematic variables are neasured.

Such an experiment is called a ki-nematically conplete

experiment. In a particle-particle correlation experi-

meat witb tlso particles det-ected, the variables cleter-

:<i

l":t..:
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DÉTÉC-fÉÞ
PARrtclç

il{ctÞEN\-r EEA.M

ÞrRÉc-rtol.tl z-,\x\S

ÞE'fÉcfEÞ
PAR-ÍIC'LE.

UNOÊêERVEÞ
PARTICLES

PROJECTILE. ]'ARGET

tr .-

fr.
l:i I

¡l

l'l¡ =
El. =.L I

Qi=
è;=

total enerqy of the sYstem
total energy of particle i
kinetic'energy of particle i
rest mass of particle i
threo momentum of particle i
polar angle of particle i
azímuthal angle of ¡:article i | 1.r'. ... : : :

Fiq.2.1 Convention adopted for the reactron
a+Ìl + 1+2+ 3+...+n



mined are usually the polar angles gr and ã., the

azinuthal angles h, and Q, and the kinetic energÍ-es Tl

and T¿.

For a three body final state reaction the system is

overdetermined when the above six variables are measured.

In practic€ an overdetermination j.s rrsed to discriminate

betfleen doubLe valueil solutions and to reduce backgroun,l.

Por a four body final state reaction, hovever, a conp3-et-

3-y ðêt€rnåneil system reguíres I rneasurements. Thus" if

only t¡¡o of the particles are observed, the exper.íment is

Kinematically 5-ncomplete. The allor¡ed events $i11 forn

then a continuun in a Tr vs t: plot r¡i-th bounðanes whi-ch

foll-ou directl-y from nonentun and enërgy conservation

(våN?3):

and

F. +Ë" = F, *Ë- +Þr +{ = Ìi

Eø+Eb = !, *E'+Er+84 = $

{ 2. x)

( 2.2)

fiere Ê and Ð are the total üonentum and energy. the

5ti+aBe system in fact can be treated as a resÐnance in a

four body finatr'staàe" Both stri ancl aBe have short

lifetimes of the orcler of about 10-2r seconils anil 10-16

seconds respectiveS-y. The 5ti breaks up into a proton

aad an alpha parti-c1e, while the aBe yields tt¡o alpha

particles- Houever" if the stri and eBe are consj-dered as

single entities for a brief period' then the sli+*Be

systen can he treated as a resonance as 5-s dicussed in

the followiag paragraphs.

i-1,:ì.; :. : :.:: ; :.-r::r:l
l'r'..1': l: it.t. -rr: ;..,i]
i.'-:.::,,\: .: 1.. Ii:::'..:::
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ff all _ the unobserved particles are emitted. in the

sane dírection wíth the same velocity, then the alloueil

events lie oD the boundary of the four body continuum in

the T¡ vs T, plane. This bounctary can be shor¡n to be the

sane as the locus of the kinematically allo$ed events for

a three body final state in uhi-ch the rest mass of the

third part,icl-e is egual to the sum of the rest ¡nasses of

the unobserved particle- The extremum of Ez is then

given by the sol-ution of À {8") =0 víth:

Le tting

{v.[N73]

where

an cl

e<

øl = COS-I
lP- p, I

For any reaction, the physically allowecl events must

satisf y the condition Pz ¿0 (or Ea¿19¿). The kinematicalJ-y

allowed range of values for lP¡I" given Ê, ancl È" ' {the

extrema of lP,l anil l$l¡, f oIlows f ro¡n the conservation of

energy and momenturn. The mimimum value of Pl appears

I
4*4(P-R).P, I

-Iil-TT_J

AG."\-- (E-8,- E.f- (î-i-E )',- (þn"¡' { 2.3)

î, be the extremurn of lË.1 , tbe solution is

B'''= uJt- 7ùz +

C=-alrl
P= ? +f cos

¡f= Ê-8,

'rn: - (^"t Hc)'

wrüh ^t= ld¡l
I { {M=P-P,
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shen particle 2 and the centre of nass of part.icle 3 and

4 are .emitteil antiparallel vj-th equal monenta. obviously

in thi-s case Pr has the value z€ro. The maximum $onentum

is obtained when the other tï¡ree particles are emitted

para3-lel t-o each other with the sane velocíty opposite to

partic3-e 1. Tbis condition corr€sponds to:

82-t{2 {C¿-Ð2} >0 { 2.4)

?his functios can be solved easi-ly by nunerical methods'

alt.hough it is a complícated functj-on in fi, and in

general, cannot be solved ana3-ytically for 8,.

If there is a resonancer or if one rrlump particletl

exists in the four bocly f,inal state, the reacti-on becomes

a three bod.y f,inal st.at,e reaction. If there are t'r¡o

pairs of nesonating particLes, Èwo body kinematic calcu-

lations can be applied. Fig-2-2 shows the four body

continuun boundary for the r 2C {Pr po()"t"< reaction along

with the three boÍly tzC {p'Fo() gBe kinematic locus and the

rangê of Tr and T, al.loted j-n a tuo boðy calculation for
rzC{prsf,i} sBe, the' Pf oton and alpha partic]-e comS-ag f,ron

the sÏ"i breakup. the ranges of Tp and T-¿ for the two

boily cas€ a¡e dj-scussecl in the fol-louing chapter.
, -: ,? 

:.r1



Fíg "2.2

Bounclary of the four hotly final state continuum, the

three body final state locus, anil the two body final

state re-eion associated with 3fi t{eV proton bombardnent of

1"c. The fi-nite sj-ze of the tvo body region is äue to

the mass uncert-ainty of 5li. The resultinq uncertainty

in ç-val-ue of the 12c{pr5Li}aBe rsastion causes a spread.

in the ç¿+-goinÇ sti energies. In acldition the angle of

breakup of the sl,i uith respect to the direction of

mot-ion of, t-be sÏ.i causes a spcêai in proton anrl alpha

particle energies, Since the breakup 0 va3.ua of âBe is

only 90 fiêv, on t-his plot the three --body locus is

iarlistinquishable from the four hody cont-inuum hortndary.

i ìaJ',ir!.::

10



T< vs Tp

Tn incident = JB.ZJ 'i{eY

4=3d
&= 4tf
fi*= 3T

5 bo$y lccus an:
4 body conti¡ruu:.:
bouniiary

"3e 2.9 I'fev sta',e \
for both t.rre J U9¿y. t..
and the 4 body fin¿¡l-'r
state \
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ÍT..2 Pf{ASE SPACE

r!"2"a Ïglegilgctioa

the probability of obtaining a specific final state

in a nuclear reactj-on is cletermined by two f actors: the

*inenati-c factor anrl the clynamic factor. The ilynamic

f,actor is the sguare of the natrix element for the

reaction. Àccording to the usual- formalisn for the

clynaurics of a nuclear reactibn, the transition probabili-

ty from an initial state uith Ëo and Ër to a final state

with ncmenta F, ..-Þ- is obtained from a matrix elenent:
JT = (P¡ rPnlHrlPærP¡) {2"71

The matrix element contains al-l possible information

concerning the applicat.i-on of the perturbation Hr tc¡ t.he

systen nnder consiileration. This natrix element T will

be discussed in iletail in section II.3,b of this chapter.

The kinenatic factor is a phase space densÍ-ty (phase

space for short). To extract irrformation about the

natrix eLement or about the fj-na1 state interactions of

particles produced in the reactionn it is necessary to

kno¡s the effects of phase space Iinitati-ons.

The total phase space volune available to a reaction

is deternineil by the kineuratics of the reaction tbrouqh

the phase space requirements of monentun and energy

conservation. Physically it represents the statistical

12

l.l
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probabilitr¡ of an event vielding a state with t he ith
partiele in the momentum range dPÍ . ff I is independent-

of 't-he moment-un variables, the phase space distribut-ion

alone ¡si],} determine the clístribution of events f or t-hat

reaction.

?he relationship of the dynamic factor and kinenatic

f,actor to the cro.ss section ean be seen from Fermit s

golilen rule numben 2. îhe probability per unit- t-inre that

the reaction a+b < 1+2+3+...+n will take place can be

expressed lf'f:R50! as:

IrV-
a.1rt I <'þ.tH'l nþr>l' F

13

'':

:

l¡:

¡¡here !¡ ana (a are the init-íal aaå final stat-e wave

functions respec+-ive1y, and < *çtH,l+i> is the matrix

element T for the transition fron i to f caused bv a

rrertürbation lft of tho ñamiltonían. The factor F is the

phase spaee factor.

Equat-ion {2.81 can be

says
?Í t 

-rtzohJ=tl-t lJre¡

ann w= älT"l"Rr:'¡

The natrix relement rrr

invariant uncler a torentz

equati-on (?. 1ûï is. Siace

equations, it follows that the

{2. 8l

expressoå in two diff,erent-

{2. e)

{2. 141

in eguation {2.91 is aot

Transformati-on but- T" in

H is the saile for Lroth

phase space factor ftgl is

'-' i.: iii 
.' ' ]:

l.ì',îi'r':'
:. l.ì,, r
i

.Ìi:.:.ì.



non-invariant while R {E} is i¡variant under a Lorentz

transformation, Throuqhout this thesis onì-y the

invariant phase space !{E} is usail. tn the folloçínq
secticn t,he phase space factor is åerived. ?he deriva-

t.ion of thj-s faetor fcllo$s that given in reference

{t{ yB68 ) .

EI . ? - þ 
"bÊ-P 

efie!Èiss-ae il- G e ne ::91-Eq ge g!s-[9,g-!.be- Plc e e

ÞEaÊe_De¡E:lg

For one particle" a definite state of mot-ion, with

specif ied posit ion {x ry , zl and nr¡ment um ( P¡ ¡ Py r Pz ) can be

represented as a point in a six ctimeasional- phase snare.

Conversel-y each poÍ-nt. j-n phase space corrê*çponds to a

definite state of motion of ttre panticle.

Classi-cally there are no limits oa the densit-y of

the representation poÍnts: a given value of x can be

combi-necl with an? value of P*. Tt is also .possible in
principl.e to measurê E and Pr simul,taneously with

infinite aeeuracy and localize a point in phase space.

Thus classically thene is an infínite number of points

avaiì.able in phase space for a parti-cl-e confine¿l to a

certaio regàon in configuration space and wiÈh a certain

energy. Ho!ùever <fuantum nechanies rgquíres t-he represÊn-

tation points to be separated by f,inite distances" The

uncertainty principle states that it is impossible to

14
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nsasure posif-ion and momentum sinultaneonsly wit-h accura-

çy better than

Axi A?¡ = eT *L

Therefore a state of notion can only be given ¡rith

inctefiniteness and correspond.s in phase space to a

volume or elementary eel1 of size {zrfÊ}.

T he n unber o,f f i na 1 s tale s Nr avai labl-e

particle theref,ore is finite and egual to the

volume of the phase space divideil by the size

elementarv cell:

Â/r = latav 
dz otly olPydP,fant)¡

15

t his

fin ite

to one

tctal

of the

= #ãF {a'x d'r
Tf the particle is coafj-ned to a volume V, then

ru, = ffi fa'p

wirh V = fAt*

f'or a particle

than or equal to

volume eneloserl i-n

12. 11\

{ 2. .121

of mass l{ anil r¡itb total energl¡ less

El, Nr r+il1 be the nunber of cells in a

momentun space by the sphere:

Frt+ Py" + ?rt = ET nA-

Given the total number o-f st-at-es,

in phase space can be defineil as

unit energy interval ;

(2. 13)

the clensi-ty of states

the number of säates pÊrl

o d^N'
J,¡Ë) = dE

{2,14}



.1. 
"-.-.r,.-q.ìj.-_.._:i

16

The extension +"o a systen of n particles each of

whicb has energy -<E ean he made siuply. fhe t-oJ:aL number

of, states N" wi-ll- be the product. of the nunber of- final

states f or each part i.cle , t hns;

Àto, = f#*l^ _f ,F^sl^ot 
P,

(2. 151

Since all particles are assuued. to be confined to

the sam€ geornetric vol-une V, then

This formula gives the number of cells avai-lable to the

final- state of, a system of n particles with particle i-

havÍng spin 5;. The phase spaee density of states for n

particS-es can be r¡rítten as

{2.111

The conservation of monentum anil energy have t.o be

considered. The conservat-ion of momentum is qi.ven by

rrr" = [ffi¡ ^ 
rt,þs; +, > fr!, a'u,

,{. 
- 

r

ËP,-Þ =o

anil the conservation of energy hy

At^-t = o

.ß,¿"r = #-- i=f( ãY,ul^ fr¡as,* tt fft,a'p, t

{2.'t61

(2.18)

{2- 1e}



I{íth the introduction af t.he 6-function, lrhese

reguirenents can be inelr¡d.ed. i-n equation {2.17) " Tbe

properties of these $-f,.anetions are

17

and

f d,r^ st{
fcr energv

ì--(Ê-äpì))=1
con ser vat ion:

{?.2D1

12.21\e)dE = 7

ïlith thÊ i-ntrodnef-ion of eguati-ons {2.

equatioa {2. 1ñ}, tT¡e number of states,

N,o, = g ¡a'?;6t( ê
.!f 4 J.â. B-P)

(scþ,,-

frra* +, ) ldE ,to'

2Ð and {2.21} into

, then beeomes

cåa-s-l¿t=l

ü)

liø¡

S
j--¡

and eguat.ion {2.1?l becones:

.f,r.>= ffius, +ûf frdtr, s'ÇfiÊ-p) tÇ?u^-E) 
tz.zz)

Thi-s formul-a is the non-i.nvariant phase space, and. is

synnetric in all the n particles. In aàdi-tion, the

requireuents of energy and nomentum cÐnservation are

explicitly given, Solrever eguati-on {2.2?l is not

invariant uniler torent-z Transformations. The simplest

say to make eguaticn {2".22\ invariaat is to replace drP;

in eguation 12.221 by dsP; /28: (NYB68). tshis gives the

general phase space fornula:

R^(e)= rigt^s^ 
n ùl^t, # st( *gd - Þ ) Qcþer- F )

{2.231
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which is i.nvariant uarler Lorentz Transformations. The

factor 2F,i enters from a aormalization of, the wave

function in field theory.

Elguatíon (2.23) can be evaluated fairly easilv for
i-hree bocly and four borly final- states" The three bod.y

pbase spacê rlensit-y ran be rritten as:

R¡= fr,^srn,> { #,#.#,
d2.24\

and can
R3

or dRr

d to the f,orm {NYB6B):be sin¡pIie
"< fol fi À1.

a otf, dT.

where ?,, is the kinetic

Ex pressi-on (2. zltbl shows

three body final state

Tr vs Tz_ plot.

From equation {2.

ty becones:

Ðnergy of the ith
that the number

is proportional

{2.24b)

particle-

of states of the

to the arsa in a

231 the four boây phase spaeÊ densi--

i!1.,;

= frfor, rt)l d'n- ol3P. /fu dfu
ã,E\ ZiÊzÆs âEq

This can be simplieå to the forn

dR+ ¡ ßçsàTt
r< )e-E-F--Ec ,

s(E +Ç+F3*Ea -E) 6,c F-î-?-iF' ien ) {2. 2sl

{2.261

i¡ij?

ì.
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f-,f .3 The Ðístorted frave Born .qpproxi-maticn lDËBÀì

Alt-houqh Ð.Õ ana"lysis r¡as done usi-nq Ð!.184 in the

present work, the DI{BA apprÐach and its predietion on t-he

cross section will be discussed in this sectíria.

@
Eguation {2, 8} gives Fermí! s flGclðen Rule no. ?tt?

w= #l<+.lFt'f nþ^>l"F {?. 8)

where < "|,*lnnl* >.=t is the nuclear natrix element,

FÐr reactíons of the type A {arb} B, F is qiven hy

{scfi6fll:

F=ffi Aran, 12.27\

where dO5 is the infinitesinatr elenent of solid. anqle

associ ated. with the ili-recti-r:n X-'g, L3 is the j-nit ia 1

vclnme, andrzl4 is the reduced mass in the exit channel.

