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o Abstract

Determination of the inclusive (7, ) analyzing powers in the -
mvestlgatmn of the “Ca(7p, pa) reaction with 100 MeV
: S polarlzed protons-

Tsepiso Emily La.ka.je ~
University of Zululand -
December 2005

Alpha particle formation in the “Ca nucleus was investigated by means of the (7, pa)
N reaction with a 100 MeV polaIized proton beam. Coincident and singles analyzing power
data were acquired for three different quasi-free angle pairs. The knocked out « particles

were rﬁeesured ﬁsing a silicon detector telescope and the protons were ineaSured using a

[ _ KGQO magnetic 'sp'ect_rometer. Only the singles analyzing power data for the silieon detec-

" toi telescolne' wer'e'é.nakzéd in this thesis. Thls data ser\'red as an hnpertanf consistency
check for the coincident results between different datasets and it was also used in the

' _' mvestigatlon of the clnstermg phenomenon

The experlmenta.l a.nalyzmg power r&sults were compared mth the theoretlcal calcu-
o 'latmns whlch were done using the T HREEDEE computer code. This computer code is
: based on the Dlstorted Wa.ve Impulse Approxunatlon (DWIA) Experu:nental a.nalyzmg -

'pewer results are not in good a,greement Wlth the theoretu:a.l analyzing power results.

. ;i_
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i -.CllaI.)ter'_l . o
.' Introductlon |

. 11 0_vervie“r_ i

o : 'In" thi's”chepter-the concept of clustermgwﬂl be introduced end'lmock’out reactions as
" relevant to- the ﬁeld of nuclear phyelcs will. be described. Tlns is followed by a short
descnptmn of the prevmus work that was done concermncr inclusive (T)’ ) measurements.

- Fmally the aun of the study is descnbed
pR 1‘_,.2* --:'.‘clus'tering Phen'omena'

A cluster can ) be deﬁned as a unit that is composed of strongly correlated nucleons [Hod03]
p _Such clusters can take pa.rt in nuclear reactions a.nd their propertree can be studied. An '_

N example is when 2 protons and 2 neutrons come together to form an o cluster Formatlon

_ of other clusters IS also poss1ble dependmg on the1r stablhty, but a partlcle format1on is
o qmte hkely because of its spin and Isospm symmetry and hence its lngh bmdlng energy
[Hod97] An exa.mple of other typa; of clusters are deuteron clusters as seen in (p 3He)'
o reactrons Wlnch shows spec1al features such as plckup and knockout processes a.nd other | .

..'snccesswestepsmthereactlon S S e

In the ﬁeld of nuclear physms there is 3 long standmg mterest n. the existence of

2 : | fmu.ltmucleon clusters tha,t are found. in nucle1 The tendency of some hea.vy unstable

: nucle1 to en:ut Inultl nucleon clusters such as « partlcles led screntxsts in the early twenheth

'_ L century to speculate on the exmtence of pre—formed « particles msrde the decamng nucleus
L [Ca:84]



A very strong mdlcatlon for the presence of clusters inside puclei was revea.led in the .
_-f1970’s by quam—free scattenng at hrgh energles Stud.ra; of the interaction of 800 MeV
' protons with a ra.nge of miclei showed pea.ks in the cross-section that seemed as if the
_ protons were scattered by o and by deuteron clusters [Chr?8] Also,: uclear emu]swn |
. studies in 195{]’5 prov1ded proof for the existence of clusters in nuclei. [Car84]. Energy
. and angular distributions of emitted o partlcles dlﬁered mgmﬁcantiy from those expected
frorn the statrstrcal theory on nuclear drsmtegratron Thrs dlfferenee of a’s ermtted when _
' protons mth energles from -~ 40 MeV to 600 MeV impinge on light and heavy nuclei

nnphed chrect quas1free colhsrons between incident protons and a (:lusters in the target .

i fnueleus '

These da.ys the formatlon of o« clusters is ma.mly mvestlgated elther by a transfer
' 'reactmns or by o knockout reactions. A transfer reaction is a reaction where a particle

: is transferred from the incident projectile to a target nucleus or vice versa. It has a

o two—pa.rtlcle ﬁna.l state In a knockout reaction a particle is rernoved from the target by

. _jthe mexdent pro_]ectrle It has a three~part1cle ﬁnal state as showu in the a Imockout

L '.'reactlon below

p+ZX—>p+a+ﬁ_§Y PRI ¢ 1)
o .Thrs study is only concerned wrth kmockout reactrons Knockout experlments are typlcally o
: 'set up kmematrcaily 80 tha.t the: momentum of the residual target is zero or very close
to Zero, i.e. the detectors are posrtmned such that they can only observe those protons |
' a.nd s that ongmate from . the nuclear rea,ctron where the reSIdual nucleus 4ty is '

T :'sta.tlonary The ruornentum of the mcrdent partrcle is then mostly dlvrded between the

. '_scattered partlele a.nd the knockout partrcle ThlS kmematlc COIldltIOn is referred to as the |

quas1-free point, a.nd is the kmematlc COIldltIOIl tha.t best resembl&s the reaction between

e an. mc1dent partlcle a:od a free cluster:

Cpto—pia. N (1.2)




g Quasi—free scattering réfers toa nuclear reaction process in Which'a. medium energy par-
' 'tlcle knocks a pa.rtrcle out of a nucleus in such a way that no other violent mteractlons_

- occur. between the nucleus and the incident or two outgoing partlcles [Jac66]. For this

. 'kmd of an mteractlon mcommg protons of energres in the range of 100 MeV to 1000

7'_MeV are needed [Jac66] An example of such a reaction is the “Ca(“ﬁ’ pa). In this case
. a proton knocks an alpha pa.rtlcle out of the 4°Ca nucleus to produce the reﬂdual target

WAL

- 1,3 Knocko'ut 'Reac'tlon_s "

'Cluster knockout depends on the probabrhty of nucleons forrnmg clusters in a nucleus

L '. and a.lso on the momentum dJstrrbutmn of the clusters [Hod03] Ina study done by Brink |

L a.nd Castro [Bn’i’ 3] it was found that the nucleons concentrate mto « particles when the '

o ' denmty falls to about a third of the central nuclear densn,y, thus it was suggested that in -

: the reglon of the nuclear surfa.ce the forrnatlon of a partlcles is favoured

The (_’, pa) quas1-ﬁ'ee scattermg reaction at energies between 100 MeV and 296 Me‘Jr .
7_: has been used to extensrvely study the alpha cluster structure of the ground state wave
= functlon of light nuclei such as L 7L' gBe and 120 [Roo'?’? Nad80, Wan85, Nadsg,
o YosQS] Theoretmal calculatrons and expemnental energy sharing cross-sectlon data. from
i these studles Were in good agreement and it Was therefore concluded that the reaction is

o 'la.rgely a quasr—free process

o In ge_neral e more stnngent test of the ree.ction dynamrcs is the ebility to 'reprodnce'the

e -:.-":;- spin _trensler'observable a.naly_zing powers (A,). Due to the well known spin dependence -

= -~ of the nuclear reaction. betWeen the proton projectile and t]ie"tar'get the cross-section

. Wﬂl depend on the d1rect1on of spln of the mcrdent proton " This is characterized by .

o ;:'-_nthe so—called analyzmg power which is the ratio of the dlﬁ'erence in cross-section for the -

o --'--,-:prOJectrle protons polarized upwards and polanzed downwards dnnded by the sum of

- , :these cross—sect1ons It is. deﬁned as follows



ict—col . :
A= 1.3
) .EA"" pCT+CH’ (_ )
" where . .
. p= p—p S o (14).7.

pT (l) repr&;ents the degree of polanzatlon for- the upwards (downwa.rds) polarrzed beam,

*and C'1 (C'l) represents the total number of events per energy b1n for the proton beam

o . ._: N polanzed in the upwa.rds (downwards) drrectlon

Not a lot of da,ta. is ava.ﬁa.ble for a.nalyzmg power measurements of the (_p’, pa) reaction. _
'_ - In the study for the 9Be(p pa) réaction at 150 MeV, Wa.ng et al. [Wa.n85] stated that -
o the energy sharing analyzing power. drstnbutmn agrees reasonably Well with theoretical
| 3;'._caicu1atlons Also, Yoshimura et al. [YosQS] studled (7, pa) reaction at 206 MeV for

K “the: targete 6L1, 7L1 and 9Be and it was found that energy sha.rmg analyzing power

-:'_d:stnbutlons are reproduced fairly well. Thase two studree showed that there is little input

