- . !
e

‘to ~55% of the .shell wmodel values of (2J+1). This {a.
significantly lower than spectroscopic factors resulting

from other roactionq, Gcﬁctglly,rthc_kinenutic radionn of
_bo:tdf agreement bdetween the ’analyling pover’ da}a and
calculations are similar to those of the enr&ict

b
160(.3,2p) experiment. The analysing power for the

= -

28),; state near =0 dominance .18 reasonsbly predicted
vhether spin-orbit _dependence 1in the optical model 1is

included or not.

-

" At various kinematic coyditions, péakl in thq‘crOls
section suggest the"poooible presence of lp 1,2 and 1p,,,

“0Ocq single particle states at ~21 MeV and ~30 MeV

separation energy respectively.

'

vi



LI

National Library

e

Bibliothdque natlonalo

0-3/5 0898 Y- X

of Canada du Canada \

Canadian Theses Division  Division des thases canadiennes

Ottawa, Canada

K1A ON4 51429 v,
k./’. . 9.

. PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

o Please print or type — Ecrire en lettres moulées o(_: dactylographier

Full Name of Author — Nom complet de |'auteur

LARRY Eowmvo Ay mwi

Date of Birth — Date de naissance

Country of Birth —j.iou de naissance

5 Sepl- 1753 | CANANA
Permanent Address — Résidence fixe .
Nueclenr Re senrch Ce'/vfe/?) U/v/uebr/'f/ 0¥ A‘/\/fcrfﬂ

Title of Thesis — Titre de la thése

’ &y/)f/ - f/AS 1/ c

- Protows  From

SeaTFerrn
\éCa'- /C/'UM -~ 90

o F po/pr,';e(/ :
al 200 el

University — Université

\ U/Vive'-s'/'f/

oS5 Albertn

Degree for which thesis was presented — Grade pour lequei cette thdse fut présentée

Novclear Physics’

Ph o

Year this degree conferred — Année d'obtention de ce grade

/19 8/

Name of Supervisor — Nom du directeur de thése

,0}-. P h')'?LC'/)/'Ni_

Permission is hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this thesis and to lend or sell copies of
the film.

The author reserves other publication rights, and neither the -
thesis nor, extensive extracts from it may be printed or other-
wise reproduced without the author's written permission.

L]
.-

. . -
L'autorisation est, par la présente, accordée dla BIBLIOTHE--
QUE NATIONALE DU'CANADA de microfiimer cette thdse et de
préter ou de vendre des exemplaires du film.

L'auteur se réserve les autres droits de publication; ni la thbee
ni de longs extraits de celle-ci ne doivent dtre imprimés ou -
autrement reproduits sans I'autorisation écrite de l'auteur.

\\/f/

Signature

£ ik

NL-Ot (/D




~°

. * National Library of Canada nationale du ,

Ooihction': Development Branch Direction du développement des collections

Canadian Theses on Service des thises cenadiennes

Microfiche Service . sur microfiche

L4 )
h . ¢
. /
NOTICE AVIS

The quality. of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

If pages Qre missing, contact the university which
granted the degree.

Some pages may have indistinct print especially
if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

¢ F

Previously copyrighted materials (journal articles,
published‘tests, etc.) are not filmed.

. Reproduction in full or in part of this film is gov-
emed by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms which
accompany: this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

¥

Ottawe, Canada.
K1A ON4

" laisser & désire

xq auteur (articles de revue, examens

-~

La qualité de cette microfiche dépend grandement de

fa qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer urié qualité ‘supérieure

de reproduction. ' (\

‘ S'il  manque des pages
avec {'université qui a conféré le grade.

La qualité d’impression de certaines pages peut
surtout si fes pages ongmales ont &g
dactylographiéey 3 I'aide d'un ruban usé ou s lumver‘-
sité nous a fait parvenir une photocopie de mauvaise
qualité, ’

jet dun droit

Les documents quij font‘q&n 'ob
bliés, etc.) ne

sont pas microfilmés.

La reproduction, méme partielle, ‘'de ce microfilm
est soumise & la Loi canadienne sur le droit d’auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thdse.

LA THESE A ETE
MICROFILMEE "TELLE QUE
NOUS L'AVONS RECUE

veuillez communiquer

&

NL-339 (Rev. 8/80) . *




‘ ﬁ'ﬂ.ll'.lllil......-n.- ' &, ll{f‘mﬁinv

THE UNIVERSITY OF ALBERTA

QUASI-ELASTIC SCATTERING

oq"bLAarzzn PROTONS

'

FRQ;ICALCIUM-QO AT 200 MEV

N

by
@LARRY EDWARD ANTONUK * ' )

“ A.THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

in

NUCLEAR PHYSICS

DEPARTMENT OF PHYSICS

EDMONTON, ALBERTA

SPRING, 1981

t




i Aty

,_
N
LS~
e
W
.

+

® X QQ" . A
¥ L

v

-(§ THE UNIVERSITY OF ALBERTA
\ .

RELEASE FOR

)\ M Fp———
- NAME OF AUTHOR LARKE§ EDWAR

R
¢

TITLE OF THESIS  QuASI-ECAS®Ic scaTTERIN

DEGREE FOR WHICH THESIS WAS PRESENTED DOCTOR OF PHILOSOPHY

YEAR THIS DEGREE GRANTED 1981

Permission is hereby granted to THE UNIVERSITY OF
- ALBERTA ‘LIBRARY to reproduce singie copies of this
thesis and to lend or sell such coplies for ﬂkiva;e,
sckolarly or scientific research purposes only.