The quant ity tl obtained by subst,ituticn sf egr:at ion

2.27) into equation {?.Bì is the probahility of scat-ter-

inq into solid anqle d-ÇZb per unit tíme when there ås

initiaJ-ly one system in the volune 1"3. A single systen

in L3 eorresponds to an inci-dent f 1ux Væ/L3 per unit area

and tine, ¡uhere Va- is the inítial- relative speed of a anil

Â,. Since the dif,ferential- scattening cross section d,r is
defineql as t-he probability per uni-t incident f lux, then

:{

À,e= ütrn
{2. 2ß)
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Ilhen equàtions {2.8) and (2.27 ) are substi-tuteit into
I(2.28) using

the differential- cross section is found to be

12.29\

wbere ,lA and/b are reducetl masses in the entrance and

exit channels. The sun is .over the magnetic guantum

nu mbers SA , MB , ra, mb. If spin and total angular

monentun as we3-1 as antisymnetrization are taken into
consideration, the rlifferential- cross section beeones ;

lryhereJ6isthetota1angu1.armornentu¡nofthetarget
nucleus A, and 54 is the spin of the incident particle-

the antisymnetrization factor {Nu/Na-} is inserted into
i"','"'

eguation {2- 301 to account f or the nnmber of equivaS-ent 
'-,¡,''' 

tltt:'

arEangenents of nucleorrs in the entrance and exit chan- .,,:,',,,,.:,

::: '

nels- Na-, t.he tot.al number of pernutations in the

entrance channel, j.s given by

(2. 31)

ancl is obtained by divicling the nunber of permutations of

all kincls by the nunber internal- to a anil the number

#tr-=ffiflr^l'

a, (tta + qaa)!
tva-=@

ii 
_. 

.. ..:
l'::"1:

ilirÌ::¡:+
:':. .'.: I
' l: ril



internal to A. Nu Ís clefined in a sinilar way-

II. 3. b Ehe_lgg,fg.eg_Ea trix_s19m eg!

Tbe Eamiltonian for the systen å{a,b)B is

H V,.e

Vv, i;'.... .'

where 't¿6 rTgg are the kinetS-c energy operators for t'he

relative notion of the particles in the entrance and exit

channels, H¡ is the internal llamiltonian for particle i

and V¡i is the total interaction between particles i antt

j-

The transi-tion natri-x element in the DlúBÀ can then

be vritten as (JAc?01:

T = 1ai 4r€* I V^- Una I ¿X ó^ ø^7 {2.32)

r+here Ua6 is the optical potentíal for elastic scattering

in the ent,rance channel ,þr"%rqrG, are the eigenstates
+of Ha,Hb etc; anil the 1' are the clistorteil wavefunctions

of nelative mot.ion for particles a and b. Thus for t,he

in itial state 
i;.,.i:,,
l.r:,.*

l'1" Ë^ = âe iEn , Hnþo= 2*4n { 2. 331

21

( Toa r U¿e )XI = (E- t*- Eù Tl- {2.341
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Hhere î; ar:e +-he eiqenvalues for H, anå E i-s the total

energy, The eguations for the f;inal stale are sinilar to

tbe above eguations" ff a eLustor af x nucleons is

picked up as in Fiq. ?.3, the t.otal i-nteraetion Yae caÍt be

written ãs the sum:

Vaa= Ve * Vax {2 .?sl

where À - F+x

The matrix element can then be wri'tten as

T= 1x; +r!Þe I Var * ( Vap- Uon) I rI É^ Sá ) 12. .361

Bsually it is assuned that. the matrix element- of

lVag -Uan ] is zer$ {5âT641 . Thís is based cn the arqument

that the elastic effect-s of Vqg are largely contaíned i"n

tlaa whil-e t-he inelastic eff,ects are small. This ass,Jmp-

tion is protrably most valiit for heavy nucl-ei"

?he matrix eì-ement, in equation {2"36) can he further
evaluated l:y åntroducing eoordinates expl-icit1y. Since

it is assumed that the only coor:å!-nate dependence of t,he

pctent.ial Vaâ ís on the rel ative coorilinates, it is
rrsef ul to use oaly relati-ve coord,inates in evaluating f .

llsing x and p to denote the entrance and exit channel. s

respectively, one can define the relative ccotdinates r<

anrl rp to be

i-1+:r.':r-Ì::¡
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@
Ø

À cluster of

particle a in a

Fi9.2.3

x nucleons is picked

pickup reaction-

up by the i nciclen t

'.:r:::
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{2.3-t',

{2.38)

{2.3et\:&,r,r
where {e,blvl A,a)= (gr+rl Wa- ú.rlF^ +" >

z4

-sJfL¿ = JLn -

LF= fra

The distortecl wave anplituile beeomes (ÀUS64)

tua

T+= Xlotr^f d'ouxþÏî,,,Fp> lB,blv ta,a)

In the expression for \þ , J- is the Jacobian of the

transformation from fixed coordinates to the relative

coordi-nates td anil, rp as shoun in Fig.2-4- The bra-ket

notation is useil to signS-fy intergrat.ioa over all coor-

{linates independent of rt ancl rp. The nuclear matrix

elenent. Txp is a functio¡r of rr. and rp, and plays the

role of an effective and in general nonlocal interaction

for the transition betueen the distortecl $raves ftl ana A,-p"

It contains al-1 the infor¡nation on the nuclear structure,

on anqular nonentum selectj-on rules, anil the type of

reactìon being considered-

The aucl-ear matrix element of equation (2.39) can be

expanded into a series of mul-tipoles each of which

corresponds to the transfer to the target nucleus of a

definite angular momentum j composed of an orbital part 1

and a spin part s. ff the projectiles a and b have
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Fig.2" 4

The relati-ve coordinates of the paEticles paEticipating

i.n a pickup [eaction. The entrance channel is denote¿l by

4, r¡hi1e'the exit channel is ctenoteil by ß.
,

l;ì,:1:a; :. r.:i i,i ,Ltit
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rlefinite spin S¿¿ and Sb, and ít the target and residual

nuclear spins are J4 and J6 respectively, the transferred

angutr-ar momentun can be ilef ined t.o be:

26

The ¡nul-tipole series nay then be ûritten with Clebsch-

Gorrlan coefficientsn correspÐnding to the vector coupling

in {2- 401 r so that tbe matrix e3-ement becomes:

I {Te túe, Su?ru I V I la Mq, so.%n7

Jrl{é:a¿*J=Je-Je, s=56-S5, r 1=j-s

Éi /;' Grc;n cîþ, fr, ;bB,^A)

{2.40)

{2" 41)

y Z- ,)s""< îat ; Mn, t{le-Mal Trz¡4ù
* (5* Su 3 ha,- flb13, v,,.-7'tv)
x {,Qs; rnrlnoL-nrrTbl à, î'ng- fvla}

where D=HB +mg-l{4- [a-n and -A- is t.he Jacobian of the

transfcrnation to the relative coordi-nates as in equation

(2.39) . the mutr tipole operator , G,tsi,on r êxpresses

ðefinite angular monentum -'- transfer. Each of these

mult:ipoles can be expaniled into a slrm of multipoles in
cbarge spac€, that also express definite isospin transf-
er. Each G then becomes a sum of terms:

(Tn t Mr, Rê I Tgilra Xtut *q *¿l to.m¿-)

correspond.i-ng to the transfer of the isospin t in analogy

¡lith equation (2,40) - The nultipole operator, Gltj,rn ,

ilay be explicitly displayed by the inverted form of the

above expansion:
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Çø¡,- = Lt (#)å"J ( r"Ms,ss',rrlvlfnMn,s^1?4>
- ttt¡.?llb

x Ê t)tt-" (J, i; tvta , tÃe-Ntel Íe Me )
x (sa.Ss : ütn-\" I s, 'ttlæ- üv7

* (,(s i,rûtMt,.-l'ltbl +, lvls- tvtaT
{2, t12l

The factor il is to ensüre conyenient time-reversal
properties. By its construction G¡çi,^ is seen to

transf c,rm under rotation of the coordinate system like
the spherical harmonic Vf.

ft is often helpful to ¡rrite c,:s¡,m as a product of

tso factors,

Qtu¡,^cÈpÈat = ñpî #tr¡,^ (Èp,È*) (2.43)

nltî is the spectroscopic coefficient whicb inclucles such

quantities as fractional parentage coefficients for the

i-nitial or the final nuclear states and the interaction
streagth, while føi,m is the form f actor. the forn

factor by 'definition is a function express5-ng the struc-
ture of the nucleus. The f orm factor is determi-neil on

the basis of a given nodel and adjusted to give the best

measure of agreement with the experimental clata. The

form factor f!,r¡,o, is proportional to the magnitucle of

the interacti-on ,{an and to the internal rvavefunction of

the transferred nucleon. The pbysical neaning of fts,ir^

will become apparent in the fol1or+ing section.

!Y¿:i/¡!:.r1'f-:¡iaç:J;t;i: ;¿ ::!t¿,.;,: t;¿":t t, :t:' :' I )

r:: .,

1,-.r

1..:,::t:,;:

l'i .-l
l: :.i:..'
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I,lith the introd.uction of eguations {2.41) and. {2- 43t

into equation {2-39} the d.i-storted. uave amplitude recluces

to a sum over nultipole contributions:

i,. .'/ i.'-_ i'_..' "/: : : l : :: j.: ji:.:.: 1.1: f .:.;' / \_,ì.;r r -1: :j :- i¡Jì

i.,i

Tp -- ^f Qt+r)'' Aø¡ c-,)t"-tt<¡^à;lvta,tt/,ø'Nnl¿rne>, ggà

1lt, %, ñcã¡ I *,'rn'z/lat ma )
1S-5," 3 ñn,- Tlvls,l,rto'-r, ü

x

x

{2- 44)

where the reduced amplitude defi-ned as

v,! cLr,Ì41 {2.45)

fi . 3. c _Tþe_Zeço;Ean gg_Appggxin 1!!og

Equation {2-45} presents calculatíona1 difficultj.es

f,or reacti-ons invoJ-ving any sort of rearrangement. The

presence of different variables in the two channels

prevents easy reduction of the integral, and. therefore

eguation {2.45ì is difficult to evaluate. In nost

cument dístorted wave calculations the above difficulty

is removed by the assumption that the forn factor is of

very snall range, either because it is proportional to an

interaction that has a smal1 range, or either because the

interna-l- uavefunctions of one or more of the projectiles

have small- ranges. This zero-Tange assunption has the

physical- meaninq that the light particle in channel fl is

eni,ttecl at the same point that the light particle ín

éi,=
,lv)(a¡+,f ¡neli -- f n'* lu'U"orrh,fro, So',r,^(frp



)o

channeï o1 is absorbed-' ¡'or the reaction involving
transfer of particle x with:

B-A = x =a-b

, the zero-range assumption thus implies
lJ{

Td- = f5 =fx

ancl Ëp = Ë" -î*

--i^ - n^il+-¡nl: ù'4 M¡ * f{lt,

= M^ ;-.Ms'Á

where Mg=l{6+Ur and is the mass of particle B.

The forn factor then can be written as

= Fs'îrn> YËtiu) s 6,þ- *rn"l {2.45b)

¡rhere î^=î¿llÐl is the unit vector an'. therefore indi-
cates the scattering angle. As a result" equation 12"I45l

retluces to the zero-range expressioa:

(aa.+,f ¿t ps# * fd?z4rr%,ffi.n) F.es¿tÈ.¡

viin> zi do,nt (2- 461

.éwhere i = rn¿, which is considerably easier to evaluate.

frany computer codes have been constructed to evalu-

ate equation f2.46) nunerically. The distorted flaves in
equat.ion(2.46) are usually i-n the f orn af partial uave

ex pa ns:ions:

ç;i^( -,1,¿\ = S(ñp-Hüßrro^(ùr *¡^,È*l Å't'F

i::::'.:'':
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(2" 4B)

Tbe angles ê,+ indicate the direction of ?p wi-th respect-

to the coordinate axes" the radial fuactions fp" are

required to vanish at ËU=ç in orcler thataë be regular.

The unit vectors t,a ana f¿ are def ined as -þZtLgt and

È61 rc'pt-

The angular integrations of eguation {2.461 are done

ana1ytically, yieliling

Ã idi:"-l'{ 
ä' L%+ ( iåÍïii' ì J ^

tíiL<+n io o I L 
",o> 

<t ? ! : Ntp^l r*M¿ > Vt,+r#A^r( 2. 4 e)

where

*tsi lfle lfr î.- ^ttÊr*= ÃAWIW¡ñ>lg+

the racli-al integrals tfrT^ are obtained by nunerical

integration of equation {2.50) using radial wavefunctions

fþrp ancl f¿k that have been comButed by numerical

integration of the optical nodel radiaL schrödinger

eq,uations in channels ¿ ancl p;

One guantity that affects the nagnitucle of the

radial integra3- in equation {2.50) is the change of linear

4 =ffi êÅt eiÇ'fpo (4,Èr>/uz.ftu¡ ú*Tø+> rz.4t)
and

r{c %,4) = ffi 7! i-! ea* {Fo ( 4,È*, {rh"ryoI *u,

ûrp,W,î¡S"çclr ,È,)dn {2. so)

i¡'-i_::-¡_i :..1:..- :.: : ::l -t.iil-i--:i:l::1:ì:-.1.11:ì1:::r.:1.::
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no¡nentum,- ?y-k4. The zero-range f orn factor îge (î) is
derived from the overl-ap of bound state wavefunctions.

Because these tend to have snall momenta, the form factor
tends to be a slovly-varying function of r- Therefore

the values of the radÍal integraf{2- 50) are dominated by

the radial tlistorted waves fp,r-p and f¿ur,. This overlap

is recluceil if the nomenta k, and kp are very ilifferent"

fcr t.hen t.he distorteil waves oscillate at ver)r different

rates ancl the overlap averages to a snall value- To

yield large cross section, a reaction must provide good

mouentum matching, rrlith i!árk.

Itngular momentun matching also plays a role in the

radial integrals. Thê uavefunction of each parti-al wave

tenils to trave its largest maximun near the classj-ca1

turninq point- Therefore best overtrap in equation{2.50)

is obtained if the f,irst maxima of the two raclia]- waves

coincide- This occurs if

\"*r

If conclitions of the reaction yieS-ct \ækp then L"eLp is

f,avored; therefore snall values of angular momentum

transfer are favorecl,

The DIùBA formal-ism can also be applied to nrultinuc-

leon transfer reactions, ancl the cross section can then

be calculatecl as before using

i - ..-i ä.'

l,,i:. . i
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Becaus€ the spin projections are displayed expli-ci+-1y in
eguation{2.44) the sums in eguation(2-30) can easily be

perforned with the result that

#=#¡ *¡1 *'.) ffu fifianøt? r rsr rl
(2.30ï,)

lfith the zero-range approximation for the reduced anpli-
tude, # is given by eguation{2-49}.

Thus wit.h suitable wave functions and. interaction
potent"ials the theoretical- values of the cross sections

can be obtained for different nuclear nodels, and these

cross sections then can be conpared ryith those obtainerl

from experimerrts-

sI. 3.4 ?beleplica!iss-e!-!þs-!gEå-!q-!Le-lp¿1!il-5ye!es

ÀIthough no DIilBA analysis has been attemptecl ia the

present work, the appì-ication of the DI{BA to the rzC {p,
sf,i) gBe reaction is briefly consi-dered here. In the

calculation of the zero-range approxination it ças shown

that in oriler to have 3-arge cross sections, the reaction

must provide good monentun matching sucb that *"æk p

âlthough the zero-range approximation ís not valid for
the {prsl"i) reactions the conclusions regarding momentum
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Fig.2. 5

the energy levels of sli-. Energy values ate plotted

vertically in liteV, basecl on the ground state as zero.