." 3 from multlstep proceeses and they conﬁrmed that the reactron isa quam—free procoes

Only cross sectron data is ava,rlable on the 1nvest1gat10n of alpha pa.rtlcle clustenng in

. heavrer nuclei by mea.ns of proton mduced quasi-free cluster knockout. A Tange ‘of target

nucler heavrer than 12C namely 150, 20Ne 24Mg; 88, 328 4°Ca 48Tl 54Fe and 66Zn were

i used to mvestrga.te the ground state (p, pa) rea.ctron at qum-free kmernatlcs by Carey et

i _ 'al [Ca.r84] For this study theoretlcal calculatlons agree fa.lrly well with’ the expenmental

0 energy sharmg cross sectmn dlstnbutlons

: If the quam—ﬁee knockout rea.ctlon mecha.nrsrn repreeents a good appro:omatron of the

- _.__rea.ctlon the analyz:tng power at-the quasr—free pornt should correspond to free p-a elastic
scattenng data.  Wang et al [Wan85] showed that the analyzmg power distributions of
the 9Be(p pa)SHe cluster knockout reactron at 150 MeV are quahtatrveiy in agreement :

o 8 _Wlth free p—a eIastlc scattermg results Thls is shown in Flg (1. 1)

. a.(__id_rtron to the above mentioned e’xcluswe measurements, mclusive (7, @) mea-

e ;s:urements Where'_orﬂy' the o particle is deteeted' can ‘also be used as a different way of




_ mthlgatmg clustenng phenomenon Inclusive (7, a) measurements are discussed in the

next sectlon

: o ~ ;gmm
bor . . Som owey Energy
B o\ - Clilgtion o
osk S Y
ﬁg,Gi— o
SR -2

: Flgure 1 1 9Be(p, pa )5He analyzmg power da.ta at the quasz-free peak (tnangles) as ¢

' functton of the two-body center o_f mass p—a scattenng angle for an mczdent proton beam

B -of 150 MeV [ Wan85] The cm:les mpresent Ag summed over the full energy sharing

_ _dtstnbutmn The curve represents free p—a data. This ﬁgure was taken Jrom Wang et
ol [Wan85] ' ' S

14 '-.Inclusivé'(p,a)'fMé:iSurements '

~Inan iuchxsivé a pa.rticle measurement the meé.éured o particles originate from different

_ nuclear reactlons Unlike in an exclusive measurement where a lot of possible reactions

s are excluded because of the dESIgﬂ. of the expenmental setup, in an mcluswe measurement



- all 'pos'sibl'e' a particle energies and different o reactions are included. An example of an

S 'e}rclusive'rneaeurement is where an experiment is set up to look at coincident protons and.

L pa:rtleles when nsing an mc1dent proton beam, whereby reactions such as e.g. (p, ad),
- (p, 2a) and (p, at) are automatrcally excluded In this measurement the expenment looks

' _' excl_uswely at those reactions that cause protons and a partlcles to emerge from the target

at the same time. -

Nevertheless Jncluswe (7,0 measurements can be used to mvestrgate o clustering, It
_ IIS however Important to measure the analymng power a.nd not cross section only because
__ studles of the mcluswe 5"31\11(?’ a) done by Bonetti et al. [B0n89] showed clea.rly that the - -

_ eross seetlous alone are not sensmve to the reactron dyna_xmes as are analyzing power
- distributions. - .- |

Analyzmg power emission’ energy dlStﬂbllthﬂS for the mcluswe (Tz’, oz) reactions on

o _. %Co at an mc1dent energy of 100 MeV were mvestlgated by Cowley et a.l [COWOQ] The

R focus was on the extent to whrch the first step du:ect knockout determmes the emission of

i a pa.rtrcles 'The DWIA (D1storted Wave Tmpulse Apprommatlon) was ‘used to evaluate
o ,the results ﬁ'om a Srmple o cluster knockout model. The results were compared Wlth the

“(p 3He) reaction on E'9(30 at an mmdent energy of 100 MeV. It was concluded that a one

= » st_ep _mecha.msm dominates the emission of « particles for small energy transfers. It was

o also found that the single step mechanism appears to persist to higher excitations of the

- reﬁidual sjfstem for_the (p a) reaetion than was found for (p,*He) case:. -

On the other hand Renshaw et al. [Rengl] found that the a.na.lyzmg powers for mas‘s

L _fragments emltted n mcluswe measurements of protons from ™tAg at 200 MeV are

' consrstent mth zero T}ns d1d not gwe ewdence for a s1gnlﬁcant oontnbutlon from eluster_

e knockout



1.5 Alm of this_Exper_imeut'

“ This reseaxeh project Pr96a by [Nev04] mvestigated the analyzing power of the .4°Ca.("ff_', pa)
: :rea.ction at 100 MeV for different eoplana: quasi-free angle pairs (i.e. angle pairs at which
o knockout of alpha. partlcles at rest in the target nucleus is kmematmally accessible). The

e ,reglon of interest . is md1cated in F1g (1.2). The datapomts indicated repr&sent free pa

' -elast1c sea.ttenng data at 100 MeV [Nad83] as a functlon of the o center of mass scat- _
: termg angle. The choice of ©°Ca as a target is based on Fig. (1) of Ref. [Car84], which -
: suggests that for the heawer targets the probabxhty of alpha. cluster forma,tlon is at a

: ma.xxmum for ta.rget mass around 40.:

- The focus of this project is on. SOme pa.rticu_lair aspects of the data éo]lection and -

'analys1s na.mely the mvestlgatlon of the mcluswe 40(3&(?,01) measurement. Inclusive

o ','_':49(33( P, a) analyzmg powers are calculated from the a singles data. o clustermg is also .

h mthlga.ted in this study, since analyzmg power data. from the measurement and knockout
 caleulations can be used to comment on the ex:stence of an o particle cluster inside the

0Ca, nucleus :

A very importaut aspeet' of the 'da,ta 'a,nalysis' is to. ensure that the qualjty of the
) da.ta for each weekend is sufﬁment and that the results from the various datasets can

o _ be added together ‘without compnsmg the quahty of the final comeldence data. The _

= _ : "'_determma.tlon of the mcluswe ‘wCa(? a) analyzmg power for each data. set is crucial - -

| to attain tllIS goal as the cross section for thJs measmement is much hlgher than the

R --_4003(? pa) measurement cross section. Thls is_because exclusive measurements are

i very . selectlve a,bout mteractmns a.nd spemﬁc kmematms are involved, whlch reﬁult in

- tlower statlstlcs In the expenment it was found that a few commdence reactions (=300

: com(ndences per Weekend) take place while the detectors detect thousa.nds of part1cl% per

S seoond Therefore smgles or mcluswe (p o) micasurements are often used for exclusive

R fmeasurement’s data quallty eheck Smee the cross sectxou of mcluswe measurements is

'much thher than that of the exclusne measurement, compa.nng datasets of d]ffereut runs

"._;: ‘. a.nd scattenng angles on a da.y—to—day bams is only practlcal Wlth the mcluswe data.

;7
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‘:_ The ﬁlled cm:les mpresent the mnge of the center of m.ass r.mgles that 'wzll be covered

: rby thzs cmd subsequent studzes of the 4“OC'a(p,pc:u) reactzon, The error bars denate the
i ea,pected statzstacal e'n"or of the measuremen.t ‘The mdzcated Ay mlue of zero is of course

" ) _of no. s:gmﬁcance and must be expemmentally determmed Thzs ﬁgu‘re 15 taken fmm :



' The Experiment and Data Analysis

21 'Or'rer'v_iew,

- The expenment PRQﬁa was perforrned at rThemba. LABS in the K600 magnetrc spec-

L ~trometer. expenmental area. Data Was a.cqmred over a penod of five Weekends between

: '23 Jrﬂy and 23 August 2004

The (T)’ pa) reactlon conmsts of a three body ﬁna.l state This. final state can be

PN determmed using momentum a.nd energy oonservatlon by measunng the kmetrc energies

o - and the angles of the outgomg pa.rtlcles at a known meldent energy. Two detector sys-

- tems a silicon detector telescope and the K600 ma.gnetlc spectrometer were used in this

experunent The nuclea.r mtera.ctron is spin dependent and by polanzmg the beam into-

o : two spin states one can get a.ddltmnal mformatlon out of the reaction. The proton beam’

. was therefore pola.rlzed to ellow the measurement of the a.nalymng power

In thls chapter the expenmenta.l SEt-up and a.nalysw procedures are discussed. Infor-

:matlon on the proton beam is given, fo]lowed by a description of the scattering chamber.