The author reserves other publication rights, and
neithér the thegis nor extenaivc extracts ffon it may
be printed or otherwise rep:éﬂnced ;itﬁout the
author's written permission.

(Signed) u&/v?f'm
PERMANENT ADDRKSS:

T6GT2N3

vareo Decomben. M, 1990 D

*® 0000 0e 000 PO NES




S Yo g0....

. ' L
THE UNIVERSITY OF ALBERTA
. ;

FACULTY OF GRADUATE STUDIES AND RESEARCH

e 2 S S A

(»

" The undersigned certify €hXt they have rond: and

reconsend to the Faculty of Gradugte Studies and Research,

for acceptance, a thesis entitied "QUASI-ELASTIC

®® 5600000000
’

SCATTERING OF POLARIZED PROTONS FRON CALCIUM-4Q AT 200 WEY:

.&b-itt.d by .H¥!¥.~E??é!?.e!??!?!.I‘.................’......

* : o
in partial fulfilment of the requirements for the degree of -

Doctor of Philosophy in Nuclear Physics.

: . L] o?P;o . LR o de
Supervisor Ei)

o000 oV

.:J:‘A 4 ‘eee oooo;--o-o--oo-.ol‘o"
i!ﬂ R External Examiaer

. ’ o TR LT
¥

B 4



WHOSE LOVE, SUPPORT, PATIENQE, AND FAITH HAS SUSTAINED AND

&

L4

TO MY MOTHER

L3

ot

INSPIRED ME THROUGH .ALL.

s" . \\“i.v » ‘ ‘ J .

A



\ABSTRACT

» . .
" A l“)Cn(i,Zp) experiment wags perﬁorn:a at the
TRIUMF facilttf >u01ng a 200 MeV polarized proton beanm.”
Data were acquired at eleven indepdndent p.xf. of angles
for separation energies from 0 to 100 MeV over a widz’range
of recoil momenta. For eight angle pairs; cross sections
and analysing powers were exﬁtagted from the data as a
function of the‘ energy difference of the final statce
protons for knockout from the valence states (ld;,,, 28,2,
and ldg,,). Cross section and analysing power information
was obtained for 3 othcr.anglg pairs for only the 28 ,,,

state. ‘

The results ‘were compared with Distorted Wave Impulse
Agproxination (DWIA) calculatio;l vhich incorporated the
bognd state wave functions of Elton and Svift (EL-67), an
optical nbdel potential, with spin-orbit terms, from
Schwandt (SC-80), and a half-off-lhcll‘ptescrlption for the
free p-p aFittering matrix ;lenent. The 2£=2 states show
strong j-depeﬁdence in'thg analysing power at most measured -
anglel; ‘Suchd dependence was predicted by Jacob and Maris.
kJA-73) and has been observed for =1 states in !® (K1~
80,!1-76). Dw;gtéalculations agree wvell with the present
aﬁalyofug powers for equal and negf equal anglen in the

forvard direction. The spectroscopic factors resulting

from normalizing the calculations to the data are only ~50%
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Quasi-elastic (p,2p)" sca:cering _occurs wvhen the
incident proton undergoes a single violent interaction with
the nuclear proton; this collision }s.ueually tteated.aa
free proton-proton scatteriﬁg. “ Thu&, although theré has
been -some theoretical:ﬁnvestigation of two satep pr;cesses
(KU-79), quasi-elgstic scattering is usqglly viewed as Q
single step process ae.tepresented schematically in Figuré
I—;. ‘ Currently, one of the ﬁoat immediate aspects of
(P,2p) reactions is that they allow a check of the validity
of the wave functions describing the prophgaéion of prbtonﬂ
through the nucleus. Also, in. addition to offering an
opporﬁunity to.exﬁnine'the proton—~proton interaction in the
eavironamaent of a nuclear potential, a study of.the
résulting hole states in the residual nucleus tests nuclear
models by providing 1nformati;§'on the overlap between the
wave vfuncti;ns .of the target ground state and excited

states *he residual nucleus.

clﬁﬁy@gal view of the (p,2p) reaction i1s as follows.

Al 11100t"f' - in Figure I-2, an incoming proton (mass M)

which 18 - up&u a'fitzet nucléué (mass M,) strikes
a ha nd

‘4 ﬁithout uldergdﬁng say othef violent interactions. In the

Ind -the two. protons scatter to detectors

shell model, esach

id GQECe nucleon is characterized by a

wal—defiﬁed otbi%i ~ihsu1ﬁr~nonentul and Binding energy.

¥
M



FIGURE I-1

Schematic representation of a (p,2p)
reaction as a single step process.

_FIGURE I-2

D1 amatic 5
reaction illustrating the labelIing of th
various kinematic quantities.‘
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vThuu the interaction results in the knocking out of a
noving nuclear proton which “almost™ behaves like a free
nucleon. Such “"quasi-free" collisions result in a itrong
angular correlatfon between the outgoing protons as well as
peaké in the summed ﬁnergy spectrum corresponding to the
binding energies of the various ainglg particle states.