9alues of total angular nonentuao J, parity, ancl isobaric

spin T which appear to be reasonably well estabtrishecl. are

inilicatecl on the leve1s"
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and angular flom€ntum mismatch are stÍ11 largely valid.
In the present work, with incident proton energy of 38-23

$eV ancl an outgoing sli enerqy of 22.6 IleV {at Ðti =39o},

the ratio of, the l-inear monenta of the proton and sI,i is
about 2. Bhe ratio of the nomenta is thus not i-cleal-.

It is also known that snal1 val-ues of angular

moment.um transfer favor large cross sections- The ground

statb of sT,i has Jr=3 /2- r.while the grouncl state of sBe

has uero spi-n. Since the proton has spin s=1/2,

angular momentum transfer 1 is restrictecl to

the

.t+s)1)lJ-sl

This gives 1='l or 2 while parity restrictions el-iminate
a- á
l_- N-

The P-state $rave function cf sT,i i-n its grouncl state
prevents the apnJ-ication of zero-range DÍJBA, This is clue

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

range ryhil-e the zero range approxination places all the

interaction strength at zero range. This suqgests that
the a nalysis of f p,s'T,i) has to clone by using the

finite-range approximation. ïn the following paragraphs

the fini-t"e-range approximation will be obtained.

The exact nunerical procedure for the finite-range
5-ntegrat.ion of equation {2"It5) is ilone by performing as

many inteErations as possible before the distorted flaves

are brought into the calculation. Because the distorted
vaves in eguations (2-47 ) and {2.48} are to be hancltect in
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spheríca1 harmonic expansion, it is obvious that- the

angular integrations in equation (2- 45) can all be made

to precede the integration over the radial wavefunctions

of the distorted TÍaves. The calculation thus has two

st.ages. {1) A.1l integrals that j-nvolve interna I

variables of the form factor or that involve angles of rr(

and rp are perf ormecl. 12) The double radial i-ntegral
,r¡ith respect to rr*n rp is perfornretl-

The first stage of the calculation is carrieil

through by expancling the form fact.or in a iloubl-e series

of spberical harmonics. Becaus€ fgs¡,^ transf orms uniler

rotations like Yf, this series takes the form

8 so à n = ft ̂ rrfl, 
6+,î-,; / S & ø lî H, 1 L s L a ; t\,m - Nt I e-',"\ >

Eguation (2.451 thus becomes

ç# = Wa' 
L"+b-t aL6u+Lu" tii"1Çi^,-mlLuo)

/'! t @,o)
where the z-axis is taken along ko., the y-axis is al-ong

l¿xf'p and @ is the angle between Ë, and Ëp- the railj-al

':
li.-¡

I.

9-si.pà 11"
a-* 

{ neú\rfi +(tu,rtp) r;:i (Èe Þot tu L*ci-',¡"t

l'. r r.,.,

integrals I

rit= fo^
shere rffi
(2-45b'. The

the ilouble

ne thod s.

is the coefficent as ilefined in eguation

second stage invo1-ves the calculation of

i-ntegral tfíî". This is done by numerical

i -.1: .. 'i ...-.-.i,..

The overall calculation of the finite-range DflBA

thus re<luires the numerical evaluation of one set of
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sj-ngle integrals and of one set of double Í-ategrals. The

distorted wavefunctioas only enter in the double

in tegral.
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IfI. Ðesígn Principles for Experimental Apparatus

IIr.j t he_degien_-g!_lhe_Åpgarg t us

The design of the experimental set up is based on

the assunption that the reC{prsLi} 8Be has initially only

two bocties in the final state. The íncittrent proton is

assumed to approach the rzC nucleus and to capture an

alpha particle to form a sÏ,i nucleus" Houever because of,

its short lifetime the sLi quickly breaks up into a

proton and an alptra partic le. Relati- ve to the strí

direction, the maximum angle of the alpha partS-cle is

arouncl B.50 whi-le that of the proton is around 3tro for
+-he present experimental conditions. These angles are

obtainecl from a kinenatic calculation r¡hich wi.l-l be

riiscussed later in th is secti-on. For a given sLi

direction, the associated alpha parti-cle wiJ.l f,al3- into a

cone uith opening angle of roughly 17Ð {Fig.3-1a), The

intensity of the alpha particle tlistribution is expected

to be peaked near the edge of this c.one assuming that the

sti breaks up i-sotropically in its centre of nass.

Ttre experirnental set upr which will- be rliscussed in

detail in the next chapter, cJ-osely f,olJ-owed this reac-

tion mod.el" A proton detector was placed in the same

horizontal plane as the target whi.l-e the al-pha particle

iletector uas placecl at an angle B directly above (Fig.3.
'lbl . Since the alpha particJ-es fron the sLi breakup lÍere
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Í.ig-3.1a

Tbe directicr¡s of sf,i" proton, ancl alpha particl-e- sith

a given sl,i direction both the proton anû the alpha

particJ-e fron the breakup of s.ti go out in a cone of (rzCI

and 1?o respectivej-y for incident proton energy of 3B

ûleV-

l.ì :::1¡:.::
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Pig.3.1b

tletecto r is p lac ed.

proton detector.

.{ -Particle
Detector

Proton
Detector

a ngle a

tr,
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directiy above the
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Þroduced in a 17o cone, the alpha particle detector
intercepf-ed only a portion of the alpha part-ic.les.

l5oreover, the alpha partícles were not unifornly rlistri-
butecl within this cone. A $onle Carlo program was

writt+n to simulate the kinematícs of the reacf-i_on and

the stj- breakup and to esti"nate the lccal densíties of
the comelateil alpha particle and prcton i-a their allolred

ccnes. Fron these resul_ts the eff iciency of, the iletec-

tír¡n system could be calculated. The llonte Carlo teehni.-

guê is out lineô in the åpoendix. Ta t,he rçmai nnler of
this seetion, the aptrroach to writiag the program and the

results obtained are discusseâ.

the lYonte Carl"c prograE nas written to simulate the

ki-nematics of the erperiment. In the t¡¡o body reacti-on
raC{prslílgBe the energy of the cutgoiag sXi caç be

cletermined from two hody kine¡aatics, In the case cf an

i-n cident proton en er:qy of, 38.2 31{eV an d wi th t he prcton

detect.or at 3Do, the sÏ.i has an energy of 22.6¡!leV in the

laboratory frame t-o ¡¡i.thin the uncertainty due to the

spread in the sT,i mass. The aBe" which also has a short

li-fetinre, qoes out in the opnosåte clirection at abor:t

1050 with energy nf 5..1 SeV in the laboratory f rame, and

it hreaks up into two alpha particlas in '10-16 seeonrl,

Tn order tn sinplify the lyonte Carl"o calculation, the

folLo¡ring assunptions Here nade:

(1 1 The incident proton beam uas mcnoenergetic and

ff uttiir

OF MANITOBA

r'-:.

i r¡i:l
i":l

í:::í.1'i:r

it .tl'

3/eRnnre.s-
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paralle1.

{21 The beam sÐot Has assunel l-D be a sångle ooint

locat-ed at- the centre of the targat.

{-i} The tarqet- nas very thin so that the enerqï loss of

the alpha partícles or of the protons passing through the

tarqet *as neqliqible.

{4} The tzC (Þ"sÏ.i} 8Ðe reâction in tl¡a p+t2^ centre of mass

frame was assuned +-o be ísotropie.

{5) The breakup of the sti lras assuneil tc t¡e isotropic i-n

its centre of mass frane.

Thr<¡uqhout the program the random number generator

subroutine RÀNDff, which is a stanlarrl fBf! suhroutin,e, t{as

used. to qenerate rancLosr nilmbers. Fig" {3,21 shcws the

ccnfiguration anil coorñi-nates useå in this program" Tn

-+-his f iqure the Z-axi-s is tb"e trean àirecti.on, The p+ leC

frane (Fiq.3.2a) is defineð as the centre of Eass frame

fcr the p+leC system. The sli rest frame {Fiq.3.?b} is
defined as the frane in which 5ti- is at. rest. The

f,cllowing sym.bots are useå for the eocrcliaates of t-he

5L i r alpha part icle, anil proton::

For the sï"i:
n!'r, is t-he pol-ar angle of sli in the laboratory

frane.

'1,!r,' i.s the correspondíno polar ang.?-e of sti in the

p+lzC centre of, mass frane {C.¡1. f.cc shÐrt)

("r. i" +,he azi-mutha-l angle of sf,i in the laboraloi:y
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.Pig.3,2a

Th e eoord inat-e systen usecl

tio¡. ?his frane is referred

the text.

Fig.3.2h

the Ilonte Carlo calcul-a-

as tbe p+tzr frame in

lhis is referrerl t-c as

i-n

t,o

The T:reaku p

i:he sl"i rast

coorili na i:e s

frane -i,n t-he

of sti"

text.
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frane, {lab. for short}

For the proton

the sÏ"i r:est frane.

4t= the c.H. pol.ar aagle of

rest frane.

9p is t-he lat¡oratory azimuthal'

in ttre sT,i rest frane"

?he corresponding angS-es of the

expressed hv rerLaeing p wit h a.n

coordinatesn i.e. oln ,4^, e^,0j, and f¿

nf¡ i= af,o tahoratory pola.r angle of prot-on.

Fa uz¡\ = E e- 
(autq';/ae)'

Iïere Fa normalízes f so that

AE is about 1.5 MeV {LÀU66) "

chose s¿i- masses in aceordanee

used thero in calcu1ating the ki

the sinulatecl reactiou.

Àceortlinq to two body

4, tt the laboratory azLmuthal angle of- proton"

ê¡ is the laborat-ory polar augle of the proton i-n

proton in the sLi

angle of the prcton

alpha particle are

4 in tbe proton

(.3. 1)

Fd{Áu¡='1, anð the value r¡f

Ths Honte Carlo program

wit h t his åist:ri-bution an

nenatics for each event of

ås the incident protou strikes the 1zil nucleas at

rest in the laboratory frame" 5ti is f,ormed. For:

sinplicity of calaulat-ion the shape of the Rass distribu-
tion 1üas assuneð. to be a qaussian:

::i¡,,:lìi

relativistic kinema-tics
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{DEÐ62}, if a-11 t-he masses and

ar e known f or part-icle i, then

tory angle 9,'anil tlre energl/ E;

the f,ollowing ¡:elations

the :entre cf. mass

t-he correspcni inq

can be obtaine,ì bv

an gle

labcra-

usinq

Éi = T (eí* (?i c"s ô;' )

wh ere Ðî is t he C. l{. pola r anqle of,

t 3.2)

{ 3.3)

the particl-e j-,

t= (-t - þ)-h

an il Eí and Pi' are t-he C. ¡4.

respective!-y"

{ 3" 4)

-ânêrEy aad momentr¡m

According to assumpti-ons {4) and {5) the reacr-íon

proceeds isotropicalS-y in its C,fl" f ramen an'3 the break

up of sÏ,i is also isot-ropi-c in the sli C.¡{, frame. The

Igonte Carlo teehaigue tlas thus useå to ganerate nþ'Í.,. una

A; according to the bqnation:

cosg' = {'!.0-8, } çcosÐí +R¡ rsesoj {3.5)

Here Br is a ranãom number ilistributed uniformly on the

interval 0 to 1, êi and 9,' are tha upper and lower l-inits

of ^lÉ, or ôí as the casÊ nay be. The azimuthal aagles
.:;!r:!
:;ii::'

{

ú, , ii. are

a sLraiqht

lö, -ö,

seeond

?he

3.6)

the

line

Qtq ana 9p wêre of¡taineñ by usinq tha fcllsrlinq eguat,ion:

ü =Il:'

where R¿ is a

li nrit s on þ.

ì +d,

ranrlon nunþer anil

above equati:n is
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in dicat ing a n eoua I proba bil i+ y

j.n terval rlf .

of finåing þ in any

Thus with the trro body kinernati: eguations menticned

before, the energy and directions of the sI-i, anil the

proton corrld be ohtained; The en3rgy anct direct ion of

the alpha parti cle rsere deternined using sonservation of

eßergv anit moment-um. Hol¡ever the directions of t.he

proton and alpha partiele obt.ainecl above are relative t-o

the direction of sti as sholrn in I.ig.3.2br ârd have tc be

transformed to the D+rzg laboratory frane,. thi-s is done

rrsinq Eulerf s +.ransformation, and the followinq set of

esuations is ohtained lDAN72):

For the proton

i .' :_.

(3. 7l

i ..:'.i

'.','::.::

sld 4 sn*r = Côs þr srÑfu,,'smêp cÔs E¡' + cosfuirrtùrsrnt5,

* stttt *lu. ",nh;' *Af

sn{e Øs + = cos1y's¿;cæ þrrstn ê, coslr- sr^r 4.r.",* qt^ã
t sr¡: (t . ^ /st, cos e, (-3. B)

cosnl, = cosals¿¡ æsêp - s/^r nh, 
",* 

ê7 eos$,, (_3. e)

is replaced¡'or t-he alpha oarticle t-he subscript p

bvo(.

Þlith t-he angles ohtainerl fron the above eguations, the

directions of both tbe proton a¡rl t-h= alpha particle ean

ba transf ormecl to Cart esi an coord.i-n ates wi th the centre s

of the clet-ectors as the origins. It is useful to nake

-!¡ ,.,
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,this t-ransf o::mation hecalrse it is simplier i.n Cartes ian

Coordinat-es t.o cûnpare the loea-tion of particle i with

the t¡oundaries nf t-he co"llimators. If particle i fa1l.s

within the bounrlary cf the collinatorn it r*il-1 be

aecept-ed as a goorl event otherwise it uill be re jected.

Ttre origiu of t-he neil coot;clinate system may be expressed

in terms of t-he p+12C centre of, rrìass frame usincl

Xj = /L¿ sæ4¿ cæà.

Y¿ = /L¡ srat aþ, Srrtâ

{3- 1r,ì

lr.'r1)

z) = Þi, {3. ?2)

r¡here i stanðs for eithar p oro4 anil r¡ is the distance

from the target to the partic.le i detector. The final
transformations to coordinates centred on the detectors

are performed by rotatinq ahorrt the y-axis then along the

xr -axis as shoçn in Fig.3.3. The angles of rotatir:ns al:e

the angles of the detectors i¡ the p+1eç centre of rnass

frame. I{ith ttre transf,srmation natrices A and. B given in

Fiq.3.3, the Cartesian Coordinates of the proton or alpha

particle in the detector plane can be obt.aineEl

cut nþ;



The natrices

the proton ancl

the planes of

,o

Fi9.3. 3

.A anil B for transforming tbe

the alpha particle in the

the iletectors.

coordinates

p + ltc frame

of

to

i. .:ì.';,:.1
r.:-. .i.,':
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[i:,)=

,

o

o

o

-an, Co.

* 4o,

o \ lcosÀ>^

îtrl ån,.
(3.13)

where ge¡ and Þpiare the polar and azimuthal angles of the

ith-parti'cle detector
gsuall-y 2.5x10s events ïere generatecl by tl" Progra m

at the target. À11 these events aIe assumed +-c be

rzC(F,slr) aBe events. The first Honte Carlc step estab-

l-ished the sIi sround s'tate $ass. The angle of the 5Li

in the overall centre of naSS. fram*o waS also ob+'-ained

usinq a t{onte Carlo techni oue. This C. ¡'1. angle r¿as

rastrieteì t-o a cer+ain range so as to inprove the

progra m e f f iciencv. Th e l-i mi+-s ca this a¡ 91e If ere

de+-erninetì bY starting wit h a r¡ide ang ular range ancl t h*'n

narrowinq the ranqe as far: as pcssible Hithout lcsing

events of the desired fyDe.

f¡ith the centre of mass angle cf sli generated, the

kinenatic cafeulati-on for rzC {P,sIi) 8ne then follouerl'

This calcuLation gave the labcrat.ory angles and eD erqv of

sti in the p+r zC f rame. The al pha particle and pr:rt-on

anql-es in the s[i rest frame were then generated. Since

the t'reakuo Q-value of the sli is 1.96 l{eV plus o¡ ninus

a correction depeniling on the choosen sl,i mass' the

centre of mass nonenta anrl energi=s cf the protcn and the
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a-lpha particle coulö be caleulataC.. The val.ues of t.he

laboratory aoment-a and eaerqies ia the sÏ,i rest frame

llere then obtaineå. The last step in ttre program

ínvolved t-he transformation of cocräinates as has heen

discnsserå. At this staqe t-h* azimuthal angle of the sT.i

in the p+12C labara.t-ory frame and that of the proLon or

the alpha particle in the sLi rest f,rame Here generated.