The deteetors a.nd the targets that were: used durmg the experlment and the electron-

S __1c.<s reqmred for 51gna.l processing are deecnbed Data. acqmsrtlon and computer software

S __5._for da.ta. handlmg are explamed and the. expenmental procedure and the data analysrs _

e | '.._procedure are d1scussed Lastly the error a.nalyms is dlscussed




P 22 The p"mt'on Beam

N 1Themba LABS has two sohd~pole 111_]8{31’,01' cyclotrons namely the SPCl (Sohd Pole Cy-

E 5 'clotron) Whlch is used for the first stage acceleratxon of hght—;ons and the SPC2, which

. is used for the ﬁIst stage a.cceleratlen of the hea.vy ions and polanzed proton beams. A

" polarized i ion source is used to produce the polanzed proton beam. The SSC (Separated

. Sector Cyclotron) vnth its four sector magnets is used to accelerate mns to the final en- '

B ergy For this expenment the beam was steered from the SSC aleng the X, P1, P2 and

s S hnes to the ‘spectrometer vault. An evemew of the fa.mhty is given in Flg (2 1). This

= expenment used 2.100 MeV polanzed preton beam, thus SPC2 was used

- ';"::-_-Spm 1 / 2 pa.rtxeles can be descnbed in terms of spin pre_]ectron a.long the quantrza.tmn axis.

i - When the spm prejectlons of part:cles in 2 beam of particles are all ahgued the beam is -

";=_sa1d to be fuﬂy pola.nzed ‘The polanzatrou degree of the beam refers to the fraction of -
i .the paxtlelee with the desxred ahgnment “The preton bea.m was polamed perpendlcular
' “ _mth respect to the scattermg plane. The beam was automatlcally cycled between spm

up and spin down enentatmns every 10 seeonds

e -Bea.m' polarizatiou is measured using 5s'e'attering from tergets'.with a known value for '

o __the a.ualyzmg power- (Ay) At 1Themba LABS it can be determmed in either the low

o energy po}anmeter between SPC2 and the SSC (K hne) or the hlgh energy polarimeter

i m the P-ime To determme the beam pola.nza.tron a2 e target was used at the K-line

and a. CH; target was used at the P 1me The P hne pola,nmeter is routmely used to

S determme beam polanzatlou dunng the expemment the the K-line i is used to eptumze

.".'the degree ef polanzatlon pnor to the expenmental runs. Polamatlon was determined -

10




{ Run-or | 04%) | o* (%)
127-140 | 87.7 | 742
200237 | 80.6 | s02 |
219237 | 864 | 767
31032 | 837 | 739
7l assass _-86 3| 609
400439 | 83. 0| M1

Y Tuble 2. 1' 'szn.down. and spm-up beam average polanzatzon measurements for

- PR96a [Nev05/. Run-nr mpresents the run number to whzch the polanzatton values are

o appltcable

, ) _. B

| 'Where- :
S : L‘ Rt
R = AR
. where S SR
TR | —RL i
el _ Li —l—Ri (24)

e L j:where Lm) and Ri(T} represent the amount of the events regrstered in the left and right de-

_itector assoelated with the downwa.rd (upward) beam poIa.nzatron respectwely. Averaged

e polanzatlon values for spm—up and SplIl-—dOWIl are summanzed in Table (2. 1)

-_ :'2—.3 :-.-,:’;S_catt_ering Chémberi} v

B A scattermg chamber is an’ enclosed spar:e Where the reaction’ takes place The K600 ) '
‘K._sca.ttenn,g chamber has a smgle rotatabIe ta.ble onto Whl(:h a brass colhmator a.nd the

- | : Sr-telescope is boIted The ta.rget Ia.dder can hold Six ta.rgets a.nd can be dnven vertlcally

‘so that a.ny of the targets can be placed in front of the beam It can also be rotated to

e dlﬁ'erent a.ngles Wlth respect to the beam

In the 31de of the cha.mber there 1s one port wh:ch was used as a mndow to enable




Figure 2..1: La'you.t of the facifities af'ifﬁemb& I}AIBS. :

'the camera to view the pomtlon of the target 'I'hws is reqmred for the beam a.hgnment '

B '-:'iprocedure The scattenng cha.mber was kept at a very low pressure (10 -3 mber)
o 24 Detéétdr's

i Three sz]rcon detectors of drfferent thrcknesses were used to make up the Si detector
: telescope Whlch was used to detect o part1cles The protons were detected usmg the

e e K600 magnetlc spectrometer Whlch wae on the opposrte side of the beam from the Si
.'_j-'* detectors Smce this thes15 only concerns the ("jj’ a) mteractlon the rest of the discussion"

| Wﬂl focus on the alpha. partche detector

_ The 81 detectors used in thls experrment are surfaee bamer detectors These detectors
. 1 rely on the ]unctron formed between the n-type sﬂrcon sermconductor with gold. These

B .'-:f;matenajs ha,ve dﬁerent Fermi 1eve1’s therefore a contact emf arises when the two are put

X 'together A lowermg of the band levels in the semiconductor is therefore caused. By

'applymg a reverse blas, a depletlon zone that exl:ends entrre]y mt;o the semiconductor is

SR formed a.nd the entlre volume is thus eﬁectwe as a charged partlcle radiation detector.




B 2.4.1 Si"-TSiESCDﬁ)B LT

| As mentloned above the 81 detector telescope consmted of three detectors the detector

_ : - closest to the ta,rget the so~ca]]ed AE detector was 94. 8 pm t}:uck The nuddle detector,

o referred to as the E detector, was 2027 jrm thlck “The last detector, a]so called the veto .' |
& 'detector was 1022 pm thlck. This is shown i in Fig. (2 5) These detectors were in the

o :.j ' vacuum exmronment of the seattermg chamber '

The thu:kness of the ﬁrst two S1 detectors Was chosen to allow the o partzcles to easxly '

' : pass thmugh the thin ﬁrst detector and stop in the second, thicker detector. The AE -

i _' detector was then used to measure the energy loss of the particle as i, passes through,

ol a.nd the B detector was used for the measurement of the energy of a particle that comes

o :'. to rest mmde this detector By combmmg the mformatlon of these two detectors particle
e : 1dent1ﬁcat10n can be aehleved as dﬁferent tjyp&s of cha.rged pa.rtlclas have different AE-E _
e cha—.ractenstlcs This can be Seen in. Flg (2 7, Wlneh is a two dunensmnal plot of the -

: pulse helght mformatmn fmm the AE and the Edetectors The televa.nt particles are '

L mdlcated in the ﬁgure

The veto detector Was used for d;scaxdmg paIthlES that are 1101; needed in the experi- =

e .'f_ment and in tlns ease those pa.rtlcles are lngh energy protons In this Way, When the veto
B detector reglsters a SIgnal, the data assoclated Wlth tha,t SIgnal ca;n be removed from the '

”subsequent analysm Thls is done because in t}ns expenment we are only mterested in

S .. detectmg o’s in the Si detector teiescope and not t;he protons :

: A brass colhmator Was mounted m front of the sxhcon detector of the telescope T
o ,. was used to deﬁne the sohd angle subtended by the detectors - The solid angle Q0 of the

i '.'sﬂmon detector telescope was calculated as follows

Sohdangle(Q) (wrz)/dz _(2.5) |

: o -where 7is the radms of the eoﬂ1mator and d is the dlstance from the target to the back

e 'of the eolhmator The AE—E detector telescope subtended a solid angle of 2.85 msr.

The colh_mator needs to. be thick enough so that a 100 MeV proton from a.ny other




. Bloch approxama,tlon to calculate energy Joss of & partlcle as it traverses ma.tter The

' _ a.ngle cammt pass through To’ determme the appropnate thickness of a colhmator energy .
71053 ca.lcuIatmns were done w1th ‘the computer program ca]led ELOSS Tt uses the Bethe-

L parameters of mterest are the type of incident partmle and its incident energy, the type .
o of target a.nd dens1ty and the thickness of the target. The minimum reqmred thickness '
of a colllmator was determmed to be 1. 4 cm, the a.ctual thlckn&;s of the collimator used

'-.'Imthlsexpenmentwas21cm L

- E=134352076D—02 #Ch6.962975540—03

140 3 280 420 560
Chonnel number

S .Flgure 2 2: Calzbmtzon spectmm for the AFE detector .