A characteristic of quasi-free scatteringJis that the
target nucleon can have ah‘effeCCIve initial polarization
'in the reaction. In asymmetric kinematic conditioqs, the
reaction may be localized. For example, below 400 Mev, ché
mean free ﬁath of protons trgvelling ihrough nuclg‘g matter
decreases stromgly as the energy decreases; Consequently,
events 1in which one proton emerges with a large energy
compared to the other mayktend to originate on the side of
the npcléuslin the“&rection of the momentum of the' lower
energy proton. This results in a spatial locaiization of
the reaction. (This 1s diétinct from the localization of
the (p,2p) reaction due to radial peaking~»of-rbhaf;bound
state vavé function. Surface localization does not occur
for the lsllz-mtate .wave function which 18 maialy
concen@rated near r=0.) A careful selection of the'anglea
and energies of thev outgoing protons determines the
magnitﬁde and dire;;ion gf ‘the momentum of the struck
particle which can couﬁle‘to a localized enhancement of the

14 .

.reaction and this leads to a well-defined sense of orbital
angular momentum. Through.nucletr spin-orbit coupling,-the'

-:fuck proton {8 effectively polarized in a direction

4




normal to the scattering plane. 'In particular, protons in
states of the same L but digfctent J will be polntiyda in
opposite directions. This, coupled with the faét that the
free p-p cfous section for the scattering of protounus with
parallel spins is larger than that for antipatfllql spfns,
leads to a j-dependence in the (PF,2p) analysing power.
This dependence was predicted by Jacob and Maris (JA-73)

and first obsetyed‘for the =] states of 169 (KI-80,K1-76).

1

Therefore, (F,2p) could conceivably be wused as ' a

spectroscopic tool to distinguish states of the same £ but
different j.°
A quantitative picture of (Eth) inciudao the
effect of nuclear a{stortion of ‘the proton wave functions
and 1is formulated uaihg the Digtorted Wave \Impulse
Approximation (DWIA). In Appéndix I, the DWIA description
is; 61scussed and details are éiven about the manner 1in
which the j-dependence in the analysing power agises: In
the present gontext, the atrﬁck particle éolarization'and‘
hence the analysing power are uotg4ptbmising than the cross
gsection {n tedcing DWIA. - This arises ﬁigause of the
particular insensitivity of analyqing power to -the bound
state wavefunction'and the.spec:toucopiq faétbt. Also, the
analysing powver 1; less sensifive to the optical potential
than the-cross agcfion. )
| From the‘gaflielt experiments to the present,‘analfsis
‘of (p,Zﬁ)_expeninén:q has consisted of org#nizing the data

either on the basis of the shnpeﬂ energi of the’outkoing

|
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protons, oo the recoil momentua of the residual nucleus, on
the outgoing anglql. or ‘on some combination of tﬁeoo (X0~
71,JA-69,TY-66,WI~-55,CH~-52). Early interest in (p,2p)
raictibnl  focussed ‘on  attempts to study the wmomentuw
distribuéion of bound nucleons by measuriang choray
distributions for ome outgoing proton over a variety of
acntteftng ang}a} (CL-52). In the firsct (p,2p) coinéidence
atperiyent (Ca-52), »angular correlations for GL; vere
meagured about an opening angle 90°. The degfee to which
bound nucleons exhibited free nuéleo; (quasi-free) behaviar

was examined in these studies. Later coincidencae

experiments which measured the energy of one (WI-55) or

both (TY?SB) outgoing protons gave some of the first direct

evidence of the existence of siugleiparticle shell model
states.

Sevetal,f‘ltureo of quasi-free scnt;ering contribdce
to the 1pteret§ in this reaction. The kinematics of the
(p,2p) reaction allow the recoil momentum to vary over‘n
vide'and useful range fron‘zéfo to several hundred MeV/c.

Consequently, it should be possible to distinguish betwvesn

‘states of differing 2, particulirly 240 states (whose

somentum’ distribution, and hence cross section, is at &

miniaua at” yaro fecoil momentua - as explained in Appendix

1) from 2=0 states (ihoie aomentum diitgfbhtion is at a

\ .

maximum there). Indadditdon, the'canéHbinding energy and

E

‘recoil lonéptun region can bc‘exaniigd with ajnu-bet of

different kinematic configux@tioﬁi. This redundancy allows

T
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one to ezenino the {interaction proceeo for a given nuclesr

state under a variety of conditions. Comparisons vith a

N
DWIA fotnelien can then be =made.

During the queei-eleotic ‘reaction, the binding eneTgy

of the struck nuch’on together with the recoil momentua of

”

the residual nucleus makes the 2 body t-matrix half- -off-.

"shell (RE-70). In addition, the distortion suffered by the
incoming and outgoing protoans caueee t#e" t-matrix to be
fully off-shell (RE~73). However,*if this intter effect
can \ye ignored and the DﬁIA is a lufficiently accurate
description of. the (;,2p) reaction, it may be possible to
extract off-shell top maatrix iunformation which can
then be compared with the predictions of various phase-
equivnlent (phrnonenologicel) notentgpln (B1-76)- . Such
. potentials ete' equivalent on the enetgy nhell' and ‘the
hope i/ﬁthet one cen diotinguish nnong then by calculations
of off-shell ptocesoel. Unfortunately, to extract unucleon-
nucleon inforamation one must perforn eccutate celculatione
of the effects of distortion, which can be quite lntge.