Only tho event.s fal3-i-ng' insiile the boundaries were

accepterl. On the basis of th+ nunber of events
rrflsf,p¡tpflil hy the I{ont-e carlo model" the eff,iciency €p of
t-he râetector system sas calculated. Since the efficiency
def,inetl here i"s <tretermined by dividing the nun her of
rr,flplsçfsdn events by the num!re:: gerìerated, the units of

E¡ aîe steradi-ans. See Tabte3. 1.

T he shape of the collì mator "n\ th* prot.on det ect or

?ras opti,nizerl try runnS-nq the fllonte Çanlc proqram with

only the alpha part-icX-e detector col.linrateå ¡¡hile observ-

inq the clistribntioa oL protorìs on the protan detector
pl-ane. ?he most favorable shape for this col-l-imator Fas

found to be that discussefl in section III.2.d. The size

of the proton eollimator was detarmined from the liqht
collection effieieney of the plastic scintil-lator as

discussed in the following secti.on and involved maximiz-

inq the solid aÐgle çhile mi-nimizing peak shape di*stor-

tion. In determinínq the detectcr posiLions t-he maxi-mum

breakup anql-e of the protoa and alpha part.icle\ $ras

.it .:-

i::i:



,4

Table 3.1

the result. obtained fro¡n the l{onte Carlo calculation for
the reaction ¡zC (prsti) aBe v¡ith sti breakup into a proton

ancl an alpha particle. The value of Trr, +9 ís obtainecl

from kinenatic calculations. This calculation is for
incident proton energy of 38.23 It{eV.

T*+Tp I Tã. +0 I

(in uev¡ ¡ {in t{eV) |

I

I

| €r lttean ÐLl

lll
€o

{in sr)

+--___---{
24.1t.2 124.65 I1390 I

lt

1.18x10-s / I

I I

J

! 30"

I

I ,loo

I

I qgo

I

1 23.6t.2

I

| 23.68

I

I 1.16x10-s

I

I

I 5oo

t-__

I
I 54o 22.41

I

I

---{

I

I

I
I 1.14x10-5

I

I 22.3+.2
I

I
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calculated using the kinenat-i-c calculation. This angle

sas ahout 40o. Ho'dever if the size of, the collimators

and the rl.istances fron the de;t-ectors to the target rn'ere

taken into consíderation, t,he optinrun angle hetween the

cent-re línes of the tvo detectors Has approxirnately 34o.

The outp':t of the program eontained. the printout of

the direetion of the stri, the energies of the sli,

proton, alpha particle as reJ-t as the sum of the proton

and alpha parti-cle enerqies for each acceptecl event. The

positions where the alpha pa;:ticle an<1 t-he proton strack

the detectors, serê aJ-so printei out to e!?sure t-hat

events accept-ed üera intleed wíthj.n the collinator houn-

daries. Tt also eontained the distributions nf t-he rrolar

anqle, the azinut-hal angle, the energy of t-he sti- in the

p+ 1zç laboratory f,rame" and the ctistribut-ion af the

breakup anqles of the pioton a¿d alpha particle a^s lvel-l

as the sum of tbeír hreakup angles in the 5Li resf, frarne.

The di-strihut-ion of the cletected events oa tbe detect-on

surface r¡as also i-nclucleil.

Figure 3.ll and Table 3.1 summarize the results f ron

this progran. Figure 3.¿la shows the mean sti angle to be

ùt= 39o, 460, 54o when the Þtoton letector is located. at

Op = 30o, 4ßo, 5flo respeetively, Biqure 3.4b shows the

ð.istribution of the sufit of tt¡"e kinetic energies of the

proton and thp alpha part.icle. The rlistri-bur-ions of t-l're

breakup angles of the proton and the alpha r:arti.cle as

!..: ì, .:i..
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Þrell as the sum of" Lheir angles are plottad in Figure

3.4c. All thc +vents in f-hese distri_hutions were

accepted event-s within t"he dete:tor collinators" Tn

these figures it- is shosn that" t-he range of the sun of
t-he breakup angles is 27o-43o in the sli rest frame for
a-l1 three proton deteetor angles. The distributi.ons of
the alpha partícle breakn¡r anqles also shcr,r a relati-vely
hirfh densitV arounil the naximum atpha particle breakup

angle as Ðxpeçted,.

Tabl_e 3.1 shows the values of the sl,i outqoing anqle

i¿ the p+reç centre of mass f¡ane, the efficiency of the

rletecti-on system, and the sum of, the 'proton and atpha

parti-cle energies. The values if trr,. +ç caleulatail frour

twr¡ body kj.nenatics at- the rqean sti angJ,e are also shosn

f,cr comparison.
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Fig"3.4a

The ilist"ributions of €ti- outqoÍ-ng

ilean proton detect-or anql,es of 30o

these graphs Ít ís seen that the

angles arê anprnximate1y 39Ð, 46o,

angles correspondin-q to

, 40on and. 50o. Fron

respective sti ontgoinq

and 54g,

!:r:l:riìrìiì
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/

Fig,3.4b

r*+Tf obtaineä fron the HonteThe ilistributions
ca].cul-ations.

Carlo
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Fig" 3.4c

?he di-st-ribution of the separation angles of, proton an¿1

al-pha particJ-e for events detectable by the present

experimental- arran genent .

Ðig.3.t¡d

The distribution of alpha particle breakup angle in the

6Li rest frame.



!,|:
'.:,'..

U)
{J

3
o()

(H

o
¡r
0)p
Fi
I

(n
,p

u
qr
o
ßr
0)
.o

Ia

z{Ã to 3? 34 t6 ,B

Separation angle of

Fig.J.4c

-:l

i

:

i

i
:i

i

f

i
j'r

il
I'

ú

il
iìì
iir

li
li,
t.'

ll
ij
li
ti
f;

f]
l¿

Ì;
Ì;ì

itti
ii
ii¿

i::l

i:j

lri
t;l

iìi
¡i1

iÌ
iì
irl

iri
Lr

i.i
i;i
i';
li(
lri

it
irì
iJliii.!

ir;
i,li,l

ti:'
':i'l

p anda Alpha Partcle breakuP angle

Fig.5.4d

rb 11 12

l-j i:ì



63

ILI=Z 2ÞÐ_Ð es isn_9g_!!g_!q¿g!rlfg!!ge_gosqleq

TTï=2. e_In!!oduc!¿ol

The ideal apnaratus for t"his experiment would have

an alpha parti.cle detector on the scattering plane srif-h

one proton scintitlation eounter placed above the l¡1ane

and one l¡e1o¡s it {Fiq.3.5a}. This arranqement maximizes

the proton solid angt-e shile it rninimizes the kinernatic

shj-ft due to acceptino protons anå al-pha particles coninq

from s1'i nuclei emitted into a uide rangê of anqles.

ÍIosever, drre to Linitat.ions ir,rposed by the heiqht of t*he

scattering chanber, an arrangenent such as ãescribed

above is not feasíble. {rnforr-unately it is not possible

to allow the protons to en t-er the scintil-lator off axis

as in Fiq.3.5h. A study of l-icfht c¿¡llection ef,f i-ci"enev

in a cyllndrical scir¿tillator shows that this arraagement

results in ï€ry as-vmnet-ric peak shapes anil poor resolu-
tion. ân arrangenent wit-h t-he proton det-ector on t-he

plane and the aLpha particle det.estor above it as shown

j-n Fiq.3.5c is a pôssihl-e alternative.
This sectj-on sri-lL rlíscuss the properties of plastic

seintillators" the light col-lection process and alsn the

d.istortio!ì effect of off axj-s proton iletection.

t:l:'.
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Fig,3.5a

.ân ideal case where two plastic scintillation counters

are used as proton detectors. One of the counters j-s

placed above the scattering plane and the other below it.
Both counters are til-ted and their central axes make

angles of 34Ð sith the scattering plane. Àn alpha

detector is placecl ou the median plane.

Fig.3" 5b

Froton d.etectors are placed parallel- to the incident bean

such that resultant particles fron proton bombard.ment of
12C enter the proton detectors of,f the central axis of,

th.e proton detectors.

Fig" 3.5c

À possible alternative arrangenent of the iletectors in
which the proton detector is placed on the median pl-ane

whil-e the alpha parti-cle is tilted and. its axis makes aa

angl-e of 34o with the median plane.
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II r.?. b-Ihe-Ç&erê! teËi s!iq s_asÊ_!q qp es!¿e s _9!_ llsEli!
sg!ntifl-a!grs

It is well_ knowr¡ t"hat

non-linear resÞonse for
output for a given enerql'

of ionízation is hÌ-gtz.

following relation;

plast"ic scinti-ì-latqrs haye a

J"ot+ energy protons. The liqht-

loss is less when the density

Wright {!fRT53} obi-¿ie¿¿ the

{3. ?51

i::(':':_!,1r
l.: ".,rt- ;

:

AÊ *!^î-(t+ a. #l
He¡e a is a cnnstant and is equal_ to Zj+Zrag-Ì'e\/cnz for
proton s, and dl*/cx i s t he li-ght output in the segment dx

of the range.

various aut,hr¡rs {sHIt4I, Por60, KÐr 7 0 ,aNK6 3l have con -

sidered the theory anrl experimental results regarð ing

ligh+- eolLect.ion efficienci-es for various sízes anc

shapes of scintillation countens. rn these studies it
has been shown thar- thç eff,iciency of the liqhf colt ec-

tion depenràs stronqly on the positicn ¡rithin the scint_i1-

lator at vhich light is produced. For instance, liqht
produced DÊar the wall,s of a cyrindrical seintillator is
mcrê effeetively transportec to the photocathof,.e than

light prorlucerà aear the axis (åVE6_3). phe 1_iqht collec-
tion effi-ciencv of plastic scíntillators wi-l1 be fa.rther
discussetl irl Section TII.2.c.

llnother characterist ic of scintil-lators clos el y
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related to I iqht collectir:n eff,iciency

factor lK$T66). ?his attenration cf

eaused by absorpt.lon of pbotons sithin

The iatensity af. l ight d.epends on

aecordínq to the expressi,on::

is the attenuation

ligbt intensitv j.s

t-he scintillator "

the path lenqth

f = To etrp {-r(x) {3 " 16J

where :( is the path the photon has traversed., and o1 is
the attenuat-ion coeffici.ent. The yalue of o'1 changes as

the path tr-enqth inereasas. For N8102â scintil-lators

{snch as irsed in this experiurent) +¡ith 3-ength in excess

of 1 cur, e/ is approxinatelï eÇua1 tc 0.04 cn-l while for
short scintillators i.t is closer to 0.08 cn-l.

åI E. ?. c-gþs-!¿sb!-qa31es!i qa-EIIiq i ess, v

Sc inti- llator

of a Plast"i-c

rdhen a scintilS-ating plastic and a photonultip?-ier

are used to detecl- charged part.icles, there fnay be large

variati-r¡ns in the magnitude of t-he out.put pul-se f rom

particle to pa.rt-i-clen and in some special cases the

resulting peak shape may be severely distorted, The nain

features of the peak shaÞes produceå by prot,ons arÊ

deterurj-nerl by tt¡o factors:

{1) the statistical. fluctuati-ons in the numbe.r of elec-

trons emitted from the phot-ocat-hnde, clue primarill, to the
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fiaite number of jrhotons produced in the scint-i-l.t-a-tor,

12) the variations in- ligh+- transmission from the scin-
tillator to the cathode, arisi nq f roûl díff ereat ref1, ec-

tion anô absorr¡t-ion losses along the various paths thaf-

ttre photon Eay follow wj-t-hin f-he scintillator.

The first of, these two factors ís assumeä. to have a

Gaussian form and will not be discusseð further. ?he

secontl factor uhich deal-s with light collection efficien-
cy as a functi.on of posi-tíon in the scinti-llator volune

i-s discusseil in nore detail.
Tn f-he caleulation of liqht collection efficiencY, a

scinti-llator is describeh as a volume radiatt)r r,{hi,eh is
characterizeil by the energv Eø in the form of liqht-

arisinq in t,he scint-i11ation process, a coeflîicj-ent of

absorption d r and an index of, refractÍon n. The ratj-o,

v/Eo, of the enerr¡y E arriving at the cathorle to Eo, is
ealled the J-i,qht collection coefficient Ê .

Tn the fotrlowiaq treatuent of the light coll-ection

efficiency, the fr¡11owing approximations and. ass{rmptions

are rrsed:

{1} The scint il]-ator mater j-al- is homogeaous, isotropic,
ancl free of flaws anð sourcês of internal scattering,
Àay nuclear interactions j-n the scintillat-or are

neqlectetl,{BAK6Cl

t2\ The scinti
reflections are

1lator surfaees are

specular.

well polished and
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{3) ¡.t Êvery r}Ðini: vithin the scintillator the fluo::ns-

cent l iqht j-s proåuce11 isotropieal-ly.

{4) The ratio of the smallest limension of the bodr¡ to
the '1onqest wavelength involved is v"ry large, dllowi_ng

geometric optics t-o he used.

f5) The phot.ocat,hotle rêsponse ís assuned unif,orn.

Tn this thesis tbe shape cf the scinti1lator i.s

restrj-ct-ed to a riqht circular cytincter, and the rnaterial

consiilered is NE:1024 plast"ic scintil-lator. Fí9.3.6 shords

the scírt-illator-photomult-iplíer system and. the georne!:ry

of a ray insírie â cy3-inder.

The calcul.ation of the light- collection efficietrcyn

t, involve-s tuo main f,a ct-orsr the ref l-ection and the

absorption of liqht insiðe t,he sei-ntillator. Thê average

efficiencv is:

rN.Ê=ñ FR, Et?(-"<)íi) r3.1?ì

,''.'''. ',
::,,:¡ì,¡,:, ;::

where N is the number of photons produceå by the t-:,',','".'i :.:_::' . :1

scintillation processn and i refers to a single photon

E¡ is the reflect,i.on probabili+*y for the i-th Þhotonn and

x; is the path length traversed by the i--th photon, ,,,.:.,:

The d.ependence of on {.f ,zl (Fiq, 3, ?} ilas f ir-st 
tt¡':"".'''¡.i

investiqated by l.l¡, åverina lÀV863). In that work the

val.ues for the l.iqht collecti-ou afficiency were cal-cu-

l,ateil f,or unpacked, polisherl, cylindrj-ca1 scintillators,
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Fig.3.6a

Sketch of the scintillator-photonultiplier system.

Fig. 3. 6b

Gecnetry of a ray inside a cylinder.

',.. '' ,''..,' . ': '-¡.1
l:'- :::t i.:;:j-:i.
t,-..t .:.j'': :::.li-gl'' '''_. ;.
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8i9.3. ?

The coordinates used in the calculation of the light

us ecl.

and z

collection efficiency. Cylindrical coordinates are

f l= measured. from tbe central axis of the cytinder

is measured f,rom the enü far from the phot.ocathod.e-
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and ccnpared with experimentaI data. Ilnfortunately the

paper did aot gi-ve sufficient numerical or graphical data

or calcul-ate peak shape. Tn the present work therefore

the light col-l-ectioû ef,ficiency of NE'1024 plastic scin-
til3.ators was also briefly investigated firstly by a

t{onte Carlo simultation and then by conpari-son with sone

ilata of interest to the present experinent. Pl-astic

scinti.llators in the form of right circuJ-ar cylinilers,

with railii of 1-0 cm and lengths of 1.0, 2.0, and 4.0 cD

irere considered. The necessary data such as the inclex of

refraction and attenuation coeff icient lrere ohtainecl from

the ilata sheets publishecl by Nuclear Enterprises.