'::__.14 e
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. E=152928488D—02 *Ch—1.39410744D—02

Chennel number

Figure 2, 3 Calzbmtzon spectmm for the E detector

S 2;4.2' ""S'i-Detectol_‘ _Calib'ration o e

L ' A 228Th SOUICE Was used to cahbrate the E and AE detectors The source ermts o partlcles

: Iowest energy are from’ 22‘5”T}:1 and the other peaks are s from the daughter niclei. This can
be seen on Flg (2 4} Pulse helght mforma,tlou was obtamed for th&se detectors ‘and the

:'::"_._ '--peaks seen were easﬂy 1dent1ﬁed from the kuown o energy spectrum Using these different

700

L at energlee ra.ngmg between 534 MeV and 8.78 MeV Where the ﬁrst two peaks from the

a energles aud the ehaunel numbers of the raw pulse helght spectra obta.med with the

- XSY S (Sectmn 2.7 for more on XSYS) analysm software a linear fit was performed with a -

S i program caHed PHY. SICA The slopes and ofEsets were determmed for the detectors, and

Cn
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" Figure .2.'4': .'mTh sp'ectmm_ﬁ)ith'the following enérgies from the lowest energies to the
o '.—_highést‘enwgies 15.34054 MeV, 542333 MeV, 5. 658856 MeV, 6.05098 MeV, 6.22829 -
ey MeV, 6.7785 MeV and 8.78437 MeV where the ﬁrst two peak.s fmm the left are from .~ -
o mTh and the others are daughter n'u,clez N

o : 'r_they_were as follows. For'the E—detec'tor'_'g.'f .
2 .E(MeV)_ = 1.520 x 102 x channel n6. — 1.39 x 1072~ (26)
s ':For the AE detector L

E(MeV) =1 343 x 1072 cha.n.nel no. +6 96 10—3 SRR %

SR Th151s ehOWﬁ in Figs. (2._2_) :aﬁd (2.3)_respeetively. B




. 243 Si-Detector Energy Resolution

..'-'Det'ec'tor energy' resolution was measured m terms of the full 'Width at half maximum
j (FWHM) of the fulI energy peak of the 22“-"'}T‘h (8 78437 MeV pea.k) -The better the
; energy resolutron the better a detector w111 be abIe to. drstmgursh between two peaks

close i energy The thrcker the detector the better the reeolutron because it is- not-

e . senmtwe to eIectromc nmse For the AE deteetor the o energy resolutlon was _' :

L -—meWHM_1343x10—2x15 20145><10~1 MeV - (28)
N For the E detector o energy resolutron Was

i =m x FWHM__'z'_ 1.544_:&:’10? x _4_:'_=‘ 61x102MeV. (29

.2_4._4 . Detector_'PIacement_ o

o The a.ngle parrs for the pos1t10nrng of the Sr detector tel%cope a.nd the K600 magnetic

.T:”_"_'_:'spectrometer were chosen S0 that the remdual undetected nucleus in the com(ndence'

L -measurement is left w1th Zero, or sma]l recoil momentum The calculatlon to determine

S -the angles is done- mth a computer program called KINMAT This program ca.lculates '

_two partrcle kmematlcs for partlcl&s that travel at’ relatwrstlc Speeds KINMAT is used

R to apprmﬂme.te the three—partlcle system of knockout a,t zero recoil momentum by takmg

2 the Q—value of the knockout: reactron mto eonmdera,tlon For the "‘DCa.( 7, pa) reactlon'

_'the Q-value is -T. 04 Mev and it is calculated as follows:

B= 9315x(Mca (Mot Mp) -~ (210)

o ;. where 931 Di is the energy rnass eqmvalence of a proton and MGa: M, and M, respectwely -

e :—_'::_.repr&sent the mass of 4°Ca an o particle and the r%ldual 36Ar nueler The Q-value is -

SR (59 10 51 50) 70° -45 56) &Ild (810 40 120)

o l&?.s than zero because the reactron has certam thre‘shold energy, and some of the kinetic - - o

: jenerg;y of the mcrdent protons is requlred to emit the a pa.rtzcle

Comcrdence proton alpha energy spectra were measured at the angle pairs (6,0} =




Si Detector Telescope

Target Ladder Collimator

Figure 2.5: The ezperimental setup of the Si detector telescope inside the scattering cham-
ber. The target ladder, the brass collimator block as well as the three Si detectors can be
seen in this picture.

2.5 Targets

Two different targets with different thicknesses, a 2.38 mg-cm™2 thick **Ca target and a
2.65 mg-cm 2 thick *°Ca target, were used in the experiment. Calcium targets should
be handled with care and they must be kept in vacuum. In contact with air, calcium

oxidizes very quickly. Two targets were used because we wanted to improve the target.

Other targets found on the target ladder include a ruby target, which was used for
tuning a finely focused beam spot at the central position. An empty target frame was

used to check the background or beam halo.

18



281 'Caicium Target Thickhess -

" 'The target tluckness (m mass per unit area.) can be. roughly estlmated by welghlng the

" target and measuring 1ts surface area. A more precise measure of the *°Ca thickness was

s . obtamed by measuring the energy loss by alpha particles from the 2*Th source as they

passed thr_ough_ the target._ From the measured energy loss of the alpha particles in the

: __Calcium target the thickness was calculated

The energy of the @ partlclee was also measured when the partlcles from the 22Th

‘_source moved to the detectors Wlthout passing through auy target The spectrum found

o '-rs shown in Flg (24). A Spectrum found When the part1clos moved through the target

o Was totally different from the one wlnch was expected because this spectrum had many -
/pea.ks and one of the peaks showed tha.t the o pa.rtlcles d1d not loose energy. Thus, it - ‘

: was concluded that the target has sma]l hoIes ~The ta.rget was also wsually inspected and

e it was seen that. 1t has sma.ll holes

 Tis usually assumed that the thlck:ness of a target is uniform and in an experiment

L the proton beam is focussed aud steered to h1t the target at the center In view of the

._ ) fa.ct that there are smaH holes in the targets consequeutly the thickness of a target is
: not umform T}us non—umfornnty of the target results from the target manufacturmg
process The number of measured parficles depend amongst other things, on the target

E ‘thickness. Thus because target thlckness chauges the number of particles measured a.Iso

' cha:nges The hole problem caused us to use a second 4"Ca ta.rget because we wanted to.

N lmprove the ta.rget by makmg 1t Wlth fewer holes

L 1ThembaLABS utih'zes N]M (Nuclear Tnstrumment Module) and CAMAC (Computer Au-

' tomated Measurement a.nd Control) fast electromc hardware to process the tunmg and*

o energy 31gna]s from the detectors The electromcs chagram for both tnmng and energy
L elgnals is shown on F1g (2 6) ' ' '

-1.9



261 ‘Timing Signals

i The mgnals from each of the three Sr—detectors were processed by pre-emphﬁers where
the signal strength was mereased The trmmg s1gnals of the pre-amplifier were driven

o to the TFA (Tumng Filter Amplrﬁer), where they were amphﬁed and sha.ped for further .

e _prccessmg The signals Were then procaased by the CFD (Constant Fraction Discrimina-

R " tor) unit. Here logrc mgna]s were generated at a constant fraction of the peak height of o

o ~ the input signal to produce an essentla}]y walk free tlmmg signal. Signals from the CFD
i - were further processed by a delay box. Thrs box provrded adj ustable delays W]:uch allows

- a Iengthenmg or shortenmg of the electrlca.l pa.ths in a c1rcu1t stnce it had to be assured

that the electrical pa.ths along which two comcrdent srgnals tre.vel to the comcrdence unit

. are equal.