'th has been suggested that certain experinentel

3eonetr1ed aight bde perticulerly propitioue for the

exnninttion of off—ehell effecte (IO 78 DE-79). With such

geonetriee an ettenpt would be nade to utilize the vnrlety
of kiaenetic conditiona possidle fot the reaction.  The
expectation was thet the eeneitivitf of cnlculetiona to

distortion end the bound otete vave functiono could bde

reduced»by holding the outgoing proton enet;iee constant

R
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fixed by ’;otricting the value of the recoil -o-,(tun.

Hovnva‘”:'calculnttono conpnring off-lhcll bchav;or _}n

(p,2p) peometries expected to maximize such differences
have iboun~ disappointingly swall sensitivity to . the

potcntial uood (MI- 79) : 3.

¥

Frow the abovn discussion, the (p,2p) ruc/ton is séen

to 0ff¢r 1nforn¢tion on nuclesr etructure, off-shell

z

effects, and pro‘ngation of proton- through nucloar “ktct.
There &area, of course, a number of other tcacclou. v

give $nformation complementary to that obtained in (p.Zp).

v

‘Through  knockout or pickup reactions -such as (p,pn),

(.‘n"'p)& (GDQP)v (Pt'd);‘,s (dvaﬂ.)» and (Y'P)‘n 1nf°r.-lt.i;-’n on

nucleay wtructure through the removal of a .1%'3’1. nucleon

¥

i a.cquirvad. The knockoat rcgctionq .(p,ﬁn) and (e,e'p) are

fairly wall described \:’ a single step: DVIA formalism at

~

1ntnucdute enqrgiu. Like the (P.Zp) reaction, these

ot!ar coudidotcblc. tincnatic fr..edo- including wide h
»

variutfon of che rtecoil loncﬁtun_.' Experimental

investigations o! (p,én) reactions can be doiigned to

- scquire (p_,zlp)" i‘ly_;tjortg:;jl_on uinultqneohllyg (JA-79). __Such

measurensnts are ctpdchd to yield information about bound
ntuti‘nuuwunilar to that from (ps2p) tcac_tioiu concerning

®ound protons. ;

g

b

’ S ; o ,
The 1lmpulse approximation can be checked by finding
. .

qﬁnd%!u 1:nm¢:¢‘o_¢c‘é which have nearly equal distortion and

" differ "iuuu:uj in the knock-out ""procqpc 1:-.1:-; An

o e

»,Q: . .

whilw thu 1n1ti¢1 state of the nucleus bc!n; oxnlincd vas

®
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example of such a test was an ‘analysis of 12C(p,2p) and

12C(p,pn) data (MA-79). By taking tﬁe ratio of the cross

.. sections forJEach process, the effects of distortion nearly

cancel. A comparison of the ratio of the medsured cross

e
sections with tﬂ; qheoteiical predictions‘ serves as a
check of theiimpulse approximation.

Information about the momentunm distribution for the
deeply bound setates pf several nuclei 1including “0ca has
been acquired through (e,e'p) measurements (KO-76,NA-76,AH-
66). Compared to (p,pN), (e,e'p) with only.one strongly
interacting particle might be expected to suffer less
nuclear distortion and E§e interaction 1is presumably well
understood. However, croas‘ sectiﬁns tend to be several

orders of magnitude lower and thus harder to extract from

backqfound. Enticing evidence for 1s and 1lp single

- particle state strength§ in “%Ca has been published (MO-76)

although better statistics would be desirable. The (Y,p)

redctiq; can also excite ho{e states and offers advantages
and"disqdvan:agee similar to those for (e,e'p), bﬁc the
range ‘of experimentally accessible ‘recoll momenta {is
restricted to values. >300 MeV/c (MA-75). Apart from thg
fact thgt data 18 limited due to the difficulty ‘of the
exﬁefin;n;n.~questions about the reaction mechAnism Qake an
;n;érpretatiQn of the results difficult. A recentllGO(Y,ﬁ)
experiment sugggsté that one-step processes arerinaqéquate

to account for the observed differential cross sections and

tﬁat the inclusion of two-step processes improves azfge-ent

¥
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with the data (MA-77).

(a,ap) quasi-elastic scattering 1s strongly surface
localized compared to (p,2p) due to the strong absorption
of a particles 1in nuclear matter. Some recent (a,ap)
measureneﬁts on ®Li and !9P are in fair agreement with DWIA
calculations and, in the case of 6Li,,yield‘a spectroscopic
factor consistent with that derived from.a DWIA analysis of
6Li(p,Zp) data (NA-79). Measurements of (a,ﬁp) and (p,2p)
on “0OCa are currently being analysed (R0O-80).

| The neutron plckup reaction; (p,d), provides
information about high momentum (>300 MeV/c) components of
bound neutron wave functions. Recent 5QCa(p,d)
measurements show evidence for a number of singlelparticle
states up to excitation energies of 18 MeV (LI-80;AL-79,SM-
79). In addition, this reackion is potentially useful in
probing deep hole gtates. With the advent of polarized
bgama, (3,d\ analysing power measurements have been
shown to distinguish strongly.between states of the same £
but different j (HU-80,AL-79,CH-67). High momentum
components are also examined 1in the (d,3He) reaction.
States of different £ are readily. distinguished By the
angular distributions of their cross sections (KR-71).
High resoluﬁion_ “OCa(d,aﬂe) measurements at 52 MeV have
provided detailed spectroscopic information from the ground
state to excitation energies of ~10 MeV (D0-76).