Ðetaíls of the depenclence of e on t and z are

summarized in Fig.3. B which shous the calculated tight
collection efficiency as a function of the radius {S}

from the central axis of the cylinder ancl the distance

{z} measured para3-lel to the cylinder axis fron the entl

farthest frorn the photocathoöe. A strong increase in

collection efficiency near the wa.l-Is of the cyliniler anil

near the photocathocle i-s apparent. The increase near the

walls is ilue prinarily to the increased portion of the

light. that is totally reflected at the walIs. ft is also

apparent tÌ¡at t.he response becomes more nearly inilepen-

clent of f close to the photocathod.e ¡¡here the walls play

a reiluced role. These features are gualitatively simi'lar

with those of åverina (AVE63).

i.1:.: -:.
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Fiq.3, B

Iight collection efficiency as a fuaction

and distance {z) frouì the end farthest f
thocle for scintillators of J-ength 1.0, 2-

each case the scintillator rad.ius is 1,0

oL z are in centi¡netres-

of radius {9 )

rom the photoca-

0, 4.0 cn, Tn

cm. All values

it--/::.:.]. r:- . r- )f?':_ j >.r
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rrr.Z. d Ihe EEfegls o!_ç.erlimelorg,_egg_gI€-gxis_pelegliop

en_lhe_Pegk Shg¡e

Tn the ]-ast section it rsas shosn that € clepends
i. .,. .::,.:,ì

strongly on the coorclj-nates {f , zl . It folloEls that the ' ',,',"

collinators play an inportant role j-n determining t.he

peak shape. In this section such an effect is first
studied for protons incident paralJ-el to the sciatillator '.:.,1i¡",;;

.,,,jl:, ::'

axis, anil then for protons entering at an ang!-e to the .,,,'.

cyl:i-ncler axis" ii:ltili.'

Various collimators nay be describecl by giving the

xj-ðth IÌ{9) shown in rig.3.9 as a function of g- The

number clN of protons enter.i-ng the scintillator between

radii f and +dS is then given by

ilN = l¡ (9) df r 6 (3- 18)

where f, is the incitlent flux.

Accord.ing to equation {3.15} in section fII"2.b, the

light output is clescribecl by:

fff;*4(t+ e$l
{3. 1 5)

r¿hene x is neasured in units of mass per unit area as ¡.¡,ì:¡¡1,,:¡1.¡,
ir:ìr-riìi;i:.j

companed to t and z which are measured in centinetres.

Thetota11íghtco11ectedatthephotocathodefroma

proton entering vertically at radius f is 
:

77
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Fiq.3.9

Tbe eo1l-imator with r¡ídth W {f}
a function of the coorclinate 9.
different values on the 'top

collinator.

which caa be described as

In general H {9} ¡rlay have

and the bottom of the

I li;

r . .-r'-.1.:
lìi:1 : 1.1,.lri\i'1::,
] .,]....:):].:.i':'

:::l:1
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z(SÐoÞ {3. 19t

BO

'- f#
where fi is the proton range in the scintj-llator"

The pulse hei_qht distribr:tion is then qiven by

#* P's
drffi?
L*t {h *s,z¡azJ-t r3. zo)

rried orrt f or cireular col-lima-

tors of widths 1.Onrm, 2.0mn, and

nators were taken to have round

. Thus a slit collimaf-or 4.0mn

entical to a circular co"l*limator

Cal-culati-ons !{Ðre ca

tors and for .s1it cr¡llina

tl.Omm. 4J".1 sLit colli

enils (i. e. f = constant?

wide and 4.Omn lonq is lð

= NCS)

of dia ¡neter 4 . Omm.

?ig. -1.1{ì shows simul-a.ted peak shapes ca,lcula.ted.

usinq the ltonte Carlo prograsì ¡rit-h<¡ut any broadeninq due

to the statistical natrrre of light. detect.ion or elec-

tronics. çhe peaks obt-ai-ned for the f our collimators are

normalized at the maximnn pu-!-se he5-Eht to empha.size

ü.ifferenees in peak shape. The arrows lahelled 4 to 16

in dicate the portion of each cu rve ttrat is r-rsed in

obt-ai-ning the pÊak sha pe f or collimators

sizes.

of varicus

i,'.,'..;

?here are several feat-ures cf special interest.

Firstly a circular collimator tlmm in diameter olu"*O on

the seint.illâtor axis wi1.1 produce a pulse bei"ght distri-

bnti-on wj-th an intrinsic çidth of approxi¡aatelv 2.v^. Slit
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Fiq.3.10a

Sinulated peak shapes obtained fron a lllonte Carlo catrcu-

lation of liqht collection effiei-en;y assuming various

collimators placed in front of the scintillat-or and

synnetrically r¡ith respect to the scintillator axis" The

scintill-ator was talcen to be 1 . Ð cn long by 1.0 cn in

railins. ?he incid.ent protons are vert.icalJ-y incident and

have initial energíes of, 20 I{eV. The arrows inåicate the

hiqh enerqry limits for the eolli-nators of varions size"

No peak broadening due t.o electroníss or the st-atistical
\

nature of light productio¿ is incl-uâed,

i::'.'1:ì::

r:,r:.:,"'- -'r.'

ç.i- 3.10br r|J ¡ J a t çL'

il':ri.:::r::rr-,l
,t.,a,,a..t.,,,.,,.

SaRe as for Fig.3. 10a but t-he s:inti llator is 4.0 cfi ,: ''.r.'"."'
-:,: a:,i.:,..:.,;

lonq. 
:;:::::

Fiq.3.1Sc

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

anil the incirient proton energy is 50 HeV.
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collj-matÐrs rv.il1 be sl.Íght l:y narrÐ}rer. The same col.lima-

tor pl-acerl. of f-axis 'øil-l- give poorer resolution. Evnn an

1 nm collimai-or centred at O.?cn from the axi_s af the

scintillator will- harre an intrinsic resolution of arrprÐ-

ximately 87". Fi-na.lly it ís elear that system usi-ng larqe

co3-limatr:rs, tha-t a!-lory protons to enter near the scin-
ti l-lator valls as q'el-l as near the centre, mal¡ have

seriousLy inpaired resolntion.

When protons ent-er f,-he scintillator at an angte tÐ

the scintillat-or axj-s as shown in Fi93.11, equat-i_on

{3.201 must be modi"fied. In the case of collimators,
I'rhose l{idth is much less thaa their lengthr the nêcÊssary

tnodifj-cation rednçes tÐ

g = ys j.ne*9o {3"211

where y is the drstance covered by the proton inside fhe

scínt-illat-or, Ð is the incident angler âû¿ 9" is the value

of where a given p::oton enters the scintillator. ?he
Þsign of 5o de¡¡ends on which side of the cy3_inder axís

{either group ,A Ðr grolÌp C in Fig" 3. 11) .Lhe proton

enters. Finally

z = ytosg t?.221

Ðbviously in evaluatång equat ion {3.20} , d.z $i11 be

replaced hy <l-y.

Fiq.3.12 shous t.he result f or 2t) t{eY prctons incj_-

ilent at 9=300 on a scintil-J-ator 1" Ocm long. Slit

:r::i)., ì,¡

iiil:rì¿
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Fig" 3.12

Peak shapes for 20 llev protons incident at 30o to the

vertical on a scint.illator 1.0 cm long of radius T.0 cF.

In each cas€ the collimator is synrnetrically placed ilit.h

respect to the scintilLator a.xis and is 2.ß mm wiile.

Calculated resnlts atre shorpn for collimators slits of

l-engths 4" 0nm, 6. Omm, and B.0mm.

i.l:;';:i:¡¡:'
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co.llimators of sizes 2.Omn wirle an¡1 4.016.0 anâ 8.0 Drr,.

l-onq are assumed-. Tn these peak shapes a doubl_e perlestal_

on the hi{th eÐergy side is observed. Iïo,wever t his
phenomenon {:aE }re unde::"stood qua3-itatively fr:ç:m the

previous drscussions. The protons from groüp C (ín
Fiq.3. 111 traverse regions of t-he scintillator ruith

hígher: light collection effieiency than those from either
of grðups B and A. On the other handn for lnnqer

col3-imatôrs, protons in group â pass t.hrough volumes of
the scintillat-or in shich liqht collection effíciency is
also rising stee¡rly witb S, Â.s a result these protons

generate a second pedesta3- that overl-ies that cominq f ::om

group C"

tlrn discu^ssir¡n in this se;tion is next- appliÊd to
calculate the peak shane obtaiued usíng a lar:ge wedge-

shape eoll-imator ernployerl a t an early stage of the

present work. The seint- illator sas a cyli_oder of NEl UZ¡t

4. t cm in diameteÐ and 2.5 cn long, polished on all
surf,aees and opt icalì_y coupletl to an EI'IT 98 158 phot-omul -
ti plier. The scintil.l ator Ìilas placeit in a brass casin

and the end opposit-e to the photûmul-tiplier was i
coatact with a Havar foil.

q

n

T he co1l i mat or !ùa,s

.llidth from 3"7rnn to 6.0m8

of the tueåge v¡ere cuf at a

a 34o angle of inci.dence a

a rledge ?tl.?mm long varying in
as sho¡rn in 3i9.3. 13. ?he enâs

34o angle so that protons uith
nd moving in u pîar* containing
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rig.3. 13

The collimator usecl in obtaining the

for both the light collection efficiency
the rzC (P, sI,íì sBe experiment"

experimental data

experiment and
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the long axis of the wedge, t-raveJ-Ied essentially paral-
Iel to the warrs of the colrimator. The weage r.ras offset
from the axis of the scintillator paralrer to the long
axis of the ccllimator so that next to the scintillator,
the narrow end of t-he collimator was 1B.5mm from the
cyrincler axis while the r¡ider end Has 6.2m¡r away as shogn

in Fig- 3. 13. protons with energies of approximatery 35

Mev were scattered into the above systen and. the peak

shape shcwn in Fig.3. 14 r'as recorcled. The broaclening due

to el-ectronics ças cleduced from the spectrum obtained by

using a 3nm cliaureter circular ccllimator centred on the
scintirlator axis and with protons incident paralrer to
the axis. The full width half maximun of this ratter
peak is 3.3+0. 19l. Unforcling the wj-dth due to the finite
size of the col]-imator left a 2-6+e.2V F.t{-H.¡1. broading
(very nearry Gaussian) due to electronics and statistics.
The Gaussian shape is shosn in the insert in Fig-3.lq to
the sa¡ne horizontal scale as the experinental peak.

The curve labelred t perfect resolution'r shows the
intrinsic peak shape calculated as described previously.
The peak shape obtained by fording the rperfect resolu-
tiont' curve with the 2.6% F.tf.H.Il- gaussian curve
reproduces the experimental data quite r¡ell. The effect
of the overlying peilestar is clearly visible in the
experimentar spectrun. A smarl change of slope near a

relative pulse height of 1.10 due to the underrying
| ¡: -"'
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Fig.3. 1 4

Comparísion of calculated anil experimental peak shapes.

Experimental data are sholqn by d,ots. The curve labelled
tfResolution 2.6Vo {f .l{. H.,l{1 tt is calculated f rom the

unbroadened peak shap-. Labelleil trperf,eet resoluÈ j,onrt by

fol-cling a Gaussian shape with resol_utioa of 2.f¿q* lp.W.H.

S. t shown in the insert.
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pedestal is also visible in both the experimental ancl

calculaterl peak shapes. The discussion in this section

then clearry suggests that the idea of using a proton

detector with protons incident off axis is not desirable
because of the asymmetric peak shape obtainect both

theoretically and experirnentalJ-y.

'¡.t ¡i:;:-;*

i.'. -.', :

irr::ìliì:::
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TY, The Experi.nent.

l! . L-1. h e -Ç 
g c ! q ! I q! _ ss Ê_ ! ! e _ Êga! !Ê s i s q _ç h s m ber

The protoa beam used i¡ this experinent ¡¡as prod-uced

in t-h+ sector-focusad cyclotron of the IJniversit¡r of
Manit"oba {B[JR66t . ?his cyclotron accelerat-es negat ive
hvrÌrogen ions result,inq in external- proton beams variable
in energy f,rom 20 to 49 tîeV. Fig.4. 1 shcr¡s the lavont of
the eyclotrûn, experimental area, anri the scatterinq
chamber. Figs. 4- 2 an d 4. 1 strc$ a sketch of +-he 3 6t

seatt-ering chamber nsed in this experiment- incl-rrding Èhe

fletector and the tarqet posir-ions, A tarqet- l-ari der

eapabl-ø ar. holitinq up to 6 t-argets $as mor¡ntec Ðn top of
the chanber. Ileteetors Here Eoûnteâ oû a rotatinq
platforn fitted with a Decitrak anguS"ar rearlout. The

beam current, qhich. uas measured. and inteqraf_ed by a

current inteqratnr, Has t.vpically around 6 nanoampres on

the target throughout tbis experinant. The reasons for
using sueh loirr currents rrere firstly to louer the

background and secondl-y tn loser the counting rate to r_he

rate tãat the photomuLtiplier could hanille. A count-inq

rete reduetion klas necessary lrecanse of the fact- t.hat in
this experiuent fast t5-ning" wl'rich required high volr:tge,
vlas used. consequently overheatinE the photomultiplier

might result at hiqh count rates, The maximum coüntinq

rat-e that the photomultiplier eould handle uas ca] cul.ar_ed

t'.!
Èi:.

Yj) i tri :..-i: : i



Fig.4. 1

cylotron bea m line layout. :,.'.
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?i-q.4.2

The scattering chamber sith the proton and the al.pha

part"icle det eet-ors, t h e alpha particl e ¿l etector is
directly above t-he proton detector. The distances frnm

the t arget. to a-]-pha particl.e rLetector and the proton

detector are 1 1. B cm and S.? cm respective3-y"

' :-:,- .:.'

: .:. ::;

Ll: .'-
L. .:, .a:-
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Proton Detector
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Detector

Fiq.4.3 Target anqlas with respect to bea¡n direction

¡..:1;iì ¡,:
| ::x*..,.:
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io be 1.35x104 protonsr/sec.

ig.Z-gh s-Ðetec!iq! _ EsE!e E

II . 2*Ê-ELs_t aygu !_ g f _!Þe _Ð.e!eg!!g!_Þ.y. Elqq

l\ general deseription of the apparatus is given in
this suhsecti.on; initivid,uar parts will '0" 

di-scussed in
f,-he f ol.louinq subsections. Fiq4. B shor¡s a layo¡:t, cf the
apparatus.

?he desígn c¡f the apparatns was based on the result s
descril¡ert in the last chapter. rhe nean sli outqci-ng

angles aad part-icl.e energies expe":ted at varic¡us pnsi-
tions of the prnton and a1r¡tra pacticle .deteçf,ors r r,rere

kno¡rn from the Irlonte carlc cal-culations. Tt lras founf,

empiri.cally and sutrsequentty verified by calculat-ion that
placing the proton iletectr:r out of t-he scattering plane

l¡as not desirable. The fol-lowinE arrangement of r-he

apparatus $as juilqed the nost satisfactory.
The plastic scintillation counter for protons *las

placed in the horizontal plane and uas enclosed in a

sealer.il bnass cyclinder, air sas circulated through t his
cylinder casing by neans of pol-y-flo tubinq to aet as a

cooli-nrt aqent for the photomultiplier and the base

circnit. the high volt:age cat¡le fcr t-he photonultipl_ier

was fed ttrrorrgh the poly-f 1o +,-ubing renoving the nee¿1 for
hiqh vo]-tage va{:uum feedthroughs. ?he prctoa counter

il:¿:: i
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Fig.4"4

f.ayout of the appartus.

Ì¡.,'ìr
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sithin t-he casinq was then mountec. Dn the platform cf t-he

turn table j_n the scattering chamber.

åbove the proton connt-Ðr an alpha particle telescope

sas nounted as shoun in îi_q. 4" g. Th e telesccpe cont ainei
three solitl staf-e ãetectors, a zßAy'n áE detectorr d 500/,tn

E detector, and a 50Ð¡n ve*-o detectrr. Using l.h,e ¿E and

thê E pulses, alpha particles eorLd be âistinguished fnr:m

other particle types" Tho particle identificatíon rdas

performed on-line usinq conputer softnare discussec in
the following chapter. The purpose cf the veto detector
was to remove high êDergy partic3-as, prinaril.y orotcns,
which could. penetrate both the r'E anil E f,etectors.