The si_g;uals were then 'processed by a logic unit which acts as an' AND gate. This - |

B -, 'is"t_v.here the coincidence of B and AE signals can be determined. A logic output signal _
s produced if E and AE sigusls aré in- com'cidence' and 1o signal is produced if the

e coincidence"conditiOn is' false. . All events Where the veto detector saw a high energy

- proton and. the events where a partrcle tnggered only the E detector and not the AE .

e _detector were 1gn0red The pu]ses were finally tra.nsferred to the scalers pattern register

: o "_and event tngger CAMAC units. A schematlc dragram of the electromcs is glven in
S Fig. 2 6). | | | |

o :2.6._2' En_ergy- Signals

Eﬁérg signals re'pr&;ent"cne of the two types 'of signals which are generated in the pream-
o phﬁers It gives accurate mformatlon a.bout the a.mphtude of the signals and thus the

e .'energy of the partrcl% . :' - f ] e

The mgnals Erom the AE detector E detector and veto detector wete processed by

3}._ dlﬁerent pre—amphﬁers where they were amphﬁed and then processed by a spectroscopy

E '.; amphﬁer Where they Were amphﬁed and shaped to allow pulse helght determination. They

e . were. further processed by delajy a.mphﬁer a.nd then by Imear gate and stretcher (LGS)

20.:



- Flgure 2.6: NIM—electramcs _for f.z'ming'&.éig;nals_and energy ..é'ignals. s

| Where the linear gate _fimctidns as a pulse signal switch which allows Tinear signals at its
" input to passthrough only if there is é_ia.nother coincidence signal present; otherwise the

: SIgﬂal is blocked Thé?tfetcher isa pulse shaping module which prolongs the duration of

. 21




- Run | Computer - | Electronic | Totsl time
number | dead time % | dead time % | (hours) -
127-134 | - 534 782 | 818
209214 | 656 "-;‘S.?b | 943
C|measr| osa2 | o740 | 1093
lswaw| oass | o812 | 2:a
|328337| '2'-82'; | 828 | 1608
400438] 319 | 661 | 4585

Lo Table 2 2 Welghted—a.verages of the computer dead time a.nd the electromc dead tlme |
_and the tota.l run time., : , . :

e an a;ua.log srgna.l at its peak value The mgua.ls were then transferred to the a.ualog to dlg_ .:. .

ital oouverter (ADC) where the analog 31gua.l amphtude was dlgltxzed This mformataon -

S VWEIS theu transferred to the CAMAC system

. 2_.6.3 | Deed'TimeMeasuremeht o

,. The main correctlous to the measured number of cou_uts come from data a.cqu.lsrtlon dea.d D

e B tlmes a.ud meﬂicrenel% in the tngger hardware n the PI'OC%S of data ha.ndhug by the

o _'da.ta acqmsmon system acceptance of a.dd1t10nal data becomes mpossrble as a result of o

| E the busy state of the system. T.h.lS process 1s ca]led computer dead time. Computer dead o
L tlme was measured usmg a pulser and two CAMAC scalers. One CAMAC scaler was'

- mhlblted by a computer busy 31gnal and the other was um.ulublted aud they are referred

g to as pulser mlnblt ed an d pu]ser umn}ublted respectwely Computer dead time can be" ..;
ik calculated uslllg the ratm between the pulser mhlblted and the pulser “mﬂblblted values

Eleetromc dead trme is caused wheu trrggers a.re missed because the tngger hardware._

i _jls busy When an event that should generate a trlgger comes in. When a Iogrc gate in the

'tngger is a.ctlva.ted the output srgnal stays h_lgh for a fixed tlme If auother event tnes _

to actwate the ga.te in tha.t tu:ue it is 1g;noted Electrome dead time was caleulated usmg

:the ratio between the mlubrted pulser sca.ler and the pulser peak counts observed in a




o pulser Spectrum_

Each of the pre—amphﬁers of the detectors was provxded mth a pulser mgna.l which

) '_ is of the same ongm as the pulser i m the computer dead time. The rate of each pulser '

AR was proportlonal to the bea.m current These pulser mgnals then move from the detector o

‘pr&a.mphﬁers to the trigger ha.rdware in the same man.ner as the s:gna.ls representmg

. measured part;cles doa: By knomng how many pulser signals were sent to the detecters

and by ]momng how many made it through the tngger hardware the electronic dead

i | time of the tngger ha;rdware can be determined. The scaler contains the information of

S how many pulsers were sent to the detectors. The. puIser spectmm in the computer tells

. _ :us how many pulser 51gna.ls made it through the “trigger ha:dware Typlcal computer |

L i dea.d time.values are between 2 % to 5% and typmal electromc dead time value is ~10%. o

| .'_:The welghted va.lues of the computer dead tlme and the electromc dead time are listed

Som Table (2 2)

. The beam current_is deten_h'_ine_d-.at ‘the beam St(_)p; The total 'charge carried by the

.. particles . was determined by integration of the current using a current integrator. -

i 27 'Da‘_ta ”Acqaisitionf‘..‘!is‘_ s

e : CAMAC and N]M eleetromc hardwa:e were used to process energy and tlmmg mgnals :

-from the. E detector a.nd AE detector VME (Versa ‘Module Eurocard) served as an :

B mterface between the VAX data. a.cqu.lSItlon computer. and a CAMAC system. Data is e

e _handled by XSYS a.nalysm software XSY8 aualyszs software runs two ﬁles the COM and

R EVAL files. The COM and EVAL ﬁles used were ppa—ma.nus—updw com and ppa-manus—'

e '_'updw evl respectlvely The EVAL ﬁle uses data areas created in the COM file to sort and

E - anaiyze the raw data from the buffers The COM ﬁle defmes all the data areas for all the N

W ‘hlstograms to be stored mcludmg the data areas fm: the getes

g3




| 28 : ,'.Experirne.htal Procedu_re

ol The electrom(s was put in place the target ladder was placed mrnde the scattermg cham- '_

o ber and the scattenng chamber was pumped down to the reqmred vacuum.

The 100 MeV proton beam was pos1t10ned at the center of the target. Tlus was done.

L using the scmtlllatrng prOpertres of the ruby target A wdeo camera which was placed on

. one of the ports of the scattermg chamber was used to view the mby target.

Beam halo was mlmmrzed w1th the u nse of an empty target by tumng the proton beam

S until the count rate of the detectors reached a minimum. The beam was considered

- ..adequate if the count’ rate w1th the empty target is less 5 percent of the value obtamed

when there rs a target

The 4"Ca target was' placed 111 the beam Data acquls1t10n was then started Typical - :

" - ru:ns lasted for two hours or one hour mterrupted by P-line polanzatlon rneasurement_

runs Typlcal bea.m current Was 30 IlA

o : -_The data analys1s was performed mth a Vaxstatron 4000 workstatlon usmg the XSYS. S

analyms software A Partlcle Identlﬁcatlon (PID) spectrum was generated and then the a

B partlcles were selected usmg the AE—E techmque The Mass Flmctron was aIso generated -

and the gate was set around the o pa.rtlcle loc1 The pu]se herght mformatlon for the o

o partlcles Was extracted and cahbrated for’ all the various datasets of the different Weekends

R '_These ceunts were then converted into the analyzmg power

i ':2,911'}-‘-si._Telés'capt Particle"l_dentiﬁcation'*___' -

e P artrcle 1dent1ﬁcatron was ach1eved by combmmg the mformatmn from the B detector

L and AE detector Dlﬁ'erent types of charged partlcles have cllﬁerent AE-E characterlstlcs

el 'and dxﬁ'erent loci as shown on Fig (2 7) Accordmg to what is seen on the figure, protons

T seem te loose less energy in the AE detector than alpha particles of the saine kinetic e

.




energy T]ZIJS is beea.use a.ccordmg to the Bethe—Bloch appro:nmatlon of energy lossofa
: Partlcie as 1t traversas miatter, energy !oss is proportlonal to the a.ton:nc number of the

o partlcle and mversely proportronal to 1ts Speed

where

e 'Conmder the fa.ct that for a proton Z IS 1 Whﬂe Z of an alpha pa.rtrcle is 2 and that Bof

S .a proton rs greater tha.n that of a.n a partlcle Wrth the same kmetrc energy It is obvmus

o . "that the heemer alpha partlcle undergo%‘ a much grea.ter energy loss tha.n the proton

i -f_j_calculatedasfouows

L The mass functron was used to lmprove the separatlon between d.uFferent partlcl&.‘. 50
- '_..that we eould cIearIy dlstmgmsh between « pe,rtlcles a.nd 3He The mass functlon was :

. Where EAE is the energy of AE detector EE is the energy of E detector, a:nd ¢ and .

o d are constants The separatron was 1mproved by changing c a.nd d until dlfferent loci

ﬁ (v/c) (2'12)___ "

: "were clearly seen,” The valuee for c and d wlnch gave a good separa,tlon were found to -

' ;;be L 7 and 4, 0 respectrvely Alpha pa.rtlclee were selected by settmg a gate around the S

o a.ppropnate Iocus 011 the mass flmctlon The gate was put on the mass functlon and not

- _- on the PID because the mass functlon isa stralght line a.nd there isa clea.r sepa.ratlon o

SR _between d1ﬁerent partu:le loci Whﬂe the PID shape is comphcated a.nd the partleles are'
B not cIearly separated ThJs is shown on Frg (2 8) '

_ 292 ' Analyzmg PqWer 'Celc':ul'ation'_ L

= _ : The two bottom Spectra shown in Flg 2. 9 are based on raw, non eahbrated data Where o

e _{ Kthere is a spectrum from AE detector a:ﬂd E detector on the left and rlght respectively.