The current investigagion; of_““OCa(ﬁ,Zp) is “an

extension of the previous 16O(K,Zp) experiment (KI-80,

10
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KI-76) and offers new possibilities. The choice of !6g and
“0cq targets follows from their reputations as good sheil
model nuclei which should provide relatively pure single
particle states.

The separation between any two of the three Qalence
states of 40ca (1d 45,,, 28,5, ldg,,) 1is less than 3 MeV
making them experimentally more difficulf to resolve than,
for example, ;Le states.of 160 which are 6.5 MeV apart.
With improving energy resolution, more recent “OCa(p,Zp)
experiments (TY-66,JA—69,KU-71) have tended to emphasize
the nuclear spectroscopy aspect. A recent QOCa(p,Zp)-
experiment (RO-78) attained a resolution of 350 kéV but

examined only the ldy,, and 28 ,,, states. The best

. resolution attained in a'(ﬁ,Zp) measurement Which examined

all three “Oca valence statés was 4 to 5 MeV (JA-69).
Thus, a. goal of this experiment was to attain the best
N ,

possible beam and detector resolution in order to fully or
partially resolve all the valence sgates. A knowledgé of

excitation energies and relative spectroscopic factors for

the removal of protons from a particular single pafticle.

state can greatly assist in the analysis and interpretation

of nucleon knockout experiments where the resolution may be.-

"inadequate to resolve individual éeaks. Such;factOts for
“0ca have been provided by DWBA analyses of (p,d), (d,éHe),
and (d,3H) expetiments;(DO-fG,MA-72) and were helﬁful in
this invéstigatton. |

In the present experiment, both the cross sections and °

11




analysing powers for the three valence states of “0Ca were
measute& over a large génge of recoil momenta. With the
kinematics vcﬂosen 80 as to achieve a large effective
polari;atioﬁ of the struck proton, the j-dependence of the
analysing  power of l:ﬂ‘states was examined for the first
time. The degree to which DWIA could reproduce the data
and, 1in particular, the.extentkto which the inclusion of
spin~orbit distortion a;}gcted'ggréemeﬁtlof the predictions

with the data were of mé?or interest. Thi's experiment was

the first experimental tdvestigation of (H,Zp)‘ on a

medium mass nucleus and was éfﬁo the first investigation of
the ability of DWIA.to reproduce such data.

In previous “C%ca(p,2p) e#éeriments, James (JA-69) and
Kullander (KU-71) both :eported' ev?dence’ fof lp and 1s
strength in “OCa. . The current exp;rimenf éléq offers the
prospect ofl examining deeplx bound nuclear states and
provides the possibility for distinguishing between states
such as l1p,,-, and 1p3,2 on the basis of the behavior of
theit. analysing powers. Thec measuremen; of binding
energies and widths of deeply bbund states provides

important data for - comparison with nuclear matter

calculations from 2-body Lnteractidns-(00-74,SP-72,SP-715.

A
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CHAPTER II

EXPERIMENTAL DETAILS

2.1 Overview ‘ ' ; B |

The experiment was.petformed at thé“}RIUMF facility
locéted near the University of British. Columbia. The
TRIUMF cyclotron delivered a 200 MeV polarized proton Beﬁm
with a polarization of v~0.6 + ~0,75 and with an energy
resolution better thanm 1X. The cyclotron“acceleratea’ﬂ“ ,
ioﬂa and a proton beam 1is extracted by removing boﬁh
electrons from the ions by means of a stripper foil. The
praoton bgaﬁ 'has <7 ns pulses éeparated in time by ~43
ns. | During the experiment‘the averaée beam current was
'keét.at 0.5 .to 1.0 nA.

The experimental configuration. {is f{llustrated
schematically 1in Figure I;-l. . .Fou; detector telescbpés
Vére mounted oﬁ bqoms which ‘could be positioned
independentlj aroﬁnd a circular scattering chamﬁet'with an
;ngular precision of *0.10°.° Beam polarfization was
measgred by means of a polariméter»locaged upstfgam of fhé
scatteting chamber. Beam current vas moni;oredv'poth by
./megds of the polarimeter and an lidn chamber located
doqutream of the;'scatteting chamber. A mére' detafled’

description of various components of the apparatus

foilows.

o - , .
2.2 -Polarimeter . : : 4 ,

The' polarimeter used in this exﬁeriment "has been

0
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FIGURE Ii-1 -
: _ Experimental configuration of polarimeter,
scattering chamber, and detectors.
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described ih detail in (GR-79,MC-78). ‘Ftee P~p scattering

,usihg a«Chz target with an average thickness of

16

3.83%.38 mg/cm? was used for ppnitot%both the beam

polarization and beanm éurtént. The. pola; eter detectors
“are 111ustr;fed in Figure 1II-1l. On either side of the
beamline. a pair of detectors at 17° (Ll1°+L2 or R1 *R2) acted
as a telescope to define the solid angle. Triple
coincidences (Ll-ﬁ2°@3 and Rl'R2~R5) are called prompts
(coﬁsisting of reals and: randoms) and are counted. To
measure the contribution of random evgnts,- coiPcidence;
between these same sets of detectors but with L3 and R3
deiayed b§‘43 nanoseconds were also counted. This delay
ensures that the protéﬁs come from diffgrent beam bursts

and hence different ihteractions.'The rate of accidental

events from one beam burst .is asgumed to be the same as,

that between ' two consecutive beam bursts. A scﬁematic‘

Aiagram of the polarime;ér electronics is shéwu in Figure
CII-2. - ' _ e

Wé*deno;e the number of prompt coincidencesrL1°L2'L3

(R14R2*R3) ‘as POL{L] (POL[R]) and the number of accidental |

-cqincidences as 'POL[LACC] j(POL[RACC]). - The bean

‘polarization and number of incident protons (NI,) are
'given by _\: L
r - . 1 (POL[LRE] =~ POL[RRE] )
(I1.1) Bean Folarizationm = 337 - (POL[LRE) + POL[RRE]] .