The f-arget use'L i-n tl':is experínent ras a crrz foil- Õf

thickness 2.96 tftq/cnî. A helium gas tarqet was a]-so userL

fcr settj-ng up the timinq and cali_bration.

E!. ?=h_!.þÊ_p qo !os_gq!3!111alipa_Çg sa !et

The layont of the proton counter is shoun in
Fig.4. 5. Tbj-s cor¡nter cont-aineri a cylindrj-caL rt. f! cu

diaureter h:¡ 1.(ì cm long riElftzå scintillatorr âR E¡4ï gBl58

photonult'iplier, a resistr¡r ch ai-n, aail a preamplì. fier.
The svstem uas totally encloseil i-n an air tiglat brass

cylinðer shich lras pl.aceri insåde the scatt.ering chamber,

?he eol1inator placef, in front of the counter :l'-s shoryn in
3iq. 3" 13. The size of this col-limat-cr rüas caref,ully
c:nsidere,l as a compromise betueen a large solid angle

ù,
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Fig.4. 5

the proton detector
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and unifornity of scintillation response.

A havar f oil of thickness -0038 cm üras placed beh¡-nd

the ccllimator to act as a light seal, and to act as an

absorber for the plastic scint.illator. According to
Gonding and Pugh (Goo60) a thin absorber in front of a

pl astic scintill-ator can improve the li-nearity of
response as a function of proton energy. This is because

of t.he fact that the energy lost in the absorber by low

enÐrgy particles is greater than that J-o.st by hiqh energy

ones. This has the effect of straightening out the

resps'ase curv€ but gives it a non-zero intercept on the
proton energy axis. ?he effect of such an absorber is
shown in the proton cal-ibration curve in Fig"4-6-

rmmediately behintl the havar foil r'ras the pl-astic
.scintillator. The scintilLator conpressed. tllo o-rings as

shown in Fiq- 4.4. ?hese t-rings acted as vacuum seals
for the front end of the cy3-iniler. The plastic scintil-
lator uas potteil to the photomurtipl-ier using General

Electric RTy-615ÀB optical coupling con¡round. The pho-

tourultiplier sas hel-ct inside a magaetj-c shielct by two

telfon rings, and. the nagnetic shield $as in tur¡
supporterl inside the brass cylinder by two larger telfon
riugs.

A resistance chain and preanplifier $ere

for use +ith the system" Bot.h the resistaace
preanpS-ífier c.ircuítry are shown ín Figs. q"j

clesignecl

chain and

and 4. B-
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Fig.4.6

The calibration curvÐs for both the proton (4.6a) and the

alpha particle ðetector(4.6b'. rt is observed from the
proton curve that if an absorber such as havar foil is
pJ-aced in front of the plastic scintillator, the calibra-
tion curve is linear down to at least 10 üeV, but that a

non-z€ro intercept on the energy axis is obtaineit_
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T* ln MeV

Fj.g.4.6b

CaU-brati-on

30
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. Fiq- 4.7

ci-rcuit for the pbotouru3-tiplier.
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Pig- 4. B

3he resistance chain for the pbotonultiplier.
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The preanpli-fier featured two signal outputs. ?he output
from the anode was for timimg purposes, while the other
output from the eighth dynode was used for puJ_se height
neasurement,. such features tlere requS.red because of the
hi-gh counting rate of the protons elastically scattered
fron the carbon target. A test pulse input was also
includecl in the preaurplifier,

Ig.å_gþg EleclEonigg

ã block diagran af the electronics used in t his
experinent is shorya in Fig. 4.9. îhe electronic circui-
try containecl three sections: the proton arm, the alpha

arm, and the timing portion-

fhe alpha arm contained 3 detectors: the Á8, the E,

and the vETû detectors- The signals from these three

detectors ï,ere first anplified by ûRTEC 10gA preampri-

fiers p]-acecl next to the scattering chamber. outputs

fron these prearnp.l-ifiers were then sent by cable to the

contro L room shere the uraior electronics racks anil

PDP 15140 computer¡lere located- These siqnals ryere

amplified by CANBERRÀ 1416 ampl-ifiers. The aE signal was

increased by a factor of, I+ over that of the E detector in
ortler to nake f ull_ use of the d ynamic range { 300

millivorts to 10 vorts) of nost of tbe electronic
nodules. This signal was then decreaseC by the same

factor of 4 before it ilas added to the E signal. The

:.",..

" t-: t:,
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Fig.4.9

Schematic block diagram of the electronic circuitry used .,

for ðata collection.

AI{ P: Àmplif ier 
,

COINC: Coinciilence unit ,-

..
ÐA : Del ay ampl-i f ier 

¡,,,,,::'

CFÐ: constant fractioa discrirnator
I

ÐSI: Ðual sum inverter i

5!'f,ÐGi 5 folil togic i

.

GÐc: Gate and delay generator
,Ðr Delay

OUAD DISC: 8ua,1 discrimat_or

PUG: ?iLe up gate

PRE Àl"iP: Preamplifier

lAC: Tine to amplitude converter

TFå: Timeing filter ampJ-if ier
SCA: Single channel analyzer

t.,::: .: :t:::.:

ai : '\rr::i iirl
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the three detectors r{rere all connecteÉt to a

module where theÄE and E signals sere set'in
mode while that from the veto detector rras

coincidence node. The óutput hras usecl j-ater

coincidence moilule which controllecl the gate

:...:r.::

The proton arm contained two inputs. ?he pulse

height signal frcm the photonultiplier dyaode was first
amplifiecl by the preamplifier discussect in the previous

section. This signal was then patched from the experi-
nental area by a cr1416 amplifier. After thi-s signal
passeil through aD scÀ it r¡ras connected to t.be nain

coincidence unit.
?he timing signal_s were deriveil fron the anode of,

the proton counter anil the E detector of the alpha

particle telescope. rt is kno+¡n t.hat cyc3-otron radio
frequerrcy {Rr} pickerl up by the fast signal cables is an

important noise source. Tn order to eríminate this RF

noise, the tining signal fron the E detector was fed into
a f ast amplifier {r,e croy 133) vhose output was connectecl

to a timing f,ilter ampl-ifier {rrA oRTEc 463). At this
connection a T connector allowed a cripping stub to be

conaected as shor¡n in ríg- 4.9. The clipping stub was a

50J¿ Bc-B cabS-e shorted at one encl. rts tength was 3/2

savelengths of the signal fron the cyclotron oscirlator-
Seflectecl signals from thi-s clipping stub would therefore
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canceI. the 5-ncoming RF noise at the T connectotr. The

imBroveil timing signaS- rÂras then ampJ-ified by the tirning

fi,l-ter anplif ier before entering the constant fraction
discriminator (CI'D ORTEC 463) " During the experiment

hosever a difficulty uith rrÎ¡ALKtr arose. It uas therefore
necessary to incl-ucle a QITAD Ðiscriminator {eUAÐ Ðf SC-

EGEG 1140/N) and a 5 f,o1d logic {LRS163)as shown in fig.
4.9- The output of the 5 folô logic was then useð as the

STOP pulse for the Time to Amplitucle Converter {TÀC).

The S-tART pulse came f,ron the proton armo The signal
from the anod.e of the photomultipli_er was fj-rst
attenuated in the experiment-al area and then was sent_ to
a ilifferential d.iscriminator {DfFF.ÐIS" EGÊc T0101/¡t) in
the ccntrol roon. The INT- output from the DIFI.-DIS.

tras used for nêasuring pile up events. The output from

the DIFF"DIS. $as usecl as a SîART pulse to trigger the

TAC. A t-i ning resolution less tha¡i the 35 nanosecond

separation of the cyclotron beam bursts was obtaineil,

thus a13-owing clear separation of the trREÀtrt and rrRANÐOtEtr

coiacidence peaks as shown in Fig. 4.10. The output of
the TAC Ìüas then connecter{ to the nain coincidence

cj-rcuit. The nain coincidence opened the åDC Aate to the

complter if the signal fron the alpha arn, the proton

arn, anð the TÀC were in coinciclence. À final adjustnent

was made to all the linear signals so that they arrived
at t.he åDCrs simultaneously.
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Fig.4.10

The TAC spectrun. The centre peak is the trreal+randomtt

coincidence peak. The other 6 surall peaks are the random

peaks.
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I YJ_ëx pgEigggt a l_lrocgl uË es

The f,olloraing procedures lrere carried out before and

durinq data collections.

{1) Beam Optics åiljustments: The beam spot Has adjusted

until it eas properly centred and had a siee less than

3mn wide by 6mm high.

12', Gain l{atching for the .r'8 aad E detectors;

iI crude natching of the gain of the ÁE and E amplífíers
1,:'.,,. .r1.,...:,'. r.,i,:r¡Ias f irst obtainell using a pulser. A more accurate '1-¡:1:,:.:;:r:¡;,11 

:'¡:

match5-ng of, the gains r+las obtaineil usi ng an al pha

particle source.

{3) Energy calibrations for both the scintillation count.- I

'Ðr and solid state detectors:

The energy calibration of the alpha telescope was first
obtained with a known source of alpha particlesrthen nith
the 1"c{pro(}eBe reaction. The proton energy calibration
'ffas obtaiaed. usinq r zC {p r p) t 2C and II {p" p) H scatt enings.

llalf¡ray through the experiment a second. calibration rdas

performed as a check for erectronic itrifts- ?he ca]_ibra-

tion curves are sho¡rn in Fig- Q.6.

{4} Timing adjustments:

The timing of the electronics !ùas initiatr-3_y set up using

a pulser, then refined using protons and alpha particles
from aHelprp) aHe scattering. .â heli{rm gas ce1l was usetl

as the target- The proton counter !¡as placed at 1180 on

one side of the chamber while the aJ-pha particJ-e teles-

:r:;.:::.....
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cope was placed at 25o on the other - side as shown in
Fiq.4. 11. These positioî.s correspond. to 1g0o separat.ion

between proton anil aJ-pha particle directions in the
centre of mass systen resuJ-ting in a high rate of real
coinciilence. The coincident proton anci alpha particle
coul-d then be used for tirninq purposes. The energy of
alpha particles at 25o 1ab- is 20.3 nev uhile that of
protons is 1?.8 lvjeV for an inciclent proton energy of
38-23 Mev. The alpha particle energy corresponclecl well
to the energy range expected for alpha particles coning

from 5Li breakup fol-louing a reC (pr s].i¡ ag. reaction.
IloNever the ex.astically scattered. protons have higher

energies t.han that expectecl fron the sï,i breakup. The

expected proton energy ranqe ia the latter case is fron 5

ÌieY to ?2 l{eV"

Ðuring the experiment the TAc spectrum was collected
and $as checked from time to ti-ure to ensure that the

vindows set on the reaf. and ranclom peaks hact not shifted
signif i-cantly. 3iq. 4. 10 shows a typical TAC spectrun.
the TAC spectrum contained 6 random coincidence peaks and

a large peak containing rea.L plus random coinciilences.

Frcm this spectrnm the t iming resolution of the TÀc uas

found to be about B nanoseconils. The ratio of the nuuber

of real plus randon events to the nunber of random events

alone was about 4,5 to 1.

{5) Ðata collection:
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Fig.4.'î1

I"ayout of the proton and a.I-pha partici-e detectors for
ti ming ail j ustment. ? he di sta nces f rom th e target to the

alpha particle ðetector anrl the proton detector are 11.S

crn ancl 8.7 ca respectively. The proton cot 1 imator is
sho'wn in Fiç. -3, 13, and t-he atpha part.icle detect-or h as a

slit eo.lliruator of size 1û mm by 4 mn.
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Ðata acguisition sas perforned using the computer program

tlutPltR whi-ch will be discussed, in detai-l in the n ext
chapter- The data l¡ere sÈored event by event Õn magnetic

tapes and the analysis ûas subsequently carriecl out
of f -line usiug a rBlI370 conputer and. the program coRt{ aG

which will be also iliscussed in detail in the following
chapter.

.r. Ii
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u. Ilnal ysis antl R esults

rg 1_Ðala_ågegieilreg

Data acguisiti-on eras performed using the pïlF compuf.-

er progran PtgtPAH lan acrÐnyn for multi-parameter:) in
conjunction r¡ith an external applicaticn-dependent pro-

eessing routine GPYEE vritten for this experiment. This

rontine flas capable of usinq particle iåenbifi-cation loci-

to rleternine whether the particle tras a Froton or an

alpha particle" and shether the energy was wj-thin a

specif iecl ranqe. T t rras a lso capable of per f,orminq

si-nple calculations on the parameters.

?hosÐ events t-hat passed ths rperatr:r-specifief,,

tests could be userl in accunatr-ating 2 dimensional. spoetra

for rlisplay on the cR.+ screên either as a 64x6tt differen-
tial contour rl.ispl"aV or as a 512x512 nt+rinkle'f disnlay.
The varj-ables on the axis migbt !:s chosen to he any of
the ÀDC inputs or simple functions cf the inpuf-s

ganera.ted by GPYEE, â Hoseley plotter coulfl also be use.4

to produce on-Låne seatter plots cf the currently dj-s-

plaved tso dimensional. spectrun. Fig.5. 1 sho'¡rs t_ypica.l-

scatter pI-ots of the tlro dimensional displays generated

of f-1ine riurinq suhsequent analysis. Each point- pl-ot-ted

represents orle recorded event. ßith suitable comman 11s

data coulrl be reeorderl on a magnetic tape for subsequent

off-line anal-ysis.

Ìì i; I :
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rig.5. 1

The raw ilata scatter plots. {5.la¡ shows the ray data

without any constraints. ft appears that there is a gap

at around channel 256 of To¿. This gap cuts the clata into
two sections. Fig.5-1b shows the Ear clata shen onlv the

alpha particle and the real coincictences .are acceptecl.

From rig' 5.1 b it is seen that the lower section in
Fig.5.1a is nainly due to rando¡n and false coincicrences.

.. .. .. .ttt

:\,:..:,,..::,. :.'.
'.j : i: , j,.'
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Fig.5.1a
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Fig.5.lb
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?h.e proqran HflL?âB r¡as ,useå nainly fnr a rcugh

analysis and d,isplay during the experim:nt. A simitrar

PDP proqram PETa w.ith the same extecnal subroutina GpyEE

!¡as used in preliminary aaalysis. Hol+.=ver a more aesur-

ate analysis l+as done usi.ng the F3BFBåN program coR¡!ac

run on an rB$-370 compnf-er. .4a c¡utline cf these progr:ans

is discusseil in ttre foÌ-1cçrinq sectj_cn.

v=2_Ðata_8e4gg!¿gg

Off-line data reduction rvas perfrrned using the

canputer prûgram {:DB$ÀG, This program could perform the

same tasks as ¡ttJLPlLR, bnt coul-rl also make singl-e histo-
grans, doufile histoqrams {two âi-mensicnal histcqrams},
and scatter ptr-ots of- spacifierl variables r¡ith a set_ of
ccnstraints {o:: tests) for each inliviilual histograiÐ- oo,

plot. There was also ã. faci.l5,ty i-n this program for
subtractinq rancloms out cf a seatter plct, CORIHAG coulrl

keep t-raek of up to 813 constraints for eacb individual
histograrn and up to 16 variables per event might Ïre
rrrinteð on the line printer for th-. first 1Ðn events

which passêd the set of constraints specified. This

featnre providec means of testinq the agreement- between

c9ß¡{ÀG and flIIT,PAE a nrl of testing the correctness of the
processed variables.