. ;The data is a combmed count of protons a4 pa.rtlcles a.nd Other particles. o partlc]es were

| f. ':then selected on both spectra Theee two spectra. were cahbra.ted ‘and added together

: :'-'and the end reﬁult was & cahbrated energy spectrum (the spectrum on top) whrch has ¢ |
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.' Flgure 2 7. A typ'zcal two dzmenswnal plot of the puIse hezght mformatson fmm. the AE o

- 81 detector on the y aa:zs versus the pulse he:ght information from the E i detector on . |

. the z—a:ms ’ﬂze a Iocus is on top and the pmton Iocus 18 at. the bottom

§-.;"_' ; el pa.rtmles only 'I‘he reason there 15 a space ﬁ-om 7610 to 390 is because the low energy

[ . partxclas dld not tngger the second detector (E detector) because they stopped on the - EE

: . : ﬁrst detector (AE detector), So they were not mcluded on the data. The spectnml Was '
*:-dmdedmto chunks of 2 MeV bins. | |

The fo]lomng fon:nnla was used to calculate the analyzmg power_ o

C‘T—Ci




Rure 4 QFF 2-HMOV-200% 12:02

el

Sum=38727
4.5 =29,

"Fxgure 2 8 Gated Mass P&mctmn Ma.s's functzon on the y azis and eneryy on. the T aris.
" The gate is set around the a partzcles locus and there isa 3He Iocus at the bottom.

where Cf(l) repreﬁents the total number of events per energy bin for the proton beam
: polanzed in the upwards (downwards) directlon and p'(p') repr&;ents the degree of po— N
.'._lanza.tmn for the upwa.rds (downwards) pola.nzed beam

leferent measurements w1th d]fferent errors were combmed using a welghted mea.n_ ;

| method [LeoST] The welghted mean was calculated usmg the equatlon beIow

:»= 2w

| Where ,u s the welghted mean x, 1s the analyz:mg power and o; IS the statnst:cal error..

L The error.on the welghted mea.n a(p,) is gwen by
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L Flgure 29 Raw and calzbmted spectmms The two spectmms at the bottom are raw .

. spectrums from AE (spectmm on the left) and E detector (spectrum on the right). On .

s _both spectrums the top curve consists of both protons and a particles and the bottom cm'ue_
o conszsts of o partscles The spectmm on the top ig the cahbmted spectmm

..Tlns was done beca.use of the fact that ‘some measurements aré more preczse than oth- o
T : ers and should therefore be glven more Jmportance “This ‘was done by weighing these L
s ‘measurements in. pmportlon to theu' errors. 3 '

e The analyzmg power calculatlons usmg Eq. (2 14) Eq (2. 15) and’ Eq (2 16) Were '
i __ done mth computer soﬂ:ware called PLOTDATA using PLOTDATA (pcm) ﬁles namely

. ‘:; ap—wm pcm and ap—comb pcm, Wthh were plotted in PLOTDATA
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2 10 Error Analysm L

_-,.2 101 Systematlc Errors

Systematlc €rrors are uncertamne-s m the b1as of the data Theee eITOrS Imean that allr :

measu:ements ina set of data taken w1th the same instrument are shlfted in the same

L "';'dlrectlon by the same amount In this case th&se are the errors from the uncertamty in o

" the solid angle target th1c}mess energy cahbra.tlon degree of polanzatron and gateﬁ on: -

. '_"_the pa.rtrele 1dent1ﬁcat10n spectrum A

The analyzmg power is deﬁned in terms of ratlos of spm—up and spm—down cross— :

L .:::'sec’uons Eq (2 14) therefore systernatlc errors do not centnbute in the determmatlon of -

~the a.na.lyzmg power Thls is because theee vanabl% (sohd a.ngle ta.rget thlck_'nees) ca.ncel ' '_

o -:_:{However, a.n uneertamty m the determmatlon of the analyzmg power occurs because of -

e 7 _.;:'the uncerta_.mty_ln the degree of polarization of the melde_nt beam.

S '{"--zfsolid A'_n.gle-.ii;‘-- L

o The unoertamty of the sohd angle is due to the unoertamt:es n the dlstance between the

o ._target center and the colhmator and the radms of the colhma.tor “The uncerta.mty in the_. Cv T

L hole radms of a colhmater is ~ 0. 1 mm a.nd the dlstance between the target center a.nd :

_: f’_the co]hmator IS ~ 0 01 mm. The uncertamty of the solid angle 13 ~ 5%

S 's'i.'rel_eseépe Partiéle_ldentiﬁcatiOn

e There 13 e' possibi]ity that so'rne’ o pa.rticles rmght fa]l outside the ge.te 'Whjch-cauees a.n L

] uncertamty T]ns uncertamty is however small because the gate. was carefu]ly set and the

o '_ 5 alpha partlcles locr were sepa.reted from those of other: possuble particlés.

' _'I‘ar_-get'_"l‘hicknes's_.ﬁ'_' :.:.f o

'.The uncertamty in the thlcknfss IS blg, but 1t does not contrlbute on the analyzmg power:

) r%’ults because the analyzmg power is not dependent on the target thickness.:




L 'En.ergy Ca]ibrati(m o

. The uncerta.mty from the energy cahbratron does not have an eﬂ'ect on the analyzmg

R power values but only on the pOSItIOIl of the datapomts

i _Po'léri_zatior_i“:i ) L

7 o The uncerta.mty - the degree of polanzatlon has an nnpact on the a.nalyzmg power_ -
5 :'_ 'results T]:us ca.n be &stunated from the equatron [Car99] o |

aAg Ar £ 217)

o : The uneertamty of the polanzatmn Ap (up or down) is ~ 0. 02 %

Fa

2410-'2_ _, _StatiSfieél Errors g

o .In the results to be Ptesented in the next chapter the error baxs on the data. pomts rep-

s _'l‘%ent the stat1st1cal errors These are errors a.nsmg from the measurement of mherently S

o random process&s _'I’hey are most easﬂy seen m measurements of statrstlcal procasses

- such as radloa.ctlve decay a.nd proton—proton scattermg The sta.tlstlcal error m a eount- L

e mg expenment is the squa.re root, of the number of counts The statlstlcal error for the

B : a.nalymng power was ca.lcnlated by [Nevﬂl]

-tcr'+e;):';. (C’T .c.J) .

6 CT 12_,_01 - .
Ay (CTpl—;—Clpt) +(CTP1+Cl 1)4 ( P ) S ( )
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o __Chapter 3

o Theoretlcal backgrollnd

3 1 Introductlon

- ..The Dlstorted Wave Impulse Approxunatlon (DWIA) serves as a theoretlcal model to -
RE -__descn'be quasxf_ree knockout rea.ctwns at medmm energies [NevOl] ‘Heére the (7, pa)

S ’kuockout rea.ctlon is dnnded info three pa.rts ie.an mc1dent pro_;ectﬂe tha.t interacts mth_ |

- the nncleus, a nucleou—a mterax:tmn which results in the meldent _proton bemg scattered

: _'and an’ alpha pa.rtlcle bemg kuocked out a.nd the last one is the outgomg pa.rtlcles'

L B _Wavefunctlons Wthh e.re d.lstorted by the remdual uucleus

: The mtroductlon to the theory can be found in the theﬂs of Nevelmg [Nevﬂl] a.n.d m.