~

. R . t . - ! : 9
. . ‘ |




FIGURE II~2 :
" Logic diagram of polarimeter electroanics.
Logic symbols are defined in Figure III-1l.
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where POL[LRE] = POL{L} ~- POL[LACC],
| POL{RRE] = POL[R] - POL[RACC],+ ,
PAP is the”pdlarlmeter analysiﬁg power which equals
0.300%0.013 at 200 MeV,
PC is the cén#ersion' factor from polarimetér
counts to nanocoulombs which equals 35025 counts
per nanocoulomb at 200 MeV.
Beam polarization for spin + (+) typically tanged from 0.67
to 0.75 (-0. 61 to -0.70)" during the expetimentf The
polarimeter served as the primary beanm ﬁonitot ip the
experiment. B ) | |

2.3 1Ion Chamber

A detailed description of the 1ion chhmber; its

4operation,_and calibration appears in (MC-78). In btief}

the proton beam passing through the ion chamber 1ionizes

helium gas that is continualiy flowing through the chamber. .

 The resulting charge 1is collected by means of high voltage
pianeh'in ‘the chamber and a digital signal proportional to

thé amount”of'charge is produced. During the expériment

the voltage was maintained at -300 Volts. TIf the number of

~ ion chémber counts 18 represented by‘ IC, the number',of

incident prdtons (NIb)-1§ giveh‘by

_ IC-6.2418x10°
b. —1ICC -

(II.3) NI

f@hefe . the conversion factor fron ion chamber counts to

nanocouloﬂba (ICC) 1s 156111 at 200 MeV.

The 1on chnnber served as a secondary bean -monitor, and 1ta_”

= :51."'"
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consistency with the polarimeter is discussed 1in Chapter

Iv.

2.4 Targets aﬁd'the_seatteiihi Chamber

A circular scattering chamber with a radius of 25 cm |

was used-. The window of the chamber {1s SJch high, allows
the passage of scattered particles from 12° to 168° on
‘either side\of'the beamline, and congists of 127um thick

Kapton. The targets used in the experiment vere: 002

(58 mg/cmziSZ), CH, (50 mg/cmztSZ), a n&tural Ca target

(50-83 mg/cmztSZf of which 96.97% is Y40cq and we sghall
_ N
refer to it as the “OCa ‘target), and a 2Zn$ scintillator

screen for monitoring the ~position of the beam. They were
mounted, one above(the bther,‘on a4 vertical 1ladder whtch
'can be raised or lowered temotely' B0 as to position the
desired target ig the paeh of : the proton beam.- The target
dtive mechanism is mounted on a plate which sitd\on the top

of the scattering chamber. The CD; target 1is cir;uiet\with

‘a diameter of 3 cﬁ,: while cﬁeb other targets. are ~§ \Em\\

square. o ' ’ R ' N

2.5 Detector Telescopes
The four booms ‘surrounding the ‘target chamber were
‘designacea:, Left Ftont (LF), Right Front (RF), Left Back-

'(LB), and Right Beck (RB), where left or right refer to the

. side of the beanline looking downstream. This labelitng 1s

1iluctrated in-Figure II*I. "Also shown 1q‘;he ?igute.is

the arrange-enc of the conpohents of,'the detector

teleccopen,on each boon.v Each toleocope coneisegg/of tvo

\
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multi-wire propertjonal counter (MWPC) planes to provide

position information in the horigzontal (x) and vertical (y)

“diredtions, a thin plasti %ounter, and a NaI(T%) detector.

The froat (back) wire planes were 134 l (115.2) ca from the
target and were& 64(x) by 128(y) (64 by 64) wires. The
solid angles were defined using these planes. The
construction and operation of these nultiwire detectors 1is
reviewed in-(Hc-78,CAfZS). |

-Each multiwire chamber conaiste' of ; ylane of  high
voltage wlres kept at ~-5000 Voltbg a sense plane of wires,

a second high voltage plane, a second sense plane, and a

final high voltage plane. The sense wires are 16 um in

diameter, spaced '2 mm apart, and nade of gold-plated
tungsten. . The high voltage witea are 102 pym in dianeter,

spaced 1 oam apart. and consist of berylllun (1.9Z) and

. copper. The wire planes are enclosed between sheets of

25;4 um thick Kapton. and the 4.7 cm apacing betveen the

-,

Kapton sheeta is continuously flushed vith a gas nixture

’

(752 At,bubbled‘throqgh*methylal at 0°C, 24.52 ilobutane.

, anlefSZ,ngou).

" A plastic. aeintlllaéée 12.8 cm square and 0.635

-(6.3175) ce thick was positioned behind eech_ftonc (back)

cn,RCA 8575 photomultiplier. - The scintillators acted as .