Fi-g.S.Za shows a scatter plot of. Áfr vs E such as was

used for particle identåfication. There is a cl_ear
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Fig.5. 2

Scatter plots of ÀE vs E- Fig. 5.2a shows the plot
!ùithout any particle iitentification constraint. Dif-
ferent types of particles are labe}l_ecl in the plot. It
can be seen that. the particles are clearly separated-

Fig.5- 2b shows the ptot r¡it h a particle ident_if ication
constraint app3-ieð. so t.hat on3-y alpha particles are

accepted.

i,: ' :1.

l..iË,,t.t.
r'ì .. .
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separation of, part-iclê tynes and nith lcci d.rawa about

the alpba particle !'rand, the othar particles coul.ù be

elimi-nated as sho¡rn in Fi,s.E.Zb.

v,. .l_r e gh g!qge_æÈ_Asa lye!e

The reactíon mechanisro. leadinq to a four body final-
state such as tzc{prpellotp( can he invastiqated by means of ,1..,,

a Ðalitz plot" {i. e. Tea vs T? nrot} . À number of prctr:n 
jr::'::-l

induced reactions cn 12c have a proton and three alpha .,:,,::i.,

particles i-n tbe final state. Thesê reactions can he

di-virled into three qroups--

{1) p+12ç + p+3a(

p+tzç 
- 

p+a(+8Bra 
- 

p+3o¿

l{2} p+rz¡ 
- plrzf* 

- 
p*J<

p+r¿(. + o( +eB* --' p+3<

(3) p+teC -r sf,i+aFs 
- lt+3<

All- these reactions involve four bodies in the fínal
,.t.... . .state. However they can be ctistingnished on a Dal_i-t-z l::,:.,,..

plot. Group l1l involves the diract proi,uction an either ,.:",,

a t.hree botiv or four body final- state. rf the three bofly

final state is plo'lited on a nalitz plot, the events fall-
on a locus as shows in Fig.z.2. For the four borly fj-nal-

t:,,i,'tsr-ate hor¡ever, the event-s can f,rll anywhere within a

region limitetl hy the f our hoil y eontinuum boun dary. The

four body final state might- be consirlere<l as a series of
t-hrêe body loei sith varvin.q relative enerqies of the
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undetected t-wo bodv s1:stêm, Fou.r bcây fi_nal state events

are allowed anywhere inside the bouncar:y 1¡ens in the T*

vs e? plot. Group {?) insotrves a tuo body reaction with
sequenti.al^ deeay of one nf the parti-cles. {{hen *-he data

from such a reaction are plotted in a Ðalit-z rll-of , th_ere

will be c<lncentrations of events at specific values of T*

or T9 depending on '¡het,her a proton or an alpha particle
is producert. ?his ís beeause of tha fact that wh*on a

proton or an arpha parti-cle is prcituceil initially in a

two boily reactionn its energy has a d.efini-te value. This
value correspûnds to a constant- varue of eitt¡er .Is¡ or Tp

in a Ðalitz plot, Group {3} iavolves the two body

reaction P+raC -) sti+8RÊ foltr-c¡weil by tr¿o body decays of
sf,i and aBê¡ Sinee thi s reaction involves init_íal.ly a

two body reaetion, the enerqy Ðf sti is r¡ell defined and

so is the breakup 0-value. Th+se r*elr ilefine¡l values of
5Li- energi-es give rise to concentrations of points along

tlre lines of constant To,+Tp according to

Toa +TF = Bri e
Here T{.i ha.s a fj-xed value f or a given c-T-i outqoinq

angle' The rlistribution of these ev*onts on â Ðali-tz plot
is shosn in Fi9.5.3. The spread in the raC {p" sÏ'i) Blle

region is d.ue t-o the mass uncertainb y of çtj_ and the

angle of breakup of 5Li wir-h respect to the direction o.f

not-ion of t.he 5T"i.

Fbe analysis of data nade use of these features.

.::. :..: 1 ..- .!

¡'r;-:
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rig.5.3

The dist.ributions of the events due to d.ifferent reaction
mechanisilrs.

i':{.:1,:,¡
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The analysis was carried out in three steps. The fj-rst
step was to pxot t,he data on a T¿ vs Tp plot. The seconð

step sas to pro ject the rìata on to tl:e l_ine vith TX=?? .

Tt t-he eveat-s rrere mainlv clue to th'-. reaction proeee3inÇ

throuqh sli, then a peak shouS-tr be rbserved in the
neighbourhoocl of f*+Tg =ls¡,. +Q. Th e thirå step was t-o

nroject the data onto the Tor and Tg axes. rn these plots
the effects clue to sequeatial decays arÐ enphasizerl.

v. 4_rh s_Ëx_EÊ_rF_pIq!

âccorrling to tr¿o boity kinenatics, if sli brealç= r:p

into a proton and an al-pha part,icle af ter the two body

reactíon rzC{prsLif tBe, then the sum of th*o protoa ,and

alpha particre energies fa1ls on a straight line in the
Td vs T F plot. This tr¡o frody state corrêsponds to a

resonance in the four bod'¡ final state, The resonance

sh cul.d. appear as a brr¡ad enha ncement along the ahove

ment-íoned straiqht line j.n the T¿r vs TF p]-ot. ilnfort-rìn-

ately results from the three borty rac{prgo(lBBe reaetioa
also f all verv close to t-hi-s li¡re. there is however a

differênce in the shapes of the two body and three borly

disLributions, which in principle at least permit the +-Hc

and the three body reactions to be dist.inquished. This
r¡i-11 be discussed in,section y.5.b.

ân attempt was nade to obsarve directly sueh an

enhaneement- on a seatter plot. The f,ata plotted corres-

Ì :ll'ii':.: I'lr:'l

, ..'.: :Ì:l



142

ponrled tÐ real etrents that hað passed the test ot
particle identificaticn. The scatter p3 ots for al"l 3

proton detector angl-es {30o"40o, anð 50o} are shown in
Fi-çr.5, 4. The for:r body kinenatic :ontiDuum boundaries

from the cal,.culations of equaticn {2.3} also are shown.

These boundaries fall along the eåg: of the dense area in
all the figures. tlnfortunatelv the four bofy backgrounrl

is very strong and obseures any enhaneenent_ due tc the

tro bodY 5ti+8Be final state"

V.5 Peoiectioqs of Data onto Various Axes

The projections of data ont,c yarious axes are

eguivalent tc snmminq the nunbers of avants associated.

with a certain variabl"e. Tbe data rrare proìected r:nto

the lTx+Tp ) axis, the Tor axis" and t he Tp axis" The

events, uhich di-d not pass the real coincidence test- Õr

the alpha particle locus test Here excluled fron the

orojections. ?t'.ê remainiag events s3rê true {pro(! c¡in-
ci-dences due to sï"i- breakup pl"us the four bcdy breakup of
12C+fr, three body {p, p(} reaet-icn Dn tzCt and false
coíncj-rlences, The proton and. alpha particl-+ enerqies

fron the group l2l reactions are shown in Table 5.1. The

enerqi.es of protons f,ro¡n elastic or inelast-ic scatÌering
to lowlying states of t"C are hi.qher than tbe energi_es of
the coinci<lent protons aecented in this experiment, thus

eliminatinq an inportant- source of random coincid.eaces.
,::111,.ii
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fig.S. 4 i; 
,'.': .'

Scatter plots of To¿ vs TF. The four body continuum

boundary anal the three bocly final state -l-ocus are shown

in the graphs. Since the Q-value of sBe breakup is 90 ,,'!.,:'

'.fieV, the three bocly locus is very close to the four body 
,.,:,:,,:

continuun bounclary. riq.5.4a-b.c shon the scatter plots f""''
tt

for Ðp = 30o, 4ûo" and 50o respectively. The events in 
i

'these plots are real (random coincidence subtracted) and i

iare r¡ithin the alpha particle loci.

!':..,.:i

i r.l:;:::ii:i ;iI



144

¡-'ii:-¿:-__.r_-":.,:.::LLt:.t- J- :t:: i: :,::":1tü\Ì::;;-:-l.'í: ij

o

É
.r{

HÍ

30.o

25.O

15,0

I O.O

15.0 20.0

Tn in MeV

Fig. 5.4a,

continuum boundary

1 0.0



I . r .:. -::..1

145

20.0

15.o

[p in MeV

Fig. ,.4b

o

g
.rl

grI

J-
ll

I'-r
-: r, J
{i- , -t=r I

¡_f
I
t-

Ftrà-r-l-t :T- , -t*
-¡- | ¡r

'-f r, -i.
_i:F-, i| ,_n:

a? = 4oo

+
-T.

I

T
-1-

I

l-l
l;

I

-Tä
-1l-

!¡-r --
I

+f,-
t--T'

rl-1i-
I

=F

I+
-T-

,--t-
ll' -;llll

-t--Tr rr -¡r-
I

_,É-3i

+
-f
_l_
r,l

-1-

L

- f:-t

,j_-rJ- r,

-:E-' l--Tt-

I-l_ _t.i_

,-l-,,-i:'+
_+tlïl-,:T-. iEll- |

**'F++

.-r
-1-

'.1-1-, 
-L-f-
-È

¡:-,1-1-r.Ë.[_-ï-l:alll -r

contj-nuun boundary



146

I

-ti.
i--r:-t-

_t
I

-=;-]"_
I ll

r-i- J.-,'T l-r' -r
lt t

continuue boundary

0)ã
É.rl

E{l

Tp in MeV

Fig.5.4c



lhe energies of
group {2) .

147

Table 5.1

differen t sequenti-al decay reactions of

Reaction I Exciteil I

I State l

I in ÐeVl

tt

Protonenergy | ú energy

in lteV I in l{eV

ÊP=

30o 40 o 50o

I 6r= I

l30o troo 50o I

I rzc (F"x) eB I 1.5

I I 2.3

| ' I :l .1

I 33,0 32.4 3"r.6 ¡'

I 2e.7 29.2 28.5 I

lt
I 27.8 27 "2 26.s I

------:I-- _--J

I

I

I

I

I

I

I

| 24.0

l, 23.,3

I :19"4

23 .1 22.1

22.4 21 .3

18.6 17.6

I

I

t-

I rec {Pnp} 12Cl

lt
lt
ll

4.4

7.7,

9.6
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tnly inelastic excit ati-on of r zC states above Zq t\etr can

ccntribute to sequent-ial prôcesses in the energv ranqe ìn

shích {p"sti} events should appear. Hosever such stat+s
dne to their: high exci.tation are likely to be broad" and

stronglv overlapping, leadiag to a broad baekground ia
contrast t-o the narrow peaks of lowl_ying states.

v* Þ . a- r h e_g r 9-l es !È ee_ g€._Ð e !s_p g! s _ !þ a _E¿i +_ _ ÀÃ !s

The projectå-cln of rlata onto the fa *yp axis invo?_ves

ailding the numerical valuos of the kinetic energies of
the coi.ncident prrrton and alpha particle. rf t.he proton

and alpha particl-e were dr¡e to a r zC {p, s1i} ÐBe t-so borlv

reaction, then ?,. +9þ shou ld be a ecnstant except fcr the
sf,i nass uncertainty. Therefore, a two Trody reaction
sbould appear aS an enhancement on the T*+Tp axis in the

vicì.nity of Toq+T¡ =ltl +Q rshere TF., is obtained from a tr.¡o

bcdy kinematic calcnlat-i-on. On the of-her hand. if the
proton and alpha particle i-n coinciclence $ere due to a

three body fina.t state from reC{prpo()BBe" the events

should correspond to a coatinuous locus on the T¡a ys Tp

plot" The ranges of T¿+?p for the two body anEl the three

body final states are shoîrn in Table 5.2. rt can be seen

t-hat f,he range of, T4+Tg for the three boày finaL state
overlaps the region eorrespondinq to tha two body reac-
tion. fi-nallv j_f the proton and the alpha partie.!_e in
coånciilenee Írere due to the four body final stata

'ì.f .'

:.i_ -.ì

'.,. :..

i,,i::t::,n'.r. -,1
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Table 5.2

of the T*+T? value erpecterl f or a

and a alpha particle breakup, ancl the

f or a three boily final state f ron

0p I 9¿ | o{.t I T¿+T9 | Range of 3 bocly I

I I I inPrev I inüeV I

I ¡0o I q4o I 39o I 24.7+.2 I 24.5-26.1 I

t----+----_-+=------t--:---- - +- _----{

I eoo I 5lo I 460 I ,23.6t.2 I 23.4-24.8 I

I 50o I S8o I 54o | 22.3+,2 I 22.1:23.3 t

i : '':'.: j



150

reactj-cn rzf {prpoljfi,, t}'"e ti¡o

tvculd allow numÐrous possible

i{ovever, phase space considera

bcdy eont-rj-buti.on shc¡uld fall_

bcunclary mak i-ng it poss ible
en hancenents.

uadetected alpha particì_es

combinations of T¿ and. Tg.

tir¡ns suggest that the four
rapi.å ly near the four hody

to observe tr¡o body

rj i::

The spectra for Ta+Tp for all three proton detector
anqles are shown in Fiq.5,5. rt is observed that. a so.all

{and aurtriguons} enhancenent appears i-n each case nÐar the

expected values for a 5ti+sFe fi.nal state. ?here remai-ns

the prablem of separating the tr¡o body anil the three bocy

nvents as theY both appear r+ithin the snallItpeaksn.

V:- 5. b_T h e p r o ;[ee t!ee_ e!_ÐqÈâ-gn t o_tLg.:ä¿_qgq_Ep__À EÊg

It. is also af_ interest to project data onto the T,(

and Tp axes. The purpose of such prÐjections i-s to
d5.stinguish tr+o bndy and tbe three body effects. acccr.d-

ing to three body phase space catculations tha projection
of clata onto either the Ta oT the ?p axis shnulrl result
i-n a very ¡qide àistribntion as shcwn in Fiq.5.6. Tf a

small portíon of the four body final state continuum were

atr so includeå, the projection of tha data sÐuld still-
resul-t in a broad shape of similar nearly featurel-ess

character. In r-he present experinent sir¡ce t he sBe

breakup A val-ue is only 95 KeV, the boundary of the four
bcd.y continuun shouS-d be nearly suparinposed on t-he three

;ìt:rl.:'ì,:
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tri9"5.5

The single histogram plots against

correspond to the plots of Ðp =

respecÈive1y.

T*+Tf.

300,

fig.5.5a, b, c

40o". ancl 50o
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ì Fiq.s. 6a

The clistribution of events on the Tg axis due to two boily
rzC (p' sLí} aBe, three bocly r aC {p,po() 8Be, antl four body

rzC{Prqotl¿a. The tluo body rtist,ribut.ion on the Tg axis is
from the l{onte carlo carculation and is shown at the
bot-t.om of the histogran. The three body anrt the four
body phase space rlistributions have sinilar shapes ancl

follory the curve urarked rt 3 borly and 4 body phase space

ca lcul,ationtt .

j.:1 .:;t:.1:'

:.':; 
-:::::rrl:i
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O7=36
8=44'
Tt = 18-23' ttev

3 body and Q body phase space
calculati-ons

.tJ
rl
a
à
¡r
CJ
fu
JJ ,.4r{p
,1

2 body Ts distribution fron Monte Carlo
c¿lculation

Tp ln HeV
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rig.s.6b

The theoretical two bocry, three body, and four body finar 
f:,:::,_.,..;

state distribution on the 1"( axis. îhe t¡to body final ¡.,,.,:..,;,;,,:'
state distribution is fron the ltonte carlo calculation. j:,,:.,,,,,.:,,,,

The distributicns of the three body and the four body i' " '-

lfina1statearefromt'heptrasespaceca1cu1atj.onandhaye

sinilar shapes- 
'
i

l

i

l

I

l
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I ._i .. .. r:
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T¡ incident energy = JB"2J Ì.iev
êp = 50'
8 = 4¿+"

J body and 4 bociY Phase space
calculations

2 body T"¿ distribution
frorn l{onte Carlo
calculatj-on
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hcdy l-oeus. "h.e shapes of projectipns of events fron
two, three, and t_he four botiy final state reactions onto
the Ta and the T¡ aEes are shoqn in 119.5.6. The two

h'oily shape t'ras obtained from the Hont.e carlo calculatin.n,
From thís plot àt is seen that. events due tó three body

and the forrr body f inal states can possihly be resclverl
.from the t$o' hodv reaction. Às neationeå above if tlae

hackground is mainly due To the three hody anil the four
boily final stat-es, the projection of data onto the T¡ or
T¡ axis shoulil appear a.s a hroad dístrii¡uticn. However,

if t-he reaction is clue to the t¡ro bocly f inal state, the
ilata should appear as aÐ enhancement over the region
given by t he llonte Carlo calculation,

The projections of experímental ilata cnto the Ta and

the T7 axis are shown j-n Fig.5. ?. Tn Figs. 5.7b and 5. ?e

on)-y data lrithin 'a narrorr range nf, Tot+T¡ r¡rere nlotted"
the ranqe was tlide enough to incl-utle atl {prsf,i) and

three body eveats populating rBe i_n its ground state t¡ut

narroH enough to exclude most of the four body events.

trhe rang,e is ileLinited by two straight lines cutt inq
across the Ta vs T? plot as shosn in fiq.5.g f,or 99=300.