'...the rev1ew artlcl&s by Jacob and Mans [Jaeﬁﬁ] and Kltchmg et al. [K1t85] Nadasen et

Cal [Nad89] did mea.su.rements of the (p; pa) reaction on 9Be at 200 MeV and a.na.lyzed |
the data. m terms of the DW'IA 'I‘he results conﬁrm that the DWIA prowdeﬁ a good '

R descrlptlon of the gBe(P pa) reaetloll a.t 200 MeV

= .'3.'2 5 Tl_l__ef DWIA ’: - - .j ﬁ;

N In the DWIA theory the tane dlﬁ'erentlal cross SGCtIOl’l for the kuockout rea.ction A( 7, pa)B

. "'-'..{:-where the bound cluster has a tota.l angula.r momentum J a.nd an orbltal augulax momen- -

'tum L 1sexpressed as _E S

i d30 o R T
m _FKSLJdQ IHZI Co B

" ":‘:.';{Where Fe WIS & kmematlc term ma.de up Of energy, momentu.m and angl&i terms of the

C uutla.l a.nd ﬁnal partlcles in the lmockout reactmn and

dQ ’_"‘,"_--’
om

(32).




g is the tﬁo-hodjr' p _ 'rr cross .section t'hat' represents the tvéo-bodjr ‘int'erection-betWeen
D the pro;ectlle a.nd the bound a. SLJ is a cluster spectrosecopic factor that deﬁnes the

probab:lrty of cluster existence.  Eq. (3 1) represents a factorized form of DWIA Where |

. & lp—a Is. fa.ctored out A further approxunatlon was made by using expenmenta.l p-a '

. cross sections for Eq (3 2) mstea,d of two—body values “The term o

Z I Tg .  _. (33)

R referred to as the dlstorted momentmn (lJStl‘lbuthIl it conta.ms distorted wavefunctlons o B

L a.nd the hound state waveﬁmctlon of the o pa.rt1cle The quantrty Tﬁ is g;lven by

i = (éL+1)1/2'f X*)*(’”)Xp ’*(f) +’(':fr)><<.15,r,l(r)d'r C (3.4)'

e :_where x(“)*(r), - )*('r), x‘*’('rr) are dxstorted waves for the i mcommg and the ontgomg_ .-

o -partlcl&s ~yis the ra.tlo of the mass number of Ar to tha.t of Ca and ¢L A(r) is the bound :

e state Wavefunctlon of the a cluster n the target nucleus a is ‘the bound a pa.rtlcle, Lis

- : _complex potentral U(r)

B the orbital a.ngula.r momentum of a bound a A rs the pro;ectlon qua.ntum number of L -

ik B is the resniual nucleus and A is the ta.rget nucleus

In the optrcal model [KraST] the scattenng mteractlon is. represented in terms of a

U(r) V(?')-i-iW(r) : o

Where V(r) is the real part Wluc:h is rasponsfble for the elastlc sca.ttermg In other o

.WOl‘dS it desenbes the rea.l Interactron between the mc1dent pro;ectrle and the target. _. -

- W(r) is the Imagma.ry part whlch is responmble for the absorptlon 'I‘he bound o cluster

L - Wa,vefimctlon was aPprO}ﬂmated by an elgenfunctlon of a Wood-Sazxon potentlal well WIth

o e an elgenvalue tha.t IS the same as the separatlon energy of the a partlcle from the target -

L nucleu_g The pnnelpal quantum number of the cluster is found £rom the conservatlon of

iy :.-: oscﬂlator shell model que.nta




S [ [V [ e W 5% ]am
channel | (MeV) | (MeV) | (fm) | (fm) | (MeV) | (fm) | (fm) | (Em)
. | p+Ca| 1015 | 2364 | 1.21 | 077 | 666 | 1.46 0483 | 1.25
| w®ar| 650 | 3ses {12 )07 | 0 |0 | o |12
B +3‘='A: 205 |'151.01 | 196 | 0.767 | 14.24 | 1.60 0519' 130

L Table 3 1 Optzcal moa'el pammeters for®Ca. Note that entmnce channel (p + A) ==

e potentza! depths have been scaled by mB/ mu [Car84]

."3 3 Inclusrve Calculatlons S A

' '.'The analyzmg power for the %Ca(ﬁ,a) reaetlon in terms of a cluster knockout isex-

' e _"— .., pr—adﬂdeadE dQP \ S -
= . (36
E L Ay fdﬂpc&adEngP ( )
Cowheren Ll sl el e
dedﬂadE 67

L ' rs the cross sectron for the quam—free knockout, reaction "”Ca.(? pa)%AJ. a:ad A,,_a is the :

7 a.naiyzmg power for the elastlc scattermg of an incident proton Erom the a cluster.- The

'i._-'.:'_two-body a.nalyzmg power is approximated by the eXpenmeﬂtal Vﬂlﬂfﬁ for (p,*He) elastic.

scattermg, and the mtegratlon is performed over the unobserved protonr coordmat%

- ._repr&sented by- Q

The wavefunctlon of a quasr free scattered proton is calcula.ted mth only a rea.l optlcal

s potentral in erder to ta.ke mto consrderatlon the fact that the proton from the knockout

Cen prowss is not observed n the meluswe (? a) reactlon In'other Words the protons which

e were absorbed a.nd those Wlnch escaped from the lmockout process Wlthout undergomg.

' ﬁa.ny melastrc mtera.ctmn with the recoﬂmg nucleus are included in the calculatron for the

IR Waveflmcﬁron of the quam—free scattered Seconda.ry proton Table 3.1 8‘1"35 the optlca.l :

Tt model pa.rameters for 4°Ca.




. The central optical pOteﬁﬁal_to genera.te t_he'.diStOIted-W“es is given b&: E

i e (r)m“’ 1+ew: 1+e"+(1+e“')2 U"""'(r) L (3_8)-
o Where.'._'_ o T | :: _ D e S

L : g __--'3.__-1.0__41/3 C _ L

- and e, _ - :

The parameters used in Eq (3 8) Vis the strength of the real part of the central potentlal

s Wis the strength of the lmagmary part of the centra.l potent1a.l Wd is the strength of

: "f_._'the surface absorptlve part of the potentlal Um;(r) is the Coulomb POt&ﬂtlal due toa
B .Sphere of radlus Ram; =1 25 fin. AI/ 3 Tpis a parameter for the rad_lus of the real pa.rt

ey '-'of the central potentlal r{) is a pa.rameter for the radius of the unagmary part of the

L central potentral a 1s the real central dlﬂuseness pa.rarneter a is the lm.agmary central B

= :_dlffuseness pa.ra.meter and A 15 the atornlc mass of the recoﬂ nucleus

e 3.3.1 'i THZREEDEE .calculations o

¥ _:f.' The code THREEDEE is used for the calculatxons of knockout Cross sectlons deﬁned in
o -Eq (3 1) ‘I‘hese calcula.tlons are carned out for each angle and energy of the knocked out ’

L pa.rtrcle as a functmn of the m—plane as well as the out-of—plane angles of the scattered

L proton In order to calculate knockout cross sections three qua.nt1t1€s must be generated

L :_and they are the two—body scattermg amphtude the bound state wave functlon and the

P 'drstorted wave functlons for the i lncomnrg and the outgomg pa.rtrcles These calculatmns o

“are done by ﬁrstly creating input files and then code THREEDEE is run using these mpnt B

B ﬁ]es By runnmg THREEDEE we get & ﬁie w1th the 4°Ca(? pa) cross section results.

Incluswe 4°Ca( p a) a:nalyzmg power calculatlons are performed w1th softwa.re called -

S PHYSICA Where speaﬁc programs can be created In order to get the correspondmg' ﬁ

i ':".'two—bo dy an a.lyznlg power two—body LAB energy for final energy prascrlptlon ‘which is

S f_the relatlve energy Of the P a system 1n the ﬁnal state of the knockout reactlon and the

) =_--:'_-_eenter—of mass two—body scatterrng angIe are needed. T hese two vanables were read from




: a.n LST ﬁle (copa.p—ab—cd Ist Where ab. repreﬁents an angle a.nd cd represents the kmetlc. g
'-'_energy of a knocked out o pa.rtrcle) After decrdmg on the two variables mentioned above -
: the corr&ipondmg a.nalyzmg power was looked up ina data ﬁle However (p,*He) elastic

o -Scattermg da.ta. at 100 MeV - Q-valne (~ 92.96 MeV) is not available therefore interpola-
S tion between two known energles (85 MeV and 100 MeV) was performed The free (p 4He)

e 'elastlc scattenng ana.lyzmg power was multlphed by the ‘mCa(? pa) cross section as cal— o

- : .culated by THREEDEE and lastly the analyzing power for 4[’Ce( P, a) measurement was . -

o 5 - calculated by mtegratmg over the proton sohd angle as shown in Eq (3 6).