MWPC. Each of these detectors conlistl of NEL10

‘scintillator and is connectedl to a’ plastic light guide-

vhich ditecta the li(ht flalhes :hrough a 90° bend to ; 5

,"pdesing-cOunter; prev1d1n§<tielngﬁend energy lpep‘(dx/dx)

21
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information. The energy deposited in these detectors was °
used in the calculation of a mass parameter to separate
deuterons from prqtons.

Nal detectorg served as bﬁopping counters to measure ’
the kinetic energies (T) of the protogs. A detailed
description of these detegtorl and their efficiency appears
An (CA-77). The large quantity of 1ight generated by

.detected particles in- intermediate energy experiments

’ éonnon1y results in a gai; shift 4in the phdtonultiplier

tube with detected flux. This ptoblén arises because th@
current flow in tha photo cathode inducec 'y voltngc drop
across it, which diltortl ‘the electtic field collacting the
photo~-electrons. The elcctronicl'of\the base of (374 12.5

cm photomultiplier tube .were specifically designgd"to
minimize this problem and are sketched in Figure I1-3. Ihe

4 tube baaeo wvere fed. th!ough a coamon 10 uP capacitor kept

\a: +1600 V. Nornally, the outpnto fron the photo-ultiplier
>.re'pialcd through a pulse chapcr before 1ntegrat1ng with - '
an 'inulo.nqb tof digital converter (Aﬂc).- .The .neatly z
"exponential‘taiia of such shaped signals are quite long (10'

~

us) and the posqibility arises that the tail of a prcviou.

pulse uay. ov.tlap a pulse of 1ntorc.c. ?}so a lecond pulse ¥
nny nrrivn during :hn 1nt¢gtntion of the fiwgt pulco. In
- efther cn.n th;' unde.lrnhﬁe tcnult 1.; that the total

: L
' 'ln:c'rntod ttgnal cdntaino contributipno ﬁro- maore than oqp

ST .

'pnlnn (a cnuditiou tcﬂ.rrgd to nc pilo-qp). To" ovoreo-e
h:]thll concd:n, device- eltlod piic-up no%itoro vhicb note

.!- : ]




FIGURE II-3
Diagram of Nal phdotomultiplier tube base.
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the arrival of two signals within a specified gate (length
of time) Qere used. Pile-up monitors with inputs from the
plastic scintiflatots recorded instances when two signals
from a plastic det?ctor were sufficlently close in time

that the corresponding 'NalI signals would overlap. Signals

from the plastics were uséd as they are sharp (~10 ns) -and

thus allow the pile~up monitor to resolve between signals_

close in .time. Beam current was kept low enough that pile-
ups did not exceed 20¥ of the signals processed. Pile-ups
were rejected in later analysis of the data.

]

In principle, the long exponential tails from the Nal

_tube base can be brought back to zero voltage (the baseline'

voltage) quickly by adding an .aCtenuated! ianverted, and
delayed cqmponéﬁt of the original s%gnal to the original
signal. Such a cancellation was attempted by meéqs of a
clip line connected to the tube anode in parallel with the
signal cable. As shown 1In Figure I11-3, the cliﬁ line was
terminated with a OUS‘uF capacitor and a resistance (15

Ohms) which 1is 1lower than the characteristic 1impedance

of the cable (50 Ohms). The resulting output sfgnal was -

directed to an ADC with no éulse ;haping and could be
integrated in approximately one-tenth the time. Klthougﬁ
Lt wai eipected that such glipﬁing would decrease energy
resolution while allowing significantly higher event rates,
’tuningAbf the electronics at the sastart of the expefiment
indicated: that the'regolutiqn remained constant whether the

h ]

terminators were connected or not. Subsequently it was

—

Ey
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decided to proceed without the terminators and to live with
longer integration times and necessarily lower event
?ates.

Each NaI(TZ) crystal and tube base was encased in an
antimagnetic shield (Mu metal) which sat in an 1iron pipe.
This pipe was, in turn, mounted in a lead pig to shield the
Nal detector from background radig:an. The Nal detectors

were positioned 2.5 cm behind the plastic scintillators.

The NaI(T%) crystals are cylind;ical with a 12.7 c¢m

diameter and a 7.62 cm thickness capable of stopping 150

MeV protons. Vhen the front deteétors (LF’, RF) were
operated forward of 29°, a 0.631 cm thick copper plate was
inserted behind each of the front plastic sciﬁ;illators to
degrade the proton energies suffiéiently to étop them 1in
the Nal deégctora. Taped to thé detection surface of eaph
Nal and plastic was a light—eﬁ#tting diode (LBb) driven by
.a pulse generator. The pulgertalsp fired one wire in each
of the MWPC' planes. The résponse of the Nal détectors-to
the pulser signal had an ~§q ns fise time and a fall time

of ~300 ns.
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CHAPfER 111 L
EXPERIMENTAL‘P&OCEDURE |
To process the ‘inf§rmatioh fréam the det’e‘ctors%a~
coﬁbination of fast NIM and CAMAC electronics was employed.
The electronics weré'divided into two sections: one near
the qcattering chamber and detectors, the other in a‘}emote
counting room. A Honefwell H316 computer located in thg
‘éopnting room received event information processea by the
electronics via a CAMAC ﬁe;work. A data acquis;tion
program, ORION, controlled the data processing ;n ‘the
Honeywell. A detailed description of the structure and
operation‘ofithis data agquisitipn system has been given in
a series of internal reports'(R0-74,R0-75,R0-75a,R0-77).