Tf the data proj+cteã onto the T¡ axis are clue mainly to
react-ions other than seguential decays, the erperimental

cu::ve shoul-d be in the f orm of a broad peak on top of a

wÍder distribution. {lnfortrrnatery tha poor statistics
ot¡tained do not permit resolution of the trvo body

¡-lrti :1;j-:11
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Fiq.5-7 a

The projections of, the data onto the Ta¿ ancl Tg axis
t¡ithout setti-ng coastraints flhich li¡nit the events to be

within the small enhancement as sho$n in Fig-S.5.

'-, 
-:-j,.1.
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Fi g- 5. 7b

The projections of experimental data within the small

enhancement shovn i¡r rig-5-5 onto the rp axis- The

ilotteil line is thg shape of the two body dist¡iSution
fron the I'lonte Carlo cal-culation.

i:-. : .:
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Fi q. 5" 7c

The projection of experinental data ¡uithin the sna1l

enhancement sho¡ru in Fig.5. 5 onto the ?* axis- The

dotted line is the tryo body distribution shape obtained

fron the Uonte Carlo calculation.
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Fig.5. I

The limits on T¿+TF used in the projections of clata onto

the To¿ and Tf ax€s. ?he .linits lr€re calculatect to
incl-uclp rzc{prsli} 8Be events leading to ground st.ate of
aBe" the small enhancements noted on the high energy

flanks of the distributions in Fig.5.5 are uithj_n these

1i nits

r:.'.'i-"Ì .'t,lt:: l,_:i,::: :_- í!:: l :.- : j 1 ri. : t.: r,i, :-."-.;._-...; j

1
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react.ion fron the three and the four bodV final state
reactions so that at- best" an uÞper timit for the cross
section of {pn5ti} reaction is obtainable. Fir¡s.5.'th and.

5.7e alsr¡ show t-hat. tl'¡e expected shapes of the t uo body

final state rlo not mateh the experimental shape. ?his
suqqests that the dif f erential- crcss section of t_he t uro

hody f.ínal state react_ion is smal_l.

L 6. Lbe_gsp,Êq- &!g¿ !E_ 9! _! Þe _ gsqss_s e c Ë1 q,4

since the data of the present experinsnt could not-

give definite proof of the prêsence of the rzC{Þrs¡i} age

reaetion, only an {lpper limit on the cross section can he

calcnlated" [ny (prsT,i] avents present sould be in the
small peaks in Fig.5.5 al.ong r¡it-h three bcity and sequen-

tial events. ?he fonr body background may be rouqhlv
subt-ract.ed assuning its. shape is knocn from the nhase

space caleulations. The resutti-nq spectra arÊ pl"otted ín
Fi-9.5.9- The nunber of eounts i"n each peak is of the

oriler of, 100. The uneertainties in the nunbers of cr¡unts

arê large however due to uncertai-nty in suhtraetion af_

t-he four Ì:odr¡ baekqround. Error bars are not strown since
the na'ior source nf error is eommon to a1l points anð is
of the orrler of, X 009l. See Sect_ion V.7 .

The experimental cross section for 12C{prFIi} s3e can

be calcnlated using the formula;

: : l.'' -,

#= #n'
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The spectra obtainecl

space curve frorn the

Pig.5.9

by subtracting the four body phase

spectra in Fig.5.5.

ii,',
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where Y represents the number of counts in the peak as

shown in Fig-5.9, in which alr the events are assuned to
be (prsLi) events.

2o is the efficiency for tletecting
tbe lTont-e Carlo calcul_at_ion,

N is the number of the target nucl

f is the total number of protons

The data for calculating the

with the results are shown in Tabl

sLi as obtained fron

ei per unit area,

incident on the target.
cross section along

e 5.3.

V.7_Error

ïn thi-s section the relative and absolute error in
the cross section associated with this experiment wilr be

discussecl. The relative error is due urainly to the
statistical uncertainties in the peak being considered,
and contains in al,r cases contributi_ons from both the
rreal+randornr and trandomf ccinciilence spectra. The

error bars shor¡n in Fig.5.5 represent these uncertain-
ties. rt can be seen that the uncertainty in the peaks

is about 101ã. However, in those peaks obtained by

subtracting the four body phase space backgrouncl, the

error can be as hiqh as 100%. This varue is obtainect by

noving the four body curve within the statistical error
bars on points vhere the f our boily backgrouncl is expectecl

to dominate. The other source of relative error is the
deatl time correction which nas obtainecl by comparing the
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TabIe 5.3

The data ancl resurt.s of the calculated. cross section.The

definitions of various syurbols are explained in the text.

f-___T at

l2"llr
r --T--

f er lØa 1*,.r

ttt I x1Û-s I xl0zo ¡ x101sl I 4b/sa I

I I I linSBlncuel counts I I

t____+-__+---_t _ _--+___-- +___+______{
I 30o I r¡4o I 39o I 1.18 | 1.49 | ,4.14 I 61 | S8"4 I

I T IT I
dÈ
dsz

l'

1

I

4.9r¡ I B3 ¡ S?0.7 I

'l.l'
t.

130(}1

t----+
510lq6ol1.16 11.49 3 .26 I r¿5 I s7.9 I

{

I 50o I 5Bo

t- ---¿---

I 54o | 1.14 | 1.37
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nunber of Faraday cup counts recorclecl by the computer and

the nu mber recordert in a f ast scaler. This correction
variecl from 0.01% at g =40o to 2-5% for B =30o.

The rnajor sources of absolute errors in the cross

sections are

(1) the cletermina tion of target thickness (about 5%) -

(2t the determination of the efficiency of rletecting sI.i, .,

(a bout 59i) . i:'".."" 1'

There are also other mino¡ sources of error such as

the pileup correction ancl the target an91e. These errors
are neglectecl however since their contribution to the
total error is much s¡narLer 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

1 00%-
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VI. Ðiscussion and Conclusion

Vf " l_Discussion

The upper rimits on the cross section for the
l2c(p'sLi) ¡Be reaction obtained in the present experiment

are about {10t10)¡blsr, these nay be comparecl ¡yith the

cross sections for the analogous rzC {¡lrõT,i} €Be reaction.
ffith an iacident derrteron energy of 52 MeV, the cross
section for the rzC (dr6li) sBe reaction has been found to
be about \4r1li(b/sr in the angular range qto-60o (Ðrc?0).

The cnoss section of, the ,eC{prsti)a3e reaction $.ay well
be smaller than that of rzc{dr6r,i) sBe because the sti i_s

less bound than the ótri, the rzC {pr5ti) aBe reaction
therefore tending to go through nore direct breakup

channels than the 1zC{dr6Li) sBe.

There a¡:e several ways in which this experi¡nent

night be improved. rt is suggested that a dif,ferent
target shourd be useð. The target shoulcl be chosen on

the basis that cornpeting reactions producing al,pha par-
ticles have smaller cross sect-j-ons. rhis would. provide a

smal-ler background and fewer random coirrcidences than in
the present case.

It. is al-so suggested that
run at a hiqher incident proton

Fig.6. i the separation angles

alpha particle fron sti anil the

this experiment should be

energy. Às shoçn in
for the proton aud the

two alpha particles fron

t.
l.

i:

i:.,ì.','ii: ì.. l

t:,i.r;:
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ÊBe become smaller as the incident proton energy

increases. Às the separation angle betøeen the proton
and the alpha particl-e becomes s¡nalrer, it is possible to
put two proton detectors one above aad one belorrr the
plane as shown in rig,3.5a. This wourd provide a larger
solid angle for detecting the proton. The other advan-

taqe with hÍ-gher inciclent proton energy is that the two

11nha particles fron the breakup of €tse might be

iletectecl. since the separatioa anEre bet.seen these t¡¡o

alpha particles is small, it sould be possible to set üp

one d.etector telescope to detect the two arpha particles
simultaneously. Since the two alpha particles are from

t-he -breakup of aBê, they would arríve at the ÁE detector
almost simultaneously, and deposit twice the amount of
energy as a si:ngl-e alpha particle in both the aE and E

cetectors" This nould identify a sBe as opposeil to an

alpha particre. From two lody kinematics, the sBe should

have a fixed ênergy at a given ang1e" Therefore the surn

of the energies of the two alpha particles from the ,BBe

breakup shoul-d be constant except for effects due to the
5ti mass uncertaint.y- The experi ment nright possi!:ly, in
fact, be run looking only for sBe nuclei, a {prsti)
reacÈion being indicated by an enhancement in the number

of eBe nuclei at an energy corresponding to the emissioa

of a single 5ti particl-e. The ôetÊction of the proton
anil the alpha particle from the sxi (or at least the
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alpha particle) woul-d g eatly

Such an arrang.enent" woulti of

techni.cal dj-fticulties in setting

reiluce the back grounil.

coutrse, !-ntroduce more

up the experiment.

VT.2 Conclusion

Although t.he present experiment- sho¡rs no def inite
eviclence of the rzC (p, sT,í) nBe reactj-on , it cloes not
eliminate sucb a possibility. rhe difficulties asso-

ciated r¡ith this experiment permit. only an upper limit on

the cross secti-on to be obtained. rhe difficulties
inclnde the following in sumnary.

{1) rt is anticipated that the reaction has a smal-l- cross

section.

{?l rhe det.ection of, the proton out of the scattering
pJ-ane is not feasible in the present case- ?his limits
the proton detector solid angte.

{3} rt is also difficult to resolve the t.uo bo,ly from the
three boily final state due to poÐr statistics and large
t.hree and four body background.

The upper linj_ts on t-he cross section fo¡ the
12C(p"5Li)aBe reaction populating sBe in its ground state
are founil in the pnesent exper!-ment to be approxinatel_y

{1Ðt1$Vb/sr in the angular range 30o to 50o.

l :,.:.
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Ap pend i x

The ilTo¡ite Carlo I{etho<1

The i{onte carlo methoil is used to reproduce the
d.istribution of any function þø on the x axis using
ranclour numbers- There are t¡qo cl-asses of functions,
nameiy, {1) the functions which cannot be integraterl
analytically, and 2\ the functions rvhich can be inte-
Erated analytically. These two cl-asses of functíons will
be discussed separately in this Àppendix.

Class {1) Functions:

Let x be any value between a mininum value, xo t and

a maximum value t xptâ.. - Ó*l is then the value corres-
poncling t-o x, ancl can take on values bet¡seen þ" and fno*,

where þ, and /a¡a axe +ne minimum anil the maximum values
ot 4\x) respectivety as shown in Fig.À.1a. rf a random

nunber R¡ is chosen between 0 and 1, then there is a

correspoading value of x, given by:

xf = R, {x ,'.etl + {1-R, } x, { A.1)

rf a second randon nunber Ra is also chosea between 0 and

'1, then a corr€spond.ing Qcet- can be expressed as:

?car=R,þ^or * (¡-R.)É. ,l À" 2)

i:,:j.:- iil..ì :

Now with the x, value generated by e quati on (4" 1) , the
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Fig. A. ta

An arbitrary function ët*l .
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þrn, a *u¡ (À.2b)

The öistribrrticn ot 4{Ð on the x axis can be reproclucerl

if nany of d.ifferent randour numbers are generated.. rf
only the events satisfying the condi-tion imposeri by

eguation (4.2b) are pLotted., then the dist.ribution of the
numbers ot events as a function of x has the form of

hg . The distnibution of sti masses can be used as an

example. Eguation {3.2} gives the di_stribut.ion of the
sI,i *u-=Ã as

value Þfr,) can be

following condítion

186

calculated,

are accepted:

Only the events with the

( 3"J)

ed frour

va lue

{a. 1)

{A. 3)

F(afarr¡\ = ft e' (¿r'E¡/¿eìl-

Tf .Áflí,' has a eut-off width of 3 Mev, áE is obtain
eguation {3.1) , anil F¿ corresponds to the maximum

of I, Èhea ¡NIf.t can be generated by using eguation

A ltl't: = R¡Á Nll¡na^ Ì (r- R, ) a lhu.

ilere awl^i^^^ and .¿Pls¿io are the maximum and tbe mininun

val-ues òr amq¡ alloured for practical reasons by the
progranmer. This value of ÀùL. can t.hen be substituted
into equation {3.2} to obtai-n a varue F {.ô}1r¿r } . Now a

second randon nu¡nber Re is used to generate a F value
according to equation (4.2):

ìil::l
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Fc¿¿ = R=Fo {À.4)
rn this case the minimun value of r is assuned to be

negigible" The value Fen,. is then conpared to I. {¿H{,i )

obtaineù from equation (3.2). The ilistribution of the
owtí obtaineil from the ÛTonte carro calculation is shogn

in Fig.A- 1b.

Class {2) Fuactions:

ff the function þVl can be i-ntegrated, then a

clifferent technigue can be used to generate values of x

r¿ith the distribution of þf"1. The probability t hat

events occur in a rarrge dx centred about x as shovn in
Fig.À.2a is f1x¡ax. ?his probabiríty can be transferred
into a rectangular clistribution N{R} of the randon number

R as shoun in Fig.a.'lb, The area of the corresponrling

bars in the two figures should be the same- since N {R)

i-s a constant {=c say) r ancl the areas are the sarne, t,hen

'- : -..: : : Ì- :.:: : -Ll:..::: r:1i-!.1- 1'f . -: -::|':'::'

¡ :talr:::;:-ll;

l.-: ì'

N{R}dR =
3,/

Jcdn =

J*,= fr
?(o

Since the upper li
J(=Xr{âf , then

þ{Ð ax
7Ç

f,Qot 
u*

xl dx

mit of

{A. s)

R is 1, ancl this corresponds to

7&ra*

" = 
f4t*t 

a*

SJhen (4.5) and (À.6) are combined:

( a.6)
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Pig. A. 1b
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Fig- A.2a

An arbitrary distribution ft*1.

rí9. a,.2b

t

?t"l is transferred to a rectan¡rlar distribution N{R).

The areas inside t.he bars of Fig.A-2a and A.2b are the

samg"

'^'-ti:.a':::- it:Ì,:..,i.:

i:;i:'

! I : -..j'.:..
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Using

then

and

Therefore

or

has the sane ili-strit¡ution a* fqx¡ lghen Rr is uniformty
clistributecl in the interval 0 to l.

By way of exanple consicler the generation of the
proton angle in the sI.i- breakup f raure. since the sli is
assumecl to break up isotropicarly in this frane" the
ilistribution of the nunber of protons as a functi-on of
Êi is proportional to sin€pr, i.e- f (e¡t ". sinêrr . By

using eguation {4.8} , the c.t"I. angre of the proton is
related. to a unifornly clistribut.ed random nunber R by

cosê¡r = {1-0-R) cosfri +RcoseplAf

192

Rr=

f cnJt

4-&, = fëo,,da

Q.6,1- Ëc'r"l = RrË(xr*) -K,l.c ,l

Ë ¿x,) = ( I -R,)3Þ cx¡ + Rr lÐ (t^a*)

¿, = T,-'[(r -R,) lr*"r + R, S. (x^rr, )]

ê; = cosn (û.o'R\ cos#" * ß, cos ôp)^*)

{ A"?)

(a. Bì

{A.9}