= .-':-:_Chapter 4

”_;.; .'_:'_Results

B _The results of the smgles measurements done at 100 MeV as Well as the theoretrcal
-.calcula.tlons are presented in tlus chapter Theoretlcal caiculatlons were performed w1th
Lo fthe computer progra.m TI-IREEDEE ' ' '

- o energles and srna]l negatwe a.nalymng powers at lugh a energles "The' zero ana.lyzmg'

4-';:-1? Ai_:aglyziﬁg -Pc;eer‘. :- o

_ l- ’I‘he plots of the a.na.lyzmg power versus o energy ‘are shown in the ﬁgures (4 1) to ( 4. 11) cL |
o Fzrstly the datapomts for eaeh Weekend are plotted Weekend 2 consrsts of one data. set o
- '-i'wluc:h was taken- at 51. 5" Weekend 3 conswts of two datasets that were ta.ken at two
; 7; -dJﬁ'ereut angles (51 5° émd 45 45") Weekend 4'also conmsts of two dlﬂ'erent datasets '
e e whlc:h were taken at two different a.ngles (45.45° émd 40.12°). Weekend 5 eonsrsts of one
data set Wthh was ta.ken at 93,—40 12°. The d]ﬁereut datapomts are shown in Flgs (41) -
- ;:_'_- and. (a. 2) for 05—51.5, Flgs (4.3) and (s 4) for 93,_45 45° ‘and Figs. (4. 5) and (* 6) L
- .Ifor 83,—40 12° In all the above mentroned ﬁgures there are zZeTo ena.lyzmg powers at low s |

powers are caused by the polanze.tmn loss in the proton when it undergoes multlple

e sca.ttermg ThJs is due to multlstep process There a.re multrstep reactrons even at high o o
o 'steps before the formatron of an a partleie or ‘the knockout of an o partrcle There are |

; when the proton scatters before the formatmn of an a pa.rtrcle or. when the o partmle is

e P energres a partreles have drfferent energres dependmg on the number of proton scattenng g

e ':non zero a.na.lyzmg powers at hzgh o energles because there are fewer steps that ta.ke pla.ce

:'knocked out Flg (4 7) shows two datasets Whrch were taken at the sa.rne a.ngle in four

-'-_:drﬁerent weekends (from weekend 2 to Weekend 5). In thls ﬁgure three different angle; |

:are shown a;tld for ea.ch angle there are two datasets In Flg (4 8) Welghted mean results |

B N



L of all the runs whlch were taken in drﬁerent angles are shown. The welghted mean was

.' '.-ea.lcrﬂated usmg Eq 2 15 ‘This was done with a PLO’I‘DATA file ca.lled ap-a.]lwm pcm S
_ Companng ‘“)Ca(p,a) results Fig. (4 8) with those of the 59Ce(p a) (F1g 4. 9) one can see.
: - that “Ca(7, a) results at 51.5° are appro)omately the same as ®Co(p, &} results at 30°.
. R Analyzmg power dzstrlbutlons for 5900(p a) at 50° are above Zero, 4°Ca(:ﬁ’ a) at 51. 5°
S are below zero ‘mCa.( , ) da.ta only go to 60 MeV end not 90 MeV as for 5900(_p a)

\ F;g (4 10) shows the results of (p,3He) (the spectrum at the bottom) where there are
. datasets for Weekend 2 and weekend 3 plotted together and the raiults of 3He a.nd 4He (the
Y _:'fz.'spectrum on top) plotted together where the *He results are repr%ented by tnangles and
B 'the 4I-Ie r&-mlts are represented by circles. ‘The 3He a;nalyzmg power dJstnbutron is above |
Eae zero | for low. @ energree and below zZero for lugh a energ1es except for the two datapoints _lf_ .
tha.t are at zero. Tlns results give evrdence that there i is *He which was formed dunng o
e .the reactlon For 3He a.nd 4He plotted together ‘the a.nalyzmg power chstnbutlon is above

:f'zero at low a energres below zero at hlgh o energ;las' and zero analyzmg powers are a.lso

- .'there These results are in geod agreement w1th each other and they are consmtent Wltllm

- -.the statlstlcal 61'1'01_- : PR

In Flg ( 4 11) the theoretlca.l analymng power is compared w1th the expenmenta.l data
5 -Data was ta.ken at three d:iferent angles. The sohd lme represents the theoretlca.l predrc* o
- tlons In thls ﬁgu.re two datasets plot as a functlon of ¢ energy and taken ab the sa.me angle .
e a.re plotted together for all the three angles (40 12" 45 45°, 51.5%). These da.tasets agree B
o - f_ifarrly WeH Wlth each other and they are eonsrstent wrthm the statrstreal error The the- ) _
'oretreel predrctlons a.t the same angle are also plotted The theoretrcal a.nalyzmg power .
f a.t 51.5° is posrtlve and 11011 zero while the expenmental data at the same angle has zero o
:'!'_ .f"-'-z_'analyzmg power at low a energ‘res a.nd ana.lyzmg powers below zero at lngh a energms
o ff;:' The theoretlcal ana.lyzmg power at 41.2° is posﬂ:rve while the experrmental da.ta. has zero .
o analyzrng power and negatlve ana.lyzmg power In other words the theoretlcal predictions |
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_ - do not a.gree Wlth the expenmental data but the theory overestlmates the expenmenta.l
: data These results were piotted usmg PHYSICA. '
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Flgm'e 4 9 E C'o analyzmg power nesults measumd from the pre—ethbnum emission in
.the (p, & )reactzon on *¥Co and ¥ Nb’ at an incident energy of 100 MeV.. This resulls are .
taken fmm the pmgmss report to PAC in the year 2000 by Cawley et al [Cowﬂﬂ] e
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Flgure 4 11 A compaﬂson bet'ween the e:zpemmental analyzmg power solzd squa'res and
' the theoretical analyzing powers solid curves for all the -weekends The error bars denote
the statistzcal ETTOT of the measumment :
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ey ”_'Chapter 5

o 3 Conclusmn

o The focus of thls study was to mvestlga.te the a.nalymng power of the mcluswe OCa(p, a) :

= ."reactlon a.t 100 MoV for different coplana.r quasi-free ang;le pairs of the co-—mc1dence .

: _: ‘.WC&(? a) reaction. The da.ta. analyms of the smg!es data helps to ensure that the

'.;qua.hty of the comcrdence data for each Weekend is suﬂiment and that the results from -
- : the vanous datasets can be a.dded together mthout compromising the quality of the fi- .

- nal comcrdence data The second aspect of th1s study was to mvestigate the clustermg _
phenomena .' SERE S : . _
L The qua.hty of the experunent data. 1s good Th;s conclusron is based on the fact that - =

- the da.tasets for the same kinematics from dlﬂ'erent weekends of data ta.kmg agree Well ST

...w1th ea,eh other The trend for all the datasets agree very. weII with eaeh other. ie. the o

_ _. i shape for ea.ch data. set taken at: the same angle is appromnately the same. Moreover, -~

- - "'-th&se da.tasets are consxstent w1thm the statrstaca] error. The expenmenta} ra:ults sugg&;t | .

e ; a. multlStEP process since there are zero analyzmg powers for each one of them.

' The DWIA theoretlcal fra.mework successftﬂly predlcts k:nockout reaetmn CrOss sec—_ '
tlons onIy for comc1dence measurements for targets such as 40(3&1. The oompa-rlSO11 be-
s __ | tween the theoretmal a.nd the experimental analyzmg power dlstnbutlon for the inclusive 5

S . mCa(? a) measurement that is shown in Flg (411) clea.rly shows that the theoreti- -~ |
: cal ana}yzmg power values are d1ﬁerent from the expenmental analyzing POWEI‘ values.
= Although the theoretlcal a.nalymng power results do not agree well with the experimen-
o tal da.t& the trend for theoretlca.l analymng POWerS quahtatwely agrees with that -of .
- the expenmenta.l a.nalyzmg power results Moreover theoretlca.l analyzmg power rmults_ |
" '_“ _.-:overeﬁtlmate the experrmental a,nalyzmg power data ThlS could mean that the code
B 5 '(THREEDEE nge) used was 1ot smtable for the present data and consequently the the—_
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e .oretical. model may not becorrect ' This might result from the interpola,tion since (p,*He}. .
- ' ; elas(;lc scattenng data. at 100 MeV Q-value (~ 92.96 MeV) is not available.
Our data does not support the idea of preformed clusters in the 4°Ca nuclens. This

S 13 seen 111 the expenmental ana:lyzmg power dxstnbutlons with zero ana.lyzmg powers at .

L Iow a energl&; and the negatwe (less than zero) a.nalyzmg powers at hlgh a energles

Aceordmg to Cowley et al [Cow02] dJrect kuockout is expected to be associated w1th.

: 'large analymng power vaiu%* However in the expenmenta.l results of th.xs study there are 7
T _:"_':no substantlal analyzmg power vaiu%
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