A schematic diagram illustrating the electronics
locaged near the scattering chamber is shown in Figuﬁii};l—l
while those located in the counting room are shoéhﬁ in
Fﬂgures_III;Z and III-3. A céincidénce between a left and a
right plastic detector'gener;ted an EVENT FAST signal. This
requested the mulﬁiwite controller to'prééervé any muitiyiré
iﬂ?ozmation 1# a set of memory registers (this action id
_called a strobe) and also caused the EVENT.FAQT 1agic unit
to be lgtched so; thaf no .other coincidences ﬁould be
registered until a CLEAR signal was lssued. The electroanics
in the counting room deéétnined'whether,;ﬁe,event was to be
processed furtheff A coincidencé becween‘q left and right

plastic and Nal detector telescope generated an EVENT SLOW

Al
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FIGURE III-1

Logic diagram of eleétrodiés located near
scattering chamber.
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FIGURE III-2

First of two logic diagrams of
located in remopé»cou ting room.

electronics
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' FIGURE III-~3

Second of two logic diagrams of electronics
located in remote counting room.
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(MASTER GATE) signal. This latched the MASTER GATE and

signaled the‘%ystem to transmit the MWPC infornation to the

'“computer through CAHAC- If . a MASTER GAIE was not generated

within 1 s of the strobe, the MWPC controller " would

generate an internal CLEAR which cleared the multiwire
menoriee and disabled the EVENT FAST latch so that further
colncidences could be processed; If a MASTER GATE occurred,

the system processed. the information until it was ready for
the next event at which time the computer issued a COMPUTER
NOT BUSY signal. This generated aVCLEAR which was sent to
the MWPC controller end which released the latches on the

EVENT FAST and SLOW logic.

Following a MASTER GATE, CAMAC ADC's vere turned on for

. ) . ) .
a fixed length of time (a. GATE) to integrate the 8ignals

from the plastic and Nal detectors, and time-to digital

Converters (TbC'e) were 8tarted. The ADC's were multi =input

(12—fold) dharge integrating types ‘'with 256 pC corresponding

to full scale (1024 channels) . The ADC gates used were 400

ng wide. The constant fraction devices shown in Figure III-

2 provided a sharp timing signal when ‘the height of the Nal
signal had risen a pre-specified fraction of the- full ‘peak
height (0.2 in this experiment) - The widths of the pile- up

gatee vere 9, 0 to 9 4 us. There were separate sete of . ADCr

«and TDC 8 for the left and’ right detectors- To ensure that

-

a left (right) detector gated or started the left (right)

ADC's or TDC‘! reupectively, the signals to initiate these :

‘,proceuaea vere derived by ANDing the MASTER GATE eignal with

o
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a auitahly delayed signal from the left (right) plastic.

Thic 1s called retiming.

A IDC unit has s aumber of inpucs .esch of which 1s
stopped by a separate signal and all of which have a coumon
start. In addition to using timing wsignals from the

-plastics and Nal detectors as stops, every second signal

‘from the radio-frequency (rf) oscillationa of the cyclotron

'was employed as well. The resulting timing right versus rf

(sta:t~right, stop-evgry' second rf pulse) spectrum

/ v :
encompasseg two beam bursts. A typical spectrum is shown in

+

Figure III-4. If the cyclotron becomes slightly mistuned,
' y

some of the accelerated H~ ions that pass the stripper’foil

slip out of phase Vwith the rf by ~180“>ﬁrtence'
deceloration‘ and are subsequently extracted by e ltripper

foil resulting in a decelerated beam. - Dsna aequired‘duping

- periods having large amounts of deceleratad beam have a

spectrum such as the one shown 1in Figure III-5. As

discussed in Chapter 1V, decelerated beam daté had né
objectionable featuredvand was not treated differently from
other data. Ong of the stOpping signals on the left (right)

ﬁ-'d »

TDC. conaisted of a suit&bly delayed signal from the tight

(left) .side. A \Eypical left- right timing (start=left,

stop=right plastic) spactrum is shown in Figure III-6. The
first and third peaks prd' random éolucidence" events
Q2

consisting of protoné from succeseive ’beuu hurstn. _'the_

n,,-

:middle peak conciscs of proupt (roal+tandom) eventa (from

‘the. saue beam burst).

'\ °

The DCR units uhown 1n ?1gurea III~2 “aad 11I-3 are

L]

'/r .4'

~

' . T TR . S

o
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FIGURE III-4 , i : L o
Timing spectrum for starteright plastic;
stop=every second rf pulse. Counts are LF-
RB (25°-67°) events with PCa{ target and
with no decelerated beanm prolenﬁ. '
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FIGURE III~S : f

Timing dpectrum for .tart-righc' plastic,

3

. atop=every second rf pulse. lxperilental
conditions are as for . Figure "1I1I-4 along’
with the presence of decelerated'bean.
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FIGURE III-§ ) D /
Timing ‘spectrum, for start-lefi, ltop-ttzht
plaltiah Counts are LF~RF (30 ‘30 ) eventl
with a “Oca tar.pt. . :
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CAMAC digital coincidence registers (or bit pattern units)
conslsting of 24 bits. For each MASTER GATE, the contents
of the register were sent to the . computer with each bit
representing the status of its input; Table I shows the DCR
assignments used in the experiment. To record the total
number of counts from certain dey;te; over the course of the
experiment, CAMAC scalers were used. The quantities scaled
in this experiment are ligsted in Table 